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The admixtures influence the fresh properties of cement paste, which is a key factor in the ink design for 3D
printing applications. In this study, the mix contained superplasticizer and four other admixtures (calcium sili-
cate hydrate seeds, nanoclay, viscosity-modifying agent, accelerator) based on a factorial experimental design
plan. The cement paste yield stresses measured with the rheometer are compared with the mini-slump test. An
empirical relationship is proposed between the dynamic yield stress and the mini-slump. The critical yield stress
for printing one layer is calculated to ensure the material to maintain its shape under his own weight. Artificial

Neural Networks (ANN) are trained to predict the mini-slump and the dynamic yield stress from specific admix-
ture proportions of the mixture. The ANN defines the amount of each admixture based on the critical yield stress.
Finally, the neural networks are validated through the simulation of new mixes and by a comparison of the yield
stress and mini-slump from the simulation and from experiments.

1. Introduction

Three-dimensional printing for cementitious materials has a great
potential to reduce cost of the construction industry and pave the way
to innovation [1-3]. Nevertheless, there are still barriers to a wider use
of these techniques. Generally, the concrete is pumped then extruded
through a nozzle. The challenges start with the pumpability of the mix
and the capacity of the printed layers to sustain their shape. The mas-
tery of formulation in order to obtain the perfect consistency of the
paste is one of the fundamental issues of 3D printed concrete. The main
characteristic to assess a printable ink is the yield stress. Several meth-
ods are suitable to measure the yield stress such as the slump test or the
use of a rheometer [4-12]. The yield stress measured here corresponds
to the dynamic yield stress [13], we consider that it is the critical stress
the material can withstand at the exit of the nozzle, that is to say after
having been sheared, before flowing. To be able to control the yield
stress and the other characteristics of the material, such as viscosity and
cement hydration, admixtures are widely used. However, carrying out
test campaigns to come up with the best printable ink can be experi-
mentally demanding. To tackle the difficulty of designing a mix meet-
ing the needs of 3D printing, some authors have focused on the science
of machine learning and artificial neural networks (ANN) [14,15]. With
this exploratory method, it is possible to obtain crucial information on
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how the mixture will behave during and after printing, simply from its
composition [16,17].

The objective of this study is to investigate the influence of several
admixtures on the rheological properties of a printing mortar. Super-
plasticizers (SP) are often used in high-performance concrete since they
are used to reducing the water content [18]. The most widely used SP is
polycarboxylate; this polymer is adsorbed on cement particles, and then
repulses other particles through the steric effect [19-21]. The use of a
viscosity-modifying agent (VMA) increases the plastic viscosity at rest
due to their interspersed polymers chains. Moreover, the flocculation
capacity of the admixtures depends mostly on their molecular weight:
by being adsorbed on the surface of cement grains, they can bridge the
grains into a more stable microstructure [18]. Shearing a mixture con-
taining VMA restores its workability, which in turn ensures the cohe-
sion of a printed cement-based material layer. Viscosity modifying
agents are often used along with superplasticizers [22], while accelera-
tors are used to hasten hydration [18]. In the context of additive manu-
facturing, a faster hardening of the cement-based material can improve
the building rate. These admixtures are useful for accelerating the pro-
duction of precast concrete plants [23]. The C-S-H seeds are inclusions
of calcium silicate hydrate (C-S-H) in a polymer dispersion. These act as
accelerator admixtures by enhancing nucleation: new nucleation sites
are available in the capillary pore space favorizing the precipitation of
hydration products as C-S-H, the main hydration product in cement
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paste. This results in an early hydration peak and a reduction of the in-
duction period [24,25]. Researchers agree on the fact that CSH seeds
can benefit from the kinetics of the paste for digital printing [14,26].
However, the fresh properties brought about by the addition of CSH is
not reported in most studies. The selected accelerator is a multi-
component, non-chloride, accelerating and water-reducing admixture
formulated to accelerate concrete setting time and increase early and
ultimate strengths for hot to subfreezing ambient temperatures. It is a
generic accelerator for ready mix concrete and its action is delayed due
to transportation time. It is foreseen to improve the buildability. Nan-
oclays are mineral compounds known for their rheological properties,
and have been shown to enhance shape stability and viscosity [18,27,
28]. This admixture appears in a colloidal dispersion forming a gel that
enhances viscosity and cohesion, and have a shear thinning behavior.
This latter property can be explained by the nanoclays' charged surfaces
and irregular microstructures [27,29].

The focus is on the cement paste, which accounts for most of the
characteristics of the mortar [30,31], when accelerators are added. The
Fig. 1 shows the schematic of the study. The experimental steps started
with the mini-slump tests conducted to study the spread of the mix-
tures. In addition, the dynamic yield stress and viscosity of the cement
paste were measured according to the recommendations of the National
Institute of Standards and Technology [10]. Slump tests were con-
ducted on mortars to find the critical yield stress. Regression models
were developed to link to other measured properties. Finally, an Artifi-
cial Neural Network (ANN) was trained and tested to predict the yield
stress and mini-slump as a function of the percentage of each admix-
ture.

2. Materials and methods
2.1. Material and admixture properties

Binary cement with silica fumes (GUb-8SF), with a specific gravity
of 2.8, is used in this study. The water used is normal tap water. A su-
perplasticizer (SP) is added to increase the workability of each mixture.
The SP is classified as Type A water-reducing admixture and Type F wa-
ter-reducing, high range admixture according to ASTM C494/C494M
[32]. The accelerator (A) has no chloride, has a water reducer effect,
and therefore, increases the workability. It is classified as Type C accel-
erating admixtures and Type E water-reducing and accelerating admix-
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tures. Hence, the effect of this admixture is first an increase of workabil-
ity during mixing, then decrease of the set time of the mix. The
strength-enhancing admixture (X) is a CSH seed admixture known to
improve early cement hydration and enhance workability. Due to its
nature, CSH seeds increase the rate of development of early strength of
the mix by providing nucleation sites for hydrates. The use of a set ac-
celerator (A) and a hardening accelerator (X) is justified by the different
timing of each admixture and also by the different mechanism involved
(chemical reaction and addition of particles). Nanoclays (C) are used to
increase the stability of the mix. The viscosity-modifying agent (VMA)
improves the stability and it is classified as a Type S admixture. The for-
mulated product contains less than 1% diutan gum and less than 0.2%
[1,1'-Biphenyl]-2-ol. The solid content of the admixtures is determined
according to ASTM C494 [32]. Results are presented in Supplementary
Table S1.

2.2. Mixing procedure

In order to achieve a good dispersion of the admixtures in the paste,
the mixing procedure was completed following ASTM C1738. The paste
obtained with this standard is expected to have rheological properties
analogous to a concrete without its aggregates [33,34]. A high shear
mixer with a water-cooling system was selected to meet specifications.
At first, the water and the admixtures were added to the mixer and the
temperature was controlled at 23 °C = 2 °C. Next, the cement was
poured within 60 s. The mixer was turned on for 30 s at a speed of
10,000 rpm. The paste was allowed to rest for 150 s. Finally, the paste
was mixed at 10,000 rpm for 30 s.

2.3. Mini-slump test

The mini-slump test consisted in filling a cone with freshly mixed ce-
ment paste and lifting it slowly to allow the paste to flow under its own
weight. The cone was a smaller version of the Abrams cone used for
slump tests, and was designed and 3D-printed with the following di-
mensions: inside top diameter, 19 mm; inside base diameter, 38 mm;
height, 57 mm, based on the shape reported in other studies [6,8,35]. It
was placed on an acrylic plate marked with 20 x 20 mm? squares to
form a grid.

First, cement was pumped manually into a syringe from the mixer
and poured into the mini-cone. At 2 min after the end of the mixing, the
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Fig. 1. Schematic representation of the study: in blue are the experimental measurement; in red the training of the neural network; and in green, the simulated re-
sults. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cone was removed and 5 s later, a photo was taken from the top of the
set-up. While it is known that admixtures may take 15 min to be effec-
tive, the fresh properties were measured early on to simulate the behav-
ior immediately after the accelerator was added. The four diameters
were measured via ImageJ, an open source photo processing software
application, using the grid for scale. The mini-slump spread S was com-
puted as follows (inspired from the ASTMC1437 standard) [36]:

§= (mean of four diameters — inside base diameter)

inside base diameter (€))
x 100

2.4. Rheological measurements

2.4.1. Calibration

Before measuring the rheological parameters of the paste, a calibra-
tion of the rheometer and the measuring tool was completed to ensure
that they were operating properly. For this, the National Institute of
Standards and Technology (NIST) proposes testing a calibrated paste,
the Standard Reference Material (SRM) 2492 [37]. This mixture is com-
posed of corn syrup, distilled water and limestone. Following the NIST
recommendations, corn syrup is placed into a wide mouth plastic jar,
and then distilled water is added. It is mixed by hand with a spatula for
approximately 5 min or until the paste is homogenous. The mixture is
poured into a high shear mixer, and the same mixing procedure is fol-
lowed as for the cement paste to introduce limestone powder and mix
[33].

The measuring tool was designed following the recommendations of
the NIST. It is a 3D printed spindle with a geometry intended to de-
crease slippage [10]. The double spiral spindle is connected to the
rheometer by a metal shaft (Fig. 2). This measuring tool has a diameter
of 25 mm and is 55 mm long from the bottom to the top of the spiral.

The stainless-steel cup holder was filled with the SRM 2492 stan-
dard paste and placed into the rheometer using a controller to set the
temperature at 23 °C = 2 °C. Four tests were conducted, with the rota-
tional speed controlled from 0.1 rpm to 100 rpm for 15 points (this is
the up-curve), after which it was decreased from 100 rpm to 0.1 rpm
(this is the down curve). While controlling the rotational speed, the
torque was measured. The up-curve serves to reset the shear history of
the paste. The average raw data of the down curves were computed and
calibrated to fit the SRM 2492 certified values using the Bingham ap-
proach, as implemented in the SRM 2493 NIST certification [38]. Sub-
sequently, the calibration factors K. and K, were identified from the
NIST Data Calibration Tool, and were used to determine the shear rate,
the shear stress, the yield stress and the viscosity when testing cement
pastes.

2.4.2. Procedure to measure the dynamic yield stress of the cement pastes

The cement paste is tested 5 min after the mixing procedure. The
test consists of an up-curve of 15 measurements from 0.1 rpm to
100 rpm and a down curve of 20 measurements from 100 rpm to
0.1 rpm (Supplementary Fig. S1). Each measurement is a step-lasting
30 s or until the stabilization of the torque.

The Fig. 3 shows the procedure. After the test, the rotational speed
and torque values are computed and converted respectively into the
shear rate and shear stress. Moreover, the shear stress t, the shear rate y

Fig. 2. 3D printed spindle into its shaft.
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Fig. 3. Timeline for rheological experiments.

and the apparent viscosity p are calculated by the following equations,
where N and I' are respectively the rotational speed and the torque:

=K xT (2
7 =K. /K, XN 3)
u=K,xT/N (C))]

Thereafter the yield stress 7y is estimated as the intercept of the lin-
ear regression of the curve t = f (}), where y > 1 s~ (Supplementary
Fig. S2), in agreement with the publication of the NIST [38]. Similarly,
the plastic viscosity is defined as the slope of this curve. The dynamic
yield stress and static yield stress results are available in other studies
[39,67].

2.5. Mix design of the cement pastes

The mixes are gathered in Table 1. The experimental plan relies on a
24 full-factorial design. This allows studying the effect of each variable
and of all the combinations of the variables [40]. The water/cement ra-
tio was kept at 0.345. The amount of water added varied with the quan-
tity of water present in the admixtures introduced to keep the total
amount constant. The solid content of the admixtures is reported. The
proportion of SP was inspired by the work of Zhang et al. [9], who used
0.26% of superplasticizer and the technical data sheet. The amount of
X, A and VMA were chosen relying on the manufacturer recommenda-
tions. The amount of C was chosen between 0.5% and 1.3%. Quanji et
al. [29] found that there is an improvement of the rheological proper-
ties, but that above 1.3%, a decrease in the yield stress is observed. Be-
sides, 0.3% of nanoclays was used in a previous study [27]. The low
value of VMA is explained by the fact that the solid content of this poly-
mer is very low (Supplementary Table S1). Hence, 0.004% of polymers
corresponded to a high quantity of liquid admixture.

Table 1
Mix design for cement pastes.

Materials (kg/m?3) Admixture (%w/w)

Mix N° Gub-8SF Water SP X A C VMA
M1 1505 508 0.26 - - - -
M2 1505 502 0.26 - - - 0.004
M3 1505 508 0.26 - - 0.5 -
M4 1505 502 0.26 - - 0.5 0.004
M5 1505 496 0.26 - 0.7 - -
M6 1505 490 0.26 - 0.7 - 0.004
M7 1505 496 0.26 - 0.7 0.5 -
M8 1505 490 0.26 - 0.7 0.5 0.004
M9 1505 497 0.26 0.3 - - -
M10 1505 492 0.26 0.3 - - 0.004
M11 1505 497 0.26 0.3 - 0.5 -
M12 1505 492 0.26 0.3 - 0.5 0.004
M13 1505 486 0.26 0.3 0.7 - -
M14 1505 480 0.26 0.3 0.7 - 0.004
M15 1505 486 0.26 0.3 0.7 0.5 -
M16 1505 480 0.26 0.3 0.7 0.5 0.004
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2.6. Yield stress measurement of the mortar

Rheological tests were conducted on mortars. Since these materials
are more viscous than the cement paste, the Ball Measuring System
(BMS) was used. This consists of a large bowl in which an eccentric ball
is put in rotation by a rotational rheometer [41]. The sphere performs
one single turn in the container. In fact, cementitious materials have a
shearing memory [42]. When passing through the mixture, the ball
changes its structure locally, and as a result, any location where the
fluid has already been sheared will not have the same behavior for fur-
ther measurements [43]. The rheometer was controlled using the pre-
programmed BMS template. The rotational speed was controlled with a
logarithmic ramp with a shear rate y ranging from 0.03162 s~! to
31.62 s~ ! and the torque was measured. The shear rate was chosen to be
in the same range as the one for the cement pastes. Fischer et al. [44]
showed that best results are obtained under 30 s~1. The software trans-
forms the torque into shear stress t. Three models were fit to the data.

The Power Law model can be described by:

r=kxy" ®)

where the shear stress is represented by t and the shear rate by 7y.
The parameters k and n are respectively the consistency index and the
flow index. The consistency index is related to the viscosity of the fluid:
the higher it is, the more viscous the fluid.

The Bingham model is expressed as:

T=To+uXy (6)

where the shear stress and shear rate are respectively t and y, while
p is the plastic viscosity. The yield stress is represented by to. This
model is a linear approximation of the curve.

Finally, the Herschel-Bulkley (HB) model is defined by Eq. (7):

T:T0+k>(}}n @

where 7 is the shear stress; 7 is the shear rate; k is the consistency in-
dex; n is the flow index and 1y is the yield stress. This model allows the
combined presence of a yield stress and a non-linear growth of the shear
stress.

The mortars tested had exactly the same mix design as the cement
pastes, but with sand. The sand/cement ratio was kept at 1.8 in this
work. In their study, Le et al. [3] found two sand/binder ratios which
permitted the extrudability of the mix. They preferred a 1.5 ratio to 1.8
because it allowed them to increase the amount of micro polypropylene

Cement and Concrete Research xxx (xxxx) 106761

fibers. In the present study, there are no fibers, and the 1.8 ratio is cho-
sen to allow more sand for economics and environmental reasons. The
mix design is presented in Supplementary Table S2. Additional tests
were conducted on the mortar and the results are available in Charrier
and Ouellet-Plamondon [45].

2.7. Analysis of results

The full-factorial design allowed us to observe all possible combina-
tions of our admixtures, and therefore, a large panel of results. Linear
regressions between the different cement paste tests were conducted to
identify relationships between several experiments. The coefficient of
determination and the regression equation were determined. Moreover,
the impact of each admixture on each test was studied in order to allow
an assessment of the best mix for 3D printing.

2.7.1. Artificial Neural Network (ANN)

The utilization of ANN provided the opportunity to predict the phys-
ical characteristics of the paste or the mortar, based on the admixture
composition (Fig. 4). First, a multi-linear regression was performed.
The function “fitlm” of Matlab was used to compute the coefficient of
regression and their p-value to attest of their significance. The result of
the fit allows to say if it exists a multi-linear relationship between the
response (yield stress, mini-slump) and the predicators variables (the
four admixtures). The case of the yield stress is presented in Supple-
mentary Fig. S3. The multilinear fit for this response is quite good
(R? = 0.93 and NRMSE = 12%). A more advanced regression with an
artificial neural network was implemented with Matlab. The advantage
of this technique is to be able to reuse the network for new objectives by
training again the network on a new dataset [46]. A hidden layer of ten
neurons was kept as proposed by default by the software. However, the
tools to perform regression with a neural network on Matlab (nntool
and nnstart) were not used due to their overly rigid template. Other ap-
proaches are possible to set the network and different methods of pre-
diction were later conducted [47]. The strategy adopted was to identify
a network efficient enough to predict results with future data without
being over-fit. A network is “overfitted” when training is so precise that
its performance on training data is excellent, but at the expense of per-
forming poorly on unseen data. Here, the choice made was to use a
Bayesian regularization backpropagation. This network training func-
tion relies on the Levenberg-Marquardt optimization to update the
weight and bias values of the neurons [48]. Then, the best combination
of the minimized squared error and weighted sum of squared weights
was determined to get a network which generalized the experimental

Inputs:
Admixtures
dosage

Hidden
layer

Qutput:
Measured data

Fig. 4. Architecture of the Artificial Neural Network under study.



M. Charrier and C.M. Ouellet-Plamondon

conditions well. In fact, adding constraints makes the network more re-
sistant to overfitting. The Bayesian regularization has been shown to be
more effective and accurate than other methods [49-52] in doing re-
gression with artificial neural networks. The network parameters were
manually modified to fit our criterion: 10 neurons in the hidden layer
and a Bayesian regularization. To verify whether the model was good
enough, the chosen method was to examine the Normalized Root Mean
Squared Error (NRMSE). This performance indicator corresponds to the
Root Mean Squared Error (RMSE) divided by the average of observation
values, expressed as a percentage. The coefficients of determination R?
were also computed to express the effectiveness of the linear relation-
ship between the observed and predicted yield stresses.

In addition, a leave-one-out cross-validation was performed. This
consisted in removing one sample of the ensemble, training the net-
work with all the remaining data, and then testing the removed one.
This operation was then repeated for every possible combination of
samples. In our case, we had sixteen datasets, as a result it is a 15 com-
binations from a sixteen samples dataset, which can be writ-

ten(%) = 16. Hence, there were sixteen different combinations of sam-

ples to train and test the model. A representation of the cross-validation
method is presented in Supplementary Fig. S4. For each row of training
and testing, the NRMSE and R? were computed. In the end, the means
of each indicator was calculated to evaluate the relevance of the net-
work. Usually, a k-fold cross-validation is performed, but in our case,
the amount of data allowed us to study each possible training set. Sur-
face responses of the values considered were then drawn from the per-
centage of two admixtures: one for the x-axis and one for the y-axis. The
percentages of the two other admixtures were fixed. The influence of
each admixture was then observed. Of the other approaches tested, the
linear ANN still provided the best result to predict the yield stress,
while the genetic algorithm can improve the mini-slump prediction
[471.

3. Results and discussion
3.1. Viscosity of cement paste

The results of the cement paste were used to calculate viscosity,
yield stress and mini-slump values for each mixture. As expected, the
viscosity did not correlate with either of the other cement paste results
[30,53]. The viscosity describes the capacity of the cement paste to
flow. The lower the viscosity, the easier it is to pump the material. The
plastic viscosity is not linearly correlated to the yield stress. Hence,
minimizing the viscosity while increasing the yield stress was achiev-
able. The VMA, which is supposed to increase the viscosity [43], has the
opposite effect for mixes with SP, SP C, and SP A C (Fig. 5). The mixes
showing the highest viscosity values are SP C and SP VMA C. Nanoclay
has been shown to increase the viscosity in self-consolidating concrete
[28]. The fact that these admixtures were often studied with self-
consolidating concretes, and not with stiffer pastes, may possibly ex-
plain the different results with VMA.

w

P

0.0

Plastic viscosity p (Pa.S)

SP

SP VMA
SpC
SPVMA C
SPA

SP A VMA
SPAC
SPAVMAC
SPX

SP X VMA
SPXC
SPXVMAC
SPAX
SPAXVMA
SPAXC
SPAXVMAC

Fig. 5. Plastic viscosity for mixes 1 to 16.

Cement and Concrete Research xxx (xxxx) 106761

3.2. Specific Rebuilding Energy (SRE)

The thixotropic loop is widely used to measure the flocculation of
cementitious materials [9,11,54]. In a classical flow curve measuring
process with a rheometer, measuring an up-curve then a down curve,
neither curve superimposes. Cementitious materials are sensitive to
their flow history. As a result, the down curve is under the up-curve.
The area between both curves has been called the Specific Rebuilding
Energy (SRE). However, the value obtained cannot be considered as an
intrinsic characteristic of the material [55], but rather, only represents
a qualitative way of comparing several mixtures. The SRE is then a
method for assessing the rebuilding capacity of a given paste. The SRE
was computed in Matlab using trapezoidal numerical integration and
subtracting the area under the two curves. The difference between the
stiffness of the paste at rest and after a period of shearing is an impor-
tant indication of the capacity of the mixture to regain stability after
shearing. In 3D printing, the material shears through a nozzle before
being deposited, and therefore, a high SRE is preferable because it indi-
cates that the material has a great capacity to regain strength at rest.
The SRE of each admixture is represented in Fig. 6. The mixes SP X, SP
X VMA, SP X C and SP X VMA C are the four mixes with an SRE above
50. Both mixes containing VMA stand out with values of SRE exceeding
150. Finally, mixes with the accelerator generally have a lower SRE
than the median value. This indicates that the presence of the accelera-
tor tested inhibits flocculation and the ability of the paste to maintain
its shape. Mixes having a high SRE are relevant for 3D printing. They
testify to a potentially stiffer paste at rest and are capable of flowing
easily again when sheared during the extrusion.

3.3. Yield stress and mini-slump

The yield stress to from rheological measurements and from the
mini-slump test have a strong correlation with a Power law fit. This ap-
proach is also used by Tregger et al. [56], but their yield stress values
are lower because they studied self-consolidating concrete (SCC) (wa-
ter/binder 0.32 to 0.40 and superplasticizer content from 0.35% to
0.55%). In fact, the equation from their experimental results does not
fit with this study, as the yield stress values are 10* times too high for
our data. The equation used by Kokado & Miyagawa [57] and its modi-
fication to take into account the surface tension effect by Roussel et al.
[7]1 (water/binder ratio from 0.4 to 0.56) do not properly fit the out-
comes of this investigation as well. Their correlation equations are also
for SCC. Both models are displayed alongside the experimental data
and its Power law fit on the Supplementary Fig. S5. In this study, the R?
of Eq. (8) is 0.96 and the equation is as follows:

7o = 54224 x 571728 ®

where 7, is the yield stress and S is the spread of the mini-cone in %.
As soon as the mini-slump drops below 160%, the discrepancy with the
SCC equations is clear. The exponent of the fit of the experimental data
is lower than that of the two other models. As a result, the curve is flat-
ter for our fit, which is explained by the definition of the yield stress it-
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Fig. 6. Specific rebuilding energy for mixes 1 to 16.
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self, as there are different measurement conventions. In fact, conduct-
ing a measurement of the yield stress influences what is measured. For
example, some authors use a very low shear rate [58] to conduct the ex-
periment, while others use the up-curve/down-curve method [10].
Moreover, the model from the Roussel et al. [7] study is valid when the
long-wave approximation is verified, as long as the height of the sample
is at least twice as small as its radius. This approximation is valid for
every sample in this study. However, some of them were not only sub-
mitted to a pure shear flow. In fact, a “hat” described by Pierre et al.
[59] was observed for mixes with yield stresses above 10 Pa. This is evi-
dence of an intermediate regime of flow. The correlation equation for
this study corresponds to the SCC model when the yield stress is below
10 Pa. For 3D printing, the intermediate flow regime must be consid-
ered to predict the yield stress. The yield stress is increased with SCC
models when the mini-slump is under 160%.
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Fig. 7. Experimental data and power law fit for each admixture.
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The correlation between the mini-slump and yield stress is strong for
each type of admixture (Fig. 7). All admixtures lead to well-distributed
values of yield stress except, for those with the accelerator, which have
lower yield stresses. This admixture also had a water-reducing effect.
To have a better understanding of how each admixture impacts the
yield stress, the results are represented in four histograms (Fig. 8). Each
histogram shows eight different mixes with and without the admixture
considered. The specific actions of the VMA, the CSH seeds, the acceler-
ator and the nanoclay are highlighted. First, the effect of the VMA (Fig.
8.a) and the X (Fig. 8.b) on the yield stress are visible for all mixes. They
respectively increase it by 47% and 70% on average. The effect of the
accelerator was the opposite. It enhanced the flowability of the paste
because of its water-reducing effect (Fig. 8.c). Mixes with the accelera-
tor had their yield stresses decreased by 47% on average. Finally, the
nanoclay boosted the yield stress, but for some inks, the difference be-
tween some mixes with and without the admixture was very low. For
example, between the mixes SP A X VMA and SP A X VMA C, the in-
crease was only 2% (Fig. 8.d). However, on average, the increase in
yield stress was 21% with the use of nanoclay.

3.4. Critical yield stress determination

The critical yield stress is the stress value that enables the fluid flow.
In the context of 3D printing, after the deposition of the mixture, the
critical yield stress must be high enough to allow the material to main-
tain its shape under its own weight. It must then increase fast enough to
be able to support future layers printed above. The printed material un-
der study is not the cement paste, but the mortar. The fit models and the
observed data for mix 1 are represented in Fig. 9. For each model, the
parameters are computed and the coefficient of determination R? is cal-
culated to quantify the strength of the relationship between the ob-
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Fig. 8. Effect of each admixture on the yield stress.
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Fig. 9. Flow curve for mix 1 of mortar.

served shear stress and the computed one. Results are gathered in Sup-
plementary Table S3. The yield stress for the HB model is 565 Pa, while
it is 1001 Pa for the Bingham model. This discrepancy is explained by
the weakness of the Bingham model in describing the non-linear part of
the curve at low shear rates [20]. The coefficient of consistency and the
flow index for the Power law model are twice the values for the HB
model. This is explained by the fact that the Power law model does not
have a term describing the yield stress. Hence, for low shear rate values,
the parameters have to be higher to reach the same shear stress value.
The Herschel-Bulkley model best describes the relationship between
the shear stress and the shear rate. This model is widely used by re-
searchers, and it can give better results than the Bingham model
[60-62].

Four mixes were tested with the ball measuring system. The best fit
is achieved with the Herschel-Bulkley model. The yield stress values ob-
tained for the mortar with the HB model are compared to those of the
respective cement pastes (Supplementary Fig. S6). A linear regression is
computed. The coefficient of determination is R = 0.97. Eq. (9) de-
scribes the regression:

= 81.081 X T cypmens — 255.64 ©

T0,mortar

The results for the mortar yield stress calculated with the cement
yield stress values are computed in Supplementary Table S4. The print-
able yield stresses proposed by Le et al. [3] goes from 300 to 900 Pa.
Consequently, the values computed in this study are comparable to
those from Le et al. [3] . According to Roussel [63], the initial yield
stress 7o of a printed layer has to be higher than the critical value of
pgho, where p is the density of the paste; g is the gravity acceleration,
and hy is the height of the printed layer. In our case, the printed mater-
ial is the mortar. In the literature several dimensions of nozzles are used
but Buswell et al. [64] estimate that the diameter of nozzles are com-
monly from 6 to 50 mm. If we take the mean of the surfaces generated
by those diameters it leads to 996 mm?, the square root of this value is

Cement and Concrete Research xxx (xxxx) 106761

32 mm. Consequently, a height hy of 32 mm is considered in this study.
For one layer, we obtain the condition 7o mortar > 733.5 Pa. For the re-
mainder of the study, the condition on the yield stress of the mortar is
converted to a condition on the cement paste. From Eq. (9), we obtain
the value of 7o cement > 12.2 Pa. If hy is 50 mm, the critical yield stress
is 0.050 X g X p = 1146 Pa according to the expression pgh, pro-
posed by Roussel [63].

3.5. Yield stress prediction with Artificial Neural Network

In order to predict the yield stress of the cement paste from its com-
position in terms of admixtures, sixteen artificial neural networks were
trained and tested. Each Normalized Root Mean Squared Error
(NRMSE) is computed in Supplementary Table S5, with the correspond-
ing coefficient of determination R2. On average, the networks predict
the yield stress with an error of 3.7% and the regression predictions fit
the targets very well, with an average R? of 0.993. As a result, the im-
plementation of an ANN to predict the yield stress with the dosage in
admixtures is found to be legitimate. Network 14 is chosen for the study
because its NRMSE of 1.3% and R? of 0.999 are respectively the lowest
and the highest among all the networks.

The yield stress obtained experimentally is shown next to the one
obtained with network 14 for each mixture (Fig. 10.a). The predictions
match the observed values almost perfectly. Consequently, the role of
each admixture is studied. To examine the evolution of yield stress as a
function of the inputs, a three-dimensional analysis is carried out. First,
for fixed accelerator and nanoclay dosages, four different response sur-
faces to the variations of CSH-seed and VMA dosages for the yield stress
are represented.

The expression of the mortar yield stress by the cement paste yield
stress (Eq. (9)) leads to the condition of a critical yield stress for cement
paste of .. = 12.2 Pa. The maximal height of one layer for each mix
can be calculated as a function of the yield stress. For example, mix 12
has a yield stress of 28.6 Pa. According to Eq. (9), hg is 28 mm high. In
Fig. 11.a, the yield stress is shown as a function of the dosage of X and
VMA, from the YZ and XZ views. The suitable admixture dosages are
those with a yield stress above the critical yield stress line. The presence
of X was crucial to meeting the requirement for the mixes containing
0.7% of A in weight of cement. In fact, below 0.23% of X, the yield
stress cannot ensure the stability of an individual layer of printed mor-
tar for mixes containing 0% of C. This value drops to 0.18% when there
is 0.5% of C. In Fig. 11.b, a condition is added on the dosage in VMA. If
it is greater than 0.0025% in weight of cement, the requirement is met
for mixes containing 0% of C. For those with 0.5% of C, only the pres-
ence of at least 0.001% of VMA is needed. Those conditions are re-
quired to meet the yield stress requirement for mixes containing 0.7%
of A.
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Fig. 10. a) Histogram of observed yield stress and obtained via the 14th network; b) Network predicted versus observed yield stress for mixes 1 to 16.
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Fig. 11. Surface responses of yield stress when varying X and VMA for given values of A and C: a) View from the XZ plan; b) View from the YZ plan.

When the mixture does not involve A, the critical yield stress is eas-
ier to reach. For example, with C = 0.5% the presence of X or VMA is
not required to go over 12.2 Pa. In contrast, the mix with 0% of C needs
a dosage of X or VMA greater than, respectively, 0.11% and 0.0021%.

The same study was conducted for fixed values of A and VMA, while
X and C dosage varied. The critical yield stress is shown as a red line in
both Figs. 12.a and 12.b. First, the heights of the surfaces on the Z-axis
are smaller than in Fig. 12.b. This indicates that the presence of X had a
greater influence on the yield stress than did C. Once again, the mixes
containing 0.7% of A are almost never eligible to 3D printing regarding
the critical yield stress. The one with 0% of VMA does not meet the
12.2 Pa requirements. With 0.004% of VMA, the requirement can be
achieved for a dosage in X greater than 0.16%. However, the critical
yield stress is reached for a concentration in X of 0.21%. The quantity of
C has almost no influence once the concentration of X has reached this
value. The zone above the red line has a practically constant height
(Fig. 12.b). The mixtures without this type of accelerator tend to have a
higher yield stress. For the one with 0.004% of VMA, the critical yield
stress is exceeded irrespective of the proportions of X or C. For the one
with 0% of VMA, a proportion of X greater than 0.11% ensures a yield
stress above 12.2 Pa (Fig. 12.a), while only a dosage of 0.5% of C can
bring the same result (Fig. 12.b). Below this value, the mixture must in-
clude a certain amount of X to meet the required critical yield stress.

For the study with fixed values of C and VMA, the variations of X
and A almost counterbalance each other (Fig. 13). No percentage of X

2]
L]

B

Yield stress (Pa)
o

could ensure a yield stress greater than the requirement without consid-
ering the dosage of A. However, if there is no VMA in the mixture,
reaching the critical yield stress is possible for the mix at 0% of C when
two conditions are fulfilled. First, the concentration of X must be higher
than 0.12% (Xmin). Secondly, the concentration of A must be lower
than a value expressed as a function of the concentration of X (Eq.
(10)). This equation represents the part of the surface above the critical
yield stress:

A < 1.72 X Xmin — 0.206 (10)

For the mix at 0.5% of C, the minimum value for X drops to 0% (Fig.
13.a) and the inequality becomes Eq. (11):

A £2.08 X Xmin an

Hence, the incorporation of C into the mixture allows a decrease of
the concentration of X and an increase of that of A. The same comport-
ment is observed for VMA, but the influence of this admixture is more
significant. The slope of the yield stress increase is greater per amount
of VMA. It can be observed that with 0% of C, a concentration of X or A
respectively greater than 0.21% and lower than 0.15% ensures to meet
the requirements. For 0.5% of C, these concentrations become 0.16%
and 0.42%.

The analysis of the surface responses of the yield stress when setting
A and X showed once again that A decreases the yield stress and X en-
hances it. No matter the quantity of C or VMA, when there is 0.7% of A,
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Fig. 12. Surface responses of yield stress when varying X and C for given values of A and VMA: a) View from the XZ plan; b) View from the YZ plan.
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Fig. 13. Surface responses of yield stress when varying X and A for given values of C and VMA: a) View from the XZ plan; b) View from the YZ plan.

but no X in the mixture, the critical yield stress was not reached at the
study time. Conversely, with a concentration of 0.3% of X without ac-
celerator, the requirement is met (Fig. 14). Interesting results were ob-
served for a dosage of C between 0% and 0.5% and for a dosage of VMA
between 0.0015% and 0.0026%. In this zone, the surfaces correspond-
ing to the mixtures A = 0%, X = 0% and A = 0.7%, X = 0.3% merge
(Fig. 14.a). Moreover, for low values of C or VMA, the surfaces are al-
most superimposed. This means that the effects of A and X compensate
each other, at least when the quantities of the two other admixtures are

Yield stress (Pa)

5 - . - r
0 0.1 0.2 0.3 0.4
a) C dosage (%w of cement)

low. In fact, when both concentrations of C and VMA increase, the mix-
ture without A and X gains more in yield stress than does the one with
both admixtures.

The study of the variations of the yield stress when setting C and A
showed approximately the same behavior as when setting X and A. We
see in Fig. 15.a that the variations of C had almost no influence on the
yield stress, while A showed a decrease in yield stress when increasing.
One mix can again does not meet the printing requirements, the ab-
sence of X and VMA leads to a yield stress too low (Fig. 15).
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Fig. 14. Surface responses of yield stress when varying C and VMA for given values of A and X: a) View from the XZ plan; b) View from the YZ plan.
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Finally, setting X and C while varying VMA and A leads to the same
representation as in the previous composition. The increase in the yield
stress with the VMA was greater than for the C (Fig. 16.a). Every surface
overlapped on the following one. This means that the critical yield
stress was reached no matter the mixture if the concentrations of VMA
and A were adjusted.

The study of the influence of each admixture on the yield stress al-
lows drawing several conclusions. Firstly, the accelerator A has a water
reducer effect, which drastically decreases the yield stress. In fact, a
concentration of 0.7% without any other admixture leads consistently
to a paste with a yield stress below the critical value. Nevertheless, ac-
celerators are widely used in 3D printing in order to reach a compres-
sive strength sufficient to face the weight of several layers of material
[3,27,64-66]. That is why the incorporation of other admixtures, such
as the X, the C or the VMA, is important with this A. A comparison be-
tween these last three highlights the fact that the X is the most effective.
The shapes of the surfaces (Figs. 13.a, 16.a, and 15.a) show a greater
slope for the increase of X, followed by VMA and, last, C. However, the
proportion of VMA was between 0 and 0.004%, while the X varied be-
tween 0 and 0.3%. In view of the mass proportions of each admixture,
the VMA appeared more effective than the X. Moreover, the C is less ef-
fective than the X for increasing the yield stress, despite a higher per-
centage of addition. Hence, more X can substitute the incorporation of
C. The C still improves the correlation between the yield stress and the
mini-slump tests [45]. Finally, the X is a solution to counterbalance the
water-reducing effect of A, because the mixtures containing neither or
both of them almost give the same yield stress.
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3.6. Mini-slump prediction with ANN

The same procedure was conducted with the mini-slump results.
The average NRMSE was 6.5% and the average coefficient of determi-
nation R? was 0.94. The NRMSE and R? for all the networks are listed in
Supplementary Table S6. The best values of the indicators are found for
network 13, with R?2 = 0.96 and NRMSE = 0.054. The mini-slump ob-
served and calculated with the network 13 is shown in Fig. 17.a. The
linear regression between the observed values and the predicted ones
are computed in Fig. 17.b. The network was suitable to describe the
mini-slump. Other predictions with the mini-slump results are available
in Sergis et al. [47].

To observe the evolution of the mini-slump as a function of the dif-
ferent admixtures, six three-dimensional analyses were conducted.
Graphics are shown in Fig. 18. The outcome of this study agrees with
the previous result on the correlation between yield stress and mini-
slump: an increase in yield stress corresponds to a decrease in the mini-
slump value. Consequently, the admixtures X, VMA and C tend to de-
crease the mini-slump. X has a greater influence than does VMA and C
on the decrease. The incorporation of A leads to higher mini-slump val-
ues. There is almost no difference between a mix with 0.7% of A and
0.3% of X and a mix with no A and X (Fig. 18.f). Following Eq. (8), a
critical yield stress of 12.2 Pa for cement paste corresponds to a mini
slump of 129%. As a result, every part of a mini-slump response surface
which is above this value should be considered as not suitable for print-
ing, while those below are suitable (Fig. 18).
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Fig. 16. Surface responses of yield stress when varying VMA and A for given values of X and C: a) View from the XZ plan; b) View from the YZ plan.
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3.7. Simulation of new mixes and correlation between the neural networks

In order to verify the robustness of our neural network, 256 new
mixes were generated with values between the bounds of admixtures.
Those 256 new mixes were then entered into both the mini-slump and
the yield stress networks. The results of the mini-slump network were
calculated as yield stress values with Eq. (8). Supplementary Fig. S7 ex-
plains the simulation procedure. Finally, a linear regression was per-
formed to confirm the effectiveness of the ANN, as shown in Fig. 19.
The R? value is 0.98, and the simulation confirms the effectiveness of
the ANNs.
the yield stress networks. The results of the mini-slump network were
calculated as yield stress values with Eq. (8). Fig. S7 demonstrates the
simulation procedure. Finally, a linear regression was performed to

11

confirm the effectiveness of the ANN, as shown in Fig. 19. The R? value
is 0.9857, and the simulation confirms the effectiveness of the ANNSs.

4. Conclusions

In this article, several cement pastes containing superplasticizer, ac-
celerator, viscosity modifying agent, nanoclays and CSH seeds were
studied. The mini-slump test, considered easy to implement, was con-
ducted on each paste. A rheometer was also used to identify the rheo-
logical properties of the pastes. The mini-slump correlated well with the
dynamic yield stress ¢ using a Power law. Conversely, the viscosity and
the SRE had no significant correlation with the yield stress.

The role of each admixture in the behavior of the paste was investi-
gated. The mini-slump and the yield stress results agreed for every type
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Fig. 19. Correlation between yield stress from ANN (based on rheometer mea-
surements) and from Power law fit with mini-slump.

of admixture. Furthermore, their influence on the yield stress was high-
lighted, showing that X, VMA and C tend to increase 1o, while this spe-
cific A tends to decrease it. Another type of accelerator can be tested at
a later stage.

The critical yield stress was identified with a 32 mm high layer of
printed material. The criterion on the yield stress to ensure printability
implies that if it is required to print a thicker layer, the critical yield
stress must be higher. The criterion was defined for mortar and adapted
for cement paste.

An artificial neural network was successfully trained to be able to
predict the yield stress as a function of the percentage in weight of ce-
ment of each admixture. Once represented, the surface responses pro-
vided information about the global influence of each admixture. More-
over, by drawing the surface corresponding to the critical yield stress in
red, the specific critical percentage was identified, when comparing the
views from the XZ and YZ plans. The same work was conducted for the
mini-slump.

Finally, the simulation of 256 other random mixes allowed obtain-
ing 256 yield stress and 256 mini-slump values with ANNs. The 256
mini-slump values are transformed into other yield stress values by the
Power law relating yield stress and mini-slump. A linear regression be-
tween the yield stresses from the ANN and from the Power law confirms
the robustness of the neural networks. Consequently, artificial neural
networks can predict the fresh properties of cementitious materials ac-
cording to different admixtures. Future work can involve a time factor
in the ANN to describe the evolution of the yield stress during printing.
The result would allow to predict the cementitious material printability
over time.
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