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Use of Nanoclays and Methylcellulose to Tailor Rheology
for Three-Dimensional Concrete Printing

by AlaEddin Douba and Shiho Kawashima

A concrete system is identified as highly printable if it can offer
minimal resistance to handling while sustaining high load resis-
tance and structural stability. One of the major complexities of
three-dimensional (3D) concrete printing lies in its sensitivity to
materials and equipment that varies the time among layers, hydra-
tion time, and shear history. While nanoclays are effective additives
for enhancing structural buildup, methylcellulose is introduced as
a secondary additive to significantly amplify the nanoclays’ effect
on the static yield stress while prolonging the open time between
layers and increasing filament cohesiveness. The compatibility of
these two systems at different contents is studied by character-
izing rheological properties such as static yield stress, steady-state
viscosity, and storage modulus, as well as the heat of hydration
through isothermal calorimetry. The hybrid system is found to
increase the static yield stress by up to 900% compared to the refer-
ence paste at only 3.0 wt.% total content by mass.

Keywords: methylcellulose; nanoclays; rheology; three-dimensional (3D)
concrete printing.

INTRODUCTION

Fresh concrete wused for extrusion-based three-
dimensional (3D) concrete printing (3DCP) requires a thixo-
tropic suspension that flocculates and deflocculates quickly
during rest and flow, respectively.! It exhibits contradictory
rheological properties such as a low viscosity with a high
static yield stress, and has rapid structural buildup at rest
with a high destructuration rate during flow. To realize such
a complex fresh-state performance, it is essential to iden-
tify measurable printing properties and map them through
rheology. Researchers thus far have identified several key
printing properties such as buildability, extrudability, pump-
ability, shape stability, cold joints and filament breakage,
and tearing and splitting.!° These properties can be coupled
based on the stage of printing in which they are measured:
1) buildability and shape stability; 2) pumpability and
extrudability; 3) cold joints and filament breakage, and
tearing or splitting.

To meet the complex rheological demands of 3DCP, many
researchers either use retarder/accelerator systems?!7-20-23
or combine multiple rheological admixtures.>>7:16:19:24-27
However, the use of accelerators has the potential to cause
the mixture to clog.'” One of the main thixotropic additives
suggested by researchers working in 3DCP are nanoclays
(NC),>12.16.20.262829 a5 they have been shown to increase
buildability,>!!2%282 robustness,” and shape stability.>!>2
However, one of the drawbacks of NC in 3DCP is its rela-
tively high water adsorption,*® which can result in excessive
stiffness and, in turn, filament splitting, tearing, and breakage
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at higher contents, as observed by Kazemian et al.'> Further-
more, the literature shows that NC addition is not enough to
meet all 3DCP requirements; it has often been mixed with
other additives or required the use of other supplementary
binders.>71115:162024-26.29 Thyg it is significant to identify
admixtures compatible with NC to meet the rheological
demand without negatively impacting its positive effects.

RESEARCH SIGNIFICANCE

NC and viscosity-modifying admixtures (VMAs) have
become common additives used for 3DCP. However, little
work has been done to examine the compatibility of these
two systems and the rheological effects of mixing them at
different ratios. This work examines methylcellulose (MC)
as a VMA to increase the efficiency of NC in increasing the
static yield stress and buildability, and shows a wide range
of NC and MC that can be used to tailor the rheological
response of cement paste systems.

BACKGROUND

Of the many printing properties of interest, buildability
and shape stability are often points of focus as they are
significantly more influenced by rheology, rather than the
printing equipment, and can govern the overall print size and
critical printing height. However, shape stability character-
izes the overall print performance, while the buildability is
often governed by one or a few layers. Buildability can be
defined as the maximum height achieved by successful layer
deposition, where the deposition of an added layer causes a
collapse of the bottom layers that is not caused by structural
deficiency.>®!10-13:1619 Figyres 1(a) and (b) show examples
of a print failure characterizing buildability, whereas in (c),
the print failure is due to the print geometry and structural
stability, and hence is not suitable for measuring buildability.
Shape stability is governed by the deformation of the depos-
ited layers in their pseudo-solid state (flow has not initiated),
where excessive deformation leads to unstable deposi-
tion, 3811121516 Critically, elastic deformation in the pseu-
do-solid state becomes plastic (unrecoverable) deformation
due to hydration and hardening in the deformed state. In lab
conditions, shape stability can be quantified as an increased
difference between the actual and the theoretical print height
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(a) collapse of the bottom
layer due to weight
(buildability criteria)

Theoretical height
Actual height

(d) Tlustration of shape stability error caused by elastic
deformation of layers that causes misplaced extrusion

(b) collapse of the print due  (c) Collapse of the print walls
bottom layer flow
(buildability criteria)

due to local buckling
(structural stability criteria)

. -

(e) Real printing failure example
due to low shape stability

Fig. 1—Examples and illustrations of failure due to low buildability, structural instability, or low shape stability.

e B

Fig. 2—FExamples of filament breakage, tearing, or splitting associated with high stiffness or dryness.

(where the print integrity has not been compromised), as
shown in the illustration in Fig. 1(d). An example of low
shape stability is shown in Fig. 1(e).

While buildability and shape stability are often dominated
by the rheological properties of the cementitious system,
pumpability and extrudability are governed by the printing
equipment and machinery. Pumpability and extrudability
are similar in that both are characterized by the ability of
the cementitious ink to flow.>!%!° Thus, they are linked to
rheological properties that characterize structural break-
down, such as viscosity and dynamic yield stress. However,
pumpability specifically deals with the ability to deliver the
material from a feeding point to the extrusion head, while
extrudability is the ability to deliver the material through
and out of the extruder, both at a controlled and a desired
rate 26810121619 Extrudability, therefore, has a different
shear history profile than pumpability, as it is sheared for a
longer time, often with less pressure and through different
geometries. While printing properties such as buildability
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are often characterized through rheological properties,
on-site testing of the extruded material is required to ensure
successful printing.'® Thus, it is worth noting that despite the
fact that printing properties can be defined through rheolog-
ical properties and measured in the lab, field implementation
remains limited due to the absence of clearly established
printing tests.

Cold joints are a time-dependent weakening of the inter-
layer bond strength due to the chemical incompatibility
of two subsequent layers caused by unmatched hydration
processes.»" 121417 Unlike the other printing properties,
cold joints are not always visible during printing and often
can be characterized by localized reduction of the mechan-
ical performance. Cold joints are also classified by open
time: the time duration where hydration kinetics (such
as initial setting or surface drying) do not interfere with
the interlayer properties.**"*> Finally, filament breakage,
tearing, and splitting are often caused by excessively stiff
mixtures,'® unsheared centers of filament,' voids, shrinkage,
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or segregation. Figure 2 shows a few examples of filament
tearing, splitting, and breakage exhibited by cement paste
with different rheological properties. Filament tearing, split-
ting, and breakage are distinguished from low extrudability
as the latter is characterized by the viscosity and dynamic
yield stress, while the former is governed by stiffness, cohe-
sion, and water adsorption. Furthermore, changing the extru-
sion properties such as the nozzle shape, size, or rate do not
resolve the errors causing splitting or tearing. Nevertheless,
these properties can overlap, as an increase in the viscosity,
for instance, can be correlated to increased cohesiveness,
segregation resistance, and bleeding resistance.?*3*

Because NC alone may not be able to meet the complex
and demanding rheological profile of 3DCP, some
researchers have combined NC with either a VMA37:23:26
or a high-range water-reducing admixture (HRWRA).!6-24:26
VMAs in 3DCP were mainly a low molecular weight and
introduced at small contents up to 1.0 wt.%, and were aimed
more toward reducing segregation.”333¢ Cellulose-based
VMAs are specifically of interest as they can prevent segre-
gation due to their water retention abilities,*”3? which scales
with molecular weight and dosage.’* However, the addition
of a VMA can be unfavorable for 3DCP, as, at low contents,
it can decrease the static yield stress,>*** increase air
content,* and may decrease the compressive strength.>® The
addition of a cellulose-based VMA at a higher content or at
a high molecular weight, however, can cause an increase in
the static yield stress.*! More importantly, the addition of a
VMA increases cohesiveness due to the VMA binding effect
on the mixing water.* Nevertheless, the pathways in which
VMA polymers such as cellulose ethers (CE) affect the
rheology of cement paste are still under investigation,’”*
but polymer-cement interactions have been considered to
originate in competitive adsorption.**

CE are six-membered D-glucose or dextrose ether rings
linked together covalently by ether groups through glyco-
sidic bonds.*® The effects of CE are highly dependent on
their dilution status. Polymers in dilute solutions are likely
coiled up and do not have any global interaction as each
coil is physically distant from the other,*® resulting in solely
localized effects. In semi-dilute solutions, local or global 3D
networks of polymers exist, and the crossover between dilute
and semi-dilute states is denoted as the critical overlapping
concentration (COC). 44346 Before the COC, the effects
on the viscosity are minor and grow exponentially after
reaching the COC.*' Decoiling polymers due to high shear
strain can significantly impact the COC, and local details
of the polymer gain further influence over their behavior.**
However, it has been suggested that the dependency of the
COC on the strain rate is only valid for a linear polymer
where highly branched polymers” COC show little correla-
tion to the strain rate.’ Because CE are linear polymers,*
the dependency of rheological interactions on shear history!
is of greater complexity for cement pastes containing CE due
to the additional effects of the shear history on the COC. For
example, Brumaud et al. discussed that the addition of high
molecular weight CE could cause the collapse of the van der
Waals forces network, as it generates steric repulsive forces
to separate cement particles,*! in a similar mechanism to
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that of HRWRAs.*® The adaptation of CE in cement systems
also often leads to retardation effects.**-? This is caused by
polymer adsorption to cement grains**>! and, more specif-
ically, on silicate oxides and metal oxides,’®> that trans-
lates to high adsorption on C-S-H and calcium hydroxide.’!
More severe retardation effects are observed with a lower
molecular weight>? and lower degree of substitution.** Such
retardation effects can be significant in increasing interlayer
open time and preventing the formation of cold joints during
printing.

In addition to NC and VMAs, HRWRAs such as polycar-
bonate ethers (PCE) might be necessary to ensure pumpa-
bility. PCEs weaken the flocculation bonding and disband
the microstructure.”*>* Thus, it is critical to ensure that both
additives’ effects on cement composites satisfy buildability,
shape stability, cold joints, and cohesion, and are compatible
with PCEs. Qian and De Schutter studied the compatibility
between NC and PCE and showed that while PCEs present
steric hindrance, NC still provides increased cohesion and
static yield stress while maintaining a low dynamic yield
stress.?* This is attributed to the increased cohesion between
flocs and the reagglomeration of the microstructure caused
by the addition of NC.2* Cellulose-based VMAs have also
been shown to be compatible with PCE HRWRAs,>%
which, similar to NC, have been attributed to increased
linking of flocs and reagglomeration.®’

This study focuses on the compatibility of cellulose-based
VMAs, namely MC, with NC. The rheological properties of
different NC-MC hybrid systems containing up to 1.5 wt.%
NC and 2.0 wt.% MC are examined, along with their effect
on hydration kinetics through isothermal calorimetry. While
the rheological work is solely focused on cement paste
systems, it is useful to highlight that the addition of aggregate
is expected to increase the static yield stress.!®® The thixot-
ropy of cement pastes originates from soft colloidal forces—
that is, van der Waals and ionic, alongside rigid forces from
C-S-H bridging.*? In this work, all early hydrate products
are referred to as C-S-H links for simplicity. Unlike plain
cement systems where only cement-cement interactions
exist, the system introduced in this paper has additional
NC-cement, NC-NC, MC-cement, MC-MC, and MC-NC
interactions of both soft and rigid types. The goal of this
work is to highlight the hybridization of NC and MC as a
new tailorable additive system for 3DCP applications while
also examining some of the corresponding interaction mech-
anisms. However, because of the large number of different
interactions present, isolating each of the previously listed
interactions is outside the scope of this work.

EXPERIMENTAL METHODS

Materials

To prepare the cement paste, Type I/Il cement with the
chemical composition shown in Table 1 was used and mixed
with distilled water at a 0.34 water-cement ratio (w/c).
Highly purified attapulgite clay, or palygorskite, and a high-
performance thixotropic rheology modifier and ant-settling
agent were used in this study as the source of the NC with
chemical compositions shown in Table 1. They are geomet-
rically homogeneous needle-like particles with 30 nm
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Table 1—Chemical composition of cement

Content, %
SiO, AlLO; Fe 05 CaO MgO SO; Loss on ignition
Cement
19.06 5.01 2.27 62.55 2.93 3.31 2.84
SiO, Al,O; Fe,04 TiO, CaO MgO K,O Na,O P,0s Loss on ignition
Nanoclays
55.2 12.2 4.05 0.49 1.98 8.56 0.68 0.53 0.62 15.66
2
£
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Fig. 3—Applied rheological protocol and corresponding material response measuring plastic viscosity, static yield stress,

elastic modulus, dynamic yield stress, and storage modulus.

diameter, 1.5 to 2.0 um length, and are negatively charged
along their length and positively at their ends.® The VMA
was a CE, where the cellulose backbone has methoxy substi-
tution between 27.5 and 31.5 wt.% at a degree of substitu-
tion (DS) between 1.5 and 1.9, a 50 mg/mL H,O solubility,
and a molecular weight of 14,000. The NC was dispersed
in solution through magnetic stirring at 0.1, 0.5, 1.0, or
1.5 wt.%. while the VMA was premixed as a powder with
cement manually at 0.1, 0.5, 1.0, 1.5, or 2.0 wt.%, where
both were added as weight substitution of cement. NC solu-
tions were prepared using distilled water and stirred at 800
rpm for a minimum of 1 hour; they were mixed with cement
immediately after stirring to prevent any possible sedimen-
tation. The different cement pastes are designated based on
their respective content of NC or MC, while the reference
paste with no additives is referred to as Neat. For example,
1.ONC represents an addition of 1.0 wt.% NC, and 0.1MC
represents an addition of 0.1 wt.% MC, both as replacement
of cement by weight.

Rheological characterization

Steady-shear and small-amplitude oscillatory shear
(SAOS) rheology were used to characterize the effects
of NC and MC on the rheological properties of cement
pastes. A four-blade vane with a 21.9 mm blade width and
a 26.6 mm inner diameter cup were used, where the gap
between the vane and the bottom of the cup was 8 mm. All
test specimens were prepared using fresh solutions and time-
controlled mixing procedures, ensuring similar hydration and
shear history prior to performing rheological measurements.
Cement and MC powder (if used) were mixed by hand for
30 seconds, then the NC solution or distilled water was added
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to the mixture. One hundred and fifty seconds after the first
contact between the water/solution and powder, the mixture
was mixed at 500 rpm for 2 minutes. Then, the paste was
loaded into the rheometry cup and the cup was loaded into
the rheometer. Lastly, the vane was inserted into the sample
6 minutes after mixing was complete, and the rheological
protocol was initiated 30 seconds after vane insertion.

All measurements were made on a stress-controlled
rheometer at a controlled temperature of 25°C. A pre-shear
of 260 1/s was applied for 30 minutes to ensure all mixtures
reached a deflocculated reference state, followed by a rest
period of 5 minutes to allow for structural buildup. The
plastic viscosity, defined as the viscosity reached after shear
thinning under constant shear, was measured during the
steady-state response at the end of the pre-shear. Following
the rest period, a strain of 0.1 1/s was applied for 7.5 minutes,
where both the static and dynamic yield stresses were deter-
mined. The static yield stress is defined as the stress needed
for the initial flow of the material, making the transition
from solid-like to liquid-like behavior. The dynamic yield
stress is the minimum stress required to maintain the state
of flow after the static yield stress has been achieved, or
the stress needed to terminate flow. Another rest period of
30 seconds was applied, followed by a SAOS strain sweep
from 1 x 10°to 1 at 1 Hz to measure the storage modulus.
The storage modulus is the elastic, in-phase response of a
viscoelastic material subjected to an oscillatory shear within
the linear viscoelastic regime. This was measured after the
static yield stress to minimize the number of tests due to the
high number of mixtures examined in this study. A minimum
of four freshly prepared pastes were tested per mixture, and
up to eight when the variance was greater than 10%. The
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Fig. 4—Rheological properties of cement paste containing NC normalized by rheological properties of Neat cement with static
yield stress of 249 Pa, dynamic yield stress of 49 Pa, viscosity of 1.59 Pa-s, and storage modulus of 0.26 MPa.
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Fig. 5—Stress-strain response of cement paste containing NC during static yield stress measurement where point of flow initi-

ation (peak stress) is marked accordingly.

rheological testing protocol and the corresponding material
response characterizing rheological properties are illustrated
in Fig. 3.

Isothermal calorimetry

The effects of the hybrid additives on cement hydration
kinetics were monitored using an isothermal calorimeter.
Cement paste mixtures were prepared following the same
procedure prescribed for rheological characterization, and
a 5 g sample was measured and loaded into a standardized
glass ampule. Data collection started 5 to 10 minutes from
mixing, the temperature was kept at 25°C, and a total of
6000 data points were collected over 48 to 72 hours.

RESULTS AND DISCUSSION

Rheology of NC cement pastes

To best characterize the interaction between both MC and
NC systems, cement pastes with either NC or MC alone
were examined first to isolate the effect of each additive
on the rheological properties. Figure 4 shows the relative
rheological properties of cement pastes using NC alone
with respect to the Neat cement paste containing no addi-
tives. Similar to findings by other researchers and previous
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studies, the addition of NC significantly increases the static
yield stress of cement paste proportionally to NC content
with no increase in the viscosity.>33%36 Further, the
increase in the static yield stress is over three times that of
the increase in the dynamic yield stress, supporting the suit-
ability of NC for 3DCP with high buildability and ease of
pumpability.>!>16:20.26.28.29 There is no significant change in
the storage modulus with the addition of NC up to 1.0 wt.%
content. Increasing the content to 1.5 wt.%, however, leads
to an increase of the storage modulus by 46%. Roussel et al.>*
indicate that the static yield stress in cement paste systems
finds its origin in rigid C-S-H links and soft colloidal interac-
tions. In contrast, the storage modulus is a feature dominated
by the rigid network.The stress response at strain levels in
1E-2 ~ 1E+0 is associated with the soft network, whereas
the stress response in the range 1E-5 ~ 1E-3 corresponds to
the rigid network.>

The stress-strain response of cement pastes containing
only NC is shown in Fig. 5. The markers indicate the point
of flow onset characterizing the static yield stress, and the
corresponding strain is referred to as the critical strain.
Clearly, the increase in the static yield stress, which scales
with the NC dosage, is significantly higher than the change
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Fig. 6—Rheological properties of cement paste containing only MC normalized by Neat cement with static yield stress of
249 Pa, dynamic yield stress of 49 Pa, viscosity of 1.59 Pas, and storage modulus of 0.26 MPa.
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Fig. 7—Stress-strain response of cement paste containing MC during static yield stress measurement where point of flow initi-
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in the critical strain. This in turn implies a stiffer colloidal
network due to the addition of NC. Further analysis shows
that at lower strain levels, specifically in the range 1E-5 ~
1E-4, the stress levels remain close to that of the reference
cement independently of the NC dosage. At strain levels in
the range of 1E-4 ~ 1E-3, there is an increase in the stress
response compared to the Neat cement paste proportional to
the NC content. This suggests that the effects of the NC on
the rigid network are minimal up to 1.0 wt.% NC content,
which agrees with the storage modulus results. Thus, the
changes in the static yield stress can be inferred from the
soft colloidal network, specifically NC-NC and NC-cement
interactions, which is in agreement with findings from
other studies.”’

Rheology of MC cement pastes

The rheological properties of the cement paste containing
only MC were measured and are shown in Fig. 6 with respect
to the Neat cement. The addition of 0.1 wt.% MC shows a
decrease in the static yield stress, dynamic yield stress, and
storage modulus, with insignificant changes to the viscosity.
The storage modulus of the cement paste with MC is inde-
pendent of the MC dosage up to 2.0 wt.%, showing an overall
decrease and softening of the rigid network compared to the
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Neat. These results agree with the findings of Brumaud et al.,
where they showed significant softening of cement paste at
low strains.*! The decrease in the storage modulus can be
attributed to the adsorption of polymers on cement grains
and hydration products.*-3? An addition of MC beyond 0.1
wt.% results in an increase in the viscosity and dynamic
yield stress proportional to the MC content. At 0.5 wt.%
MC, the viscosity and dynamic yield stress are statistically
indifferent to that of the Neat paste. Chen et al. reported
similar behavior using hydroxypropyl MC (HPMC), where
flowability did not change significantly at low contents but
was significantly reduced at higher contents.>* Similarly,
the static yield stress increases with an increase in the MC
content from 0.5 wt.% MC, reaching a 280% increase at
2.0 wt.% compared to the Neat paste. Similar findings were
reported by Brumaud et al. using hydroxyethyl MC (HEMC),
showing a decrease at lower contents and then increase with
increasing content by up to ~300%.*' However, a shift in
efficiency is observed at approximately a 1.5 wt.% dosage,
where the efficiency between 1.5 and 2.0 wt.% is 8.6 times
higher than that between 0.1 and 1.5 wt.%, which can be
attributed to reaching the COC, signaling the formation of a
global 3D network of elongated polymer chains.*!434¢
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Fig. 8—Static yield stress of cement paste incorporating NC and MC with respect to NC content.

The stress-strain response during static yield stress
measurements was recorded and is shown in Fig. 7. The
addition of MC shows a significant increase of the critical
strain in the range of 1E-2 ~ 1E+0 compared to the Neat
paste, which agrees with the findings of Brumaud et al.*! The
addition of MC up to 1.5 wt.% causes little to no change in
the static yield stress and a significant increase in the strain,
which indicates relaxation of the soft colloidal network. MC
polymers can be coiled up within a suspension, especially
at dosages lower than the COC. The introduction of the
shear strain rate can cause polymer chains to uncoil, orient,
or stretch parallel to the driving force.%¢¢” Thus, relaxation
within cement colloidal networks containing MC can be
attributed to the stretching of polymer chains, similar to the
observation of Ma and Kawashima on diutan gum.*” Further,
all the MC mixtures show a significantly lower stress
response at 1E-5 ~ 1E-3 strain compared to the Neat paste,
implying further relaxation of the rigid network in agreement
with measurements of the storage modulus. However, this
relaxation could also be attributed to the collapse of the van
der Waals network*! or increased steric hindrance.’” The low
static yield stress with the addition of MC up to 1.5 wt.%,
along with the significant increase in the dynamic yield
stress and plastic viscosity, has an overall undesirable effect
for 3DCP. In fact, recovering the loss in the static yield stress
observed at 0.1 wt.% requires increasing the MC dosage to
1.0 wt.%, which causes an increase in the dynamic yield stress
and viscosity by 219% and 65%, respectively. At 2.0 wt.%,
where the addition of MC reaches a 280% increase in the static
yield stress, the corresponding increase in the dynamic yield
stress and plastic viscosity are 639% and 151%, respectively.
Therefore, it is evident that, rheologically, MC alone is unfa-
vorable in enhancing the printability of cement paste. Still, the
addition of MC as a VMA for 3DCP can improve segregation
and bleeding resistance and increase cohesiveness,”**~ thus
offering advantageous properties for 3DCP that NC do not.

Rheology of hybrid NC-MC cement pastes

Static yield stress—It was observed that the addition of
NC causes an increase in the static yield stress proportional
to the NC content, while the addition of MC shows a higher
static yield stress than that of the Neat paste only at dosages
greater than 1.5 wt.%. Incorporating both NC and MC as
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a hybrid additive, however, leads to different behavior than
NC or MC alone on the static yield stress of cement paste,
as shown in Fig. 8. The addition of NC alone results in NC
efficiency of 400 Pa per 1 wt.% NC (measured by the slope
of the linear regression line). The combination of NC and
MC further enhances NC efficiency, reaching 2222 Pa per
1 wt.% NC at 2.0 wt.% MC, which is almost five times the
efficiency of NC alone. However, a critical NC concentra-
tion is observed at an MC dosage of 1.0 wt.% or higher,
where the increased NC efficiency is diminished or receded.
The critical NC concentration seems to be inversely propor-
tional to the MC content, which could imply that at certain
high dosages, there are competing effects of soft and rigid
interactions between NC, MC, and cement.

Nevertheless, there is a significant overall increase in the
static yield stress with the addition of MC compared to the
mixtures incorporating NC alone. For example, at 2.0 wt.%
MC and 1.5 wt.% NC, the increase in the static yield stress is
190% higher than 1.5 wt.% NC alone, despite the diminished
NC efficiency. Up to such critical concentration, the increase
in the NC efficiency is proportional to the MC dosage: a
900 Pa increase in the static yield stress per 1 wt.% NC, per
I wt.% MC, as shown in Fig. 9. This significant increase
in the NC efficiency on the static yield stress can produce
cement paste with a static yield stress of 2540 Pa at 2 wt.%
MC and 1.0 wt.% NC, which is a 920% increase from that of
the Neat paste. In fact, to achieve a similar increase using NC
alone, 5.77 wt.% NC is required, which is a 477% increase
in the NC dosage compared to the addition of only 2.0 wt.%
MC. The significantly higher static yield stress in the hybrid
system compared to NC or MC alone can be explained by
increased NC-NC, NC-cement, MC-cement, new NC-MC
interactions, or increased MC-MC interactions that replicate
the formation of the MC global network at the COC.

Plastic viscosity—The addition of MC leads to an increase
in the viscosity from 0.5 to 2.0 wt.% proportional to the MC
content, whereas the addition of NC alone does not change
the viscosity of cement paste up to a 1.5 wt.% content.
For hybrids at 0.1 wt.% MC, the change in the viscosity is
statistically indifferent to the NC content or pastes with NC
alone; and at 0.5 wt.% MC or greater, there is an increase
in the viscosity proportional to the NC content, as shown
in Fig. 10. The increase in the plastic viscosity due to NC
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addition is within 0.46 to 0.78 Pa-s per 1 wt.% NC, which
corresponds to a 16 to 84% increase from their respective
pastes containing only MC, or an 83 to 190% increase from
the Neat paste. While such an increase can be considered
significant, it is accompanied by a more significant increase
in the static yield stress in the range of 511 to 920%. Further-
more, other researchers have reported successful printing
using cement mixtures with viscosities in the range of 3.5
to 4.5 Pa-s,'! which are similar to the maximum viscos-
ities reported herein, or significantly higher viscosities up
to 33 Pa-s.’ It is also important to note that while a high
viscosity harms pumpability, a low viscosity can also lead
to segregation.!® Nevertheless, the newly found increase in
viscosity in hybrids with relation to the NC content implies a
new type of interaction between NC and MC that is propor-
tional to the NC content, namely NC-MC. The mechanisms
of such interaction and their relationship to other NC-
cement, NC-NC, MC-MC, and MC-cement interactions are
outside the scope of this investigation.

Dynamic yield stress—The results showed that the addi-
tion of NC and MC alone causes an increase in the dynamic
yield stress per their respective contents, where MC has a
significantly higher efficiency than NC. The effect of NC and
MC addition results in an increase in the dynamic yield stress
proportional to the NC content up to 1.0 wt.%, as shown in
Fig. 11, at a much higher efficiency than NC or MC alone.
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Similar to the plastic viscosity, the addition of 0.1 wt.% MC
is statistically indifferent from the effects of the NC addition
alone. However, the NC efficiency in increasing the dynamic
yield stress is not consistently proportional to the MC
content, in contrast to the static yield stress. For example,
the NC efficiency at 1.5 wt.% MC is lower than that of 1.0
and 2.0 wt.%, and there are critical NC concentrations at
MC contents of 1.0 wt.% or greater, where the NC efficiency
is diminished or receded. The authors hypothesize that the
COC of MC could be affected by new NC-MC interactions.
However, this remains outside of the scope of this investiga-
tion and will be the subject of future work.

The dynamic yield stress is characterized by structural
breakdown rather than buildup (which is the case in the
static yield stress)®® and hence can be used as an indicator
of dynamic stability. A high yield stress has been correlated
to displaying high segregation resistance.®-’° Thus, ensuring
that the dynamic yield stress is not too low can ensure
increased segregation resistance. On the other hand, if the
applied pumping shear stress required to meet the dynamic
yield stress exceeds the segregation stress, water bleeding
and segregation behavior arise.!® Thus, the dynamic yield
stress must be maintained within a range that is not too
high to hinder pumping or too low to cause segregation.
Researchers have reported successful printing with cement
systems displaying dynamic yield stresses of up to 490,"
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645,”7 and 720 Pa.?* While the hybrid additives significantly
increase the dynamic yield stress, they remain within work-
able range except for 1.0 and 1.5 wt.% NC at 2.0 wt.% MC,
which are also sensitive to the pumping equipment.

Storage modulus—It was previously shown that the
storage modulus of the cement paste decreases with the
addition of MC irrespective of content (Fig. 6). It was
also shown that the storage modulus incorporating NC is
similar to that of the reference paste up to 1.0 wt.% and
then increases at 1.5 wt.% (Fig. 4). As a result, the two NC
regions are separated by presenting the full storage modulus
results in Fig. 12 and plotting the slopes of the NC efficiency
between 0 and | wt.% and 1 and 1.5 wt.% NC in Fig. 13. The
addition of NC into the MC-cement system, where the NC
content is between 0 and 1 wt.%, shows an increase in the
storage modulus compared to MC alone, proportional to the
NC content (Fig. 12), and the NC efficiency scales with the
MC content (Fig. 13). The increase in the storage modulus is
high enough that at 0.5 wt.% NC content all the MC mixtures
recover the loss in the storage modulus caused by the MC
addition. At 1.0 wt.% NC and MC dosages of 0.5 wt.% or
higher, there is a further increase in the storage modulus,
showing higher values than the Neat paste. Between 1 and
1.5 wt.% NC, all mixtures maintain a higher storage modulus
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th NC and MC with respect to NC content.

than the Neat paste. However, the relationship between MC
content and the NC efficiency is negative, excluding the MC
dosage of 2.0 wt.%. At 1 and 1.5 wt.% MC, further addi-
tion of NC results in a decrease in the storage modulus when
increasing the NC content from 1 to 1.5 wt.%. On the other
hand, the NC efficiency at 2.0 wt.% MC maintains similar
NC efficiency between both regions, which can be attributed
to reaching the COC.

The increase in the storage modulus is an indication of
a strengthened rigid network. Because the addition of MC
does not cause an increase in the storage modulus, as shown
in Fig. 6, the increase in the storage modulus of many hybrid
mixtures compared to the Neat paste likely is not attribut-
able to increased MC-cement but rather to increased NC-
cement or cement-cement interactions. As hybrid mixtures
can exhibit a higher storage modulus than mixtures with NC
alone, incorporating MC could improve the NC-cement rigid
interactions. Such is likely combined with a decrease in the
MC processes that causes a decrease in the storage modulus.
Furthermore, the dependency of the NC efficiency on the
NC dosage region and COC observed in Fig. 13 implies
that some competitive adsorption or interactions may be at
play between the NC and MC. The origin of this requires
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more detailed rheological probing and will be the topic of
future work.

Stress-strain response—To further characterize the effect
of hybridization and the addition of MC and NC on cement
paste, the stress-strain response was examined during
measurements of the static yield stress, the results of which
are shown in Fig. 14. Due to the high number of mixtures,
only 1.5 wt.% NC is shown, and the response at different
MC dosages is examined. As noted previously, there is an
increase in the NC efficiency in increasing the static yield
stress that scales with the MC content, resulting in a signifi-
cantly higher static yield stress than 1.5 wt.% NC alone.
Higher MC content shows an increase in the critical strain,
similar to the behavior observed in pastes containing MC
alone (Fig. 7). However, the increase in the critical strain in
the range of 1E-2 ~ 1 E+0 is associated with an increase in the
static yield stress and thus does not reflect relaxation of the
colloidal network. Instead, the increase in the critical strain
could be attributed to stretching of the polymer chains®"-6¢:67
or bridging between flocculation.*! The stress response
at lower strains 1E-5 ~ 1E-3 shows a similar response to
systems with NC alone (Fig. 5) instead of systems with MC
alone, where the stress is not significantly different from
that of the Neat in the range of 1E-5 ~ 1E-4 and is higher
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at strains in the range of 1E-4 ~ 1E-3. However, no clear
correlation between the stress response within 1E-4 ~ 1E-3
and the MC content is observed, indicating that it is likely
that a mixture of interactions is occurring.

The rigid network governed by C-S-H forces ruptures at
strains in the range of (1E-5 ~ 1E-3).% Hence, the stiffness
of the colloidal network can be quantified by measuring the
slope of the linear stress-strain response prior to reaching
the onset of flow at strains within (1E-2 ~ 1E+0), as shown
by the dotted lines in Fig. 14. The colloidal elastic modulus
for all the mixtures was measured similarly and the results
are shown in Fig. 15. Evidently, the addition of NC signifi-
cantly increases the elastic modulus up to 190% at 0 wt.%
MC, where the Neat cement already exhibits a relatively
high elastic modulus due to the low w/c. Such an increase
can lead to very dry extruded layers with significant fila-
ment tearing or splitting, as shown in Fig. 2 and observed
by Kazemian et al.'® The addition of MC, on the other hand,
significantly reduces the colloidal elastic modulus by up to
96% at 1.0 wt.% MC, which can compromise shape stability
and cause excessive elastic deformation, as presented in
Fig. 1(d) and (e). The addition of NC into MC increases the
colloidal elastic modulus proportionally to the NC content
(at any given MC dosage). This increases ranges between
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235% and 2000% at 2.0 and 0.1 wt.% MC, respectively,
resulting in elastic modulus values between those of NC or
MC alone. This can translate to maintaining shape stability
while simultaneously minimizing possible filament tearing
due to increased cohesiveness.

Isothermal calorimetry—To analyze the effects of NC and
MC on hydration kinetics, isothermal calorimetry was used
to record the heat of hydration. For systems containing only
NC or MC, the results are shown in Fig. 16, in which three
critical points are identified. Point 1 marks the termination
peak and the end of the dormant period’!” and is associated
with the initial setting,”* which impacts the open time and
interlayer properties such as the formation of cold joints.
Points 2 and 3 together mark the peak and end of the acceler-
ation period and are associated with the main C3S and C3A
reactions, respectively.”>’ Evidently, NC and MC display
opposite effects on the hydration kinetics of cement paste.
The addition of NC alone results in an increase in the heat of
hydration during the acceleration period, while the addition
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of MC alone causes a decrease, both proportionally to their
respective content. The time of the termination peak does
not change significantly with the addition of NC; however,
it is severely prolonged due to the addition of MC and can
last up to 6 to 8 hours at 2.0 wt.% MC. Such retardation
has been reported by other researchers and is attributed to
the polymer adsorption on cement grains, specifically sili-
cate oxides and metal oxides,*->? causing delays in C-S-H
formation and further adsorption onto C-S-H and calcium
hydroxide.’! The retardation effect of MC, however, is lower
than other CE, such as HPMC, HEMC, and hydroxyethyl
cellulose (HEC).> Nevertheless, the delay in the time to the
termination peak further delays the time of the acceleration
period, causing delays in the final set and initial hardening.
The authors postulate that it hinders the rate of structuration
and, therefore, buildability.

The heat of hydration curves of the mixtures containing
1.5 wt.% NC and different dosages of MC are shown
in Fig. 17. This hybrid mixture was selected because it
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represents the boundaries of how NC and MC affect hydra-
tion kinetics. As observed from measuring the maximum
heat of hydration of the acceleration peak and the time to
both the acceleration and termination peaks, the hydration
properties are proportional to the respective NC or MC
dosages, as shown in Fig. 18. Previous rheological results
showed that the effects of hybridization of NC and MC are
not always linear, resulting, for instance, in a critical NC
concentration in the static yield stress or mixed behavior in
the storage modulus measurements between 0 and 1 wt.%
and 1 and 1.5 wt.%. In contrast, calorimetry shows that the
effects on hydration kinetics are linear and additive between
NC and MC at all contents. The addition of NC reduces the
retardation effects of MC, marked by the decreased slopes of
time to acceleration and termination peaks by 40% and 43%,
respectively. Furthermore, the addition of NC reduces the
relative time between both peaks by 50%, thus maintaining
the desired prolonged open time with fewer adverse effects
on the time of the acceleration peak. For example, at 2.0 wt.%
MC and 1.5 wt.% NC, the maximum heat of the acceleration
peak is reached at 11.1 hours, which is only a 32% delay
compared with an increase of the open time by 70% from
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that of the reference paste. The maximum heat of the accel-
eration peak is also recovered with the addition of NC with
MC. Further, at 2 wt.% MC and 1.5 wt.% NC the decrease in
the heat of hydration from MC is completely negated by the
increase due to the addition of NC. These results imply that
an NC:MC ratio of 3:4 or greater is required to mitigate and
balance the adverse retardation effects of MC.

CONCLUSIONS

Nanoclays (NC) are an important rheological additive
in improving the static yield stress of cement systems with
minimal effects on the plastic viscosity or dynamic yield
stress. However, they often cause a significant increase in
stiffness that leads to filament tearing, require a significantly
high dosage if used alone, and cannot increase the dynamic
stability or ensure cohesiveness or bleeding resistance.
Viscosity-modifying admixtures (VMASs) such as methylcel-
lulose (MC) contribute to many of the drawbacks expressed
by NC systems by increasing ink cohesion; however, their
effect on rheology and hydration kinetics when used alone
can be unfavorable. In this work, the effects of combining
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both NC and MC on cement paste systems were studied and
showed that:

1. The addition of MC into NC cement paste systems
increases the NC efficiency by 900 Pa per 1 wt.% MC
compared to the addition of NC alone, increasing the static
yield stress by up to 900% compared to the reference paste
with no additives (Neat paste).

2. NC alone increase the colloidal stiffness by up to 190%,
producing highly stiff mixtures causing filament tearing. In
contrast, MC decreases it by up to 96%, resulting in soft
deformable filaments. Therefore, both impair shape stability.
Results indicate hybridization can make it possible to main-
tain stiffness values that are neither too high nor too low.

3. The measurements of the plastic viscosity of the hybrid
system reveal new types of interactions that scale propor-
tionally to both NC and MC contents, and the increase in the
viscosity of the hybrid system remains within the pumpa-
bility range for three-dimensional concrete printing (3DCP).

4. The hybrid use of NC and MC as an admixture can
increase the storage modulus of the cement paste compared
to the Neat paste, indicating stronger rigid networks.
More investigation is needed to better understand the
underlying mechanism.

5. The adverse effect of the MC addition on hydration
kinetics can be mitigated by adding NC at an NC:MC ratio
of 3:4 or greater in the systems studied while maintaining a
delayed termination peak time corresponding to a prolonged
open time.

6. The hybrid mixture of NC and MC can offer increased
buildability at significantly lower NC contents while main-
taining rheological properties that correlate with high shape
stability and extrudability, prolonged open time to reduce
the risk of cold joint formation, and reduced filament tearing
due to high stiffness.
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