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IV Abstract

A factorial experimental design plan was used to compare the admixtures (superplasticizer,
viscosity modifying agent, accelerator, CSH seeds, and nanoclay) in a blend of cement and silica
fume. Two methods are tested to measure the structuration rate: the constant velocity method and
the creep recovery method. The measurements were done with a rotational rheometer with a
double-helical spiral geometry to reduce slippage. The evolution of yield stress and thixotropy of
the mixtures at four resting times were evaluated, which can provide insight on the stress that the
recently printed structure can withstand. The creep recovery method generally provides a higher
static yield stress than the constant velocity method, except for the stronger mixes, which raises
additional questions on the effect of the paste history on microstructural buildup mechanisms.
When the extruder begins, shear is applied and the microstructure is broken causing. The dynamic
yield stress to be lower than the static yield stress. The effect of the admixtures on thixotropy is

discussed.

V Key words: Admixtures, Yield stress, creep recovery method, CSH-Seed, Thixotropy.

VI Body of Main Text

Introduction

The growing interest for large-scale additive manufacturing processes in construction stimulates
research in computer-controlled placements of cementitious materials to create structures. This
drives a fresh look at rheology to describe the early behavior of cement paste that is required:
flowability for extrusion and material structuration for buildability. Admixtures affect the
buildability of the paste. The microstructure of the cement paste can resist certain stress before it

is broken down and starts to flow. At rest, the microstructure strengthens due to colloidal



flocculation during the first five minutes. After the bonds between the hydration products starts to
fill the volume and the admixtures change the cement dormancy period and the rate of structural

buildup.

The yield stress can be defined in many ways. A definition common to many materials is that the
yield stress is the change from the elastic to the plastic behavior of materials. Cementitious
materials are visco-plastic Bingham materials. They flow only when a critical threshold value yield
is reached (1). The static yield stress is the critical stress that allows a paste to flow from the rest.
The dynamic yield stress is the critical stress when the paste is in movement. These yield stresses
will change with time, due to the forces intrinsic to the cement. During the flocculation phase,
there is competition between the attractive colloidal forces between the network of cement
particles and the viscous dissipations in the interstitial water resist to the flow (1). Pumping and
extrusion happen at this stage and the material yield stress and viscosity should be as low as
possible. With time, during the structuration phase, the yield stress increases with the number of
hydrates bridges between the cement particles. For 3D printing, the structuration rate must be fast.

High static yield stress is required to ensure the stability of the extruded layers after deposition (2).

Static yield stress is the stress to initiate flow of an undisturbed microstructure. The
characterization of the static yield is essential to define the printing parameters and the
methodology remains a subject of debate. The static yield stress is measured at the flow onset
depends on the network of colloidal interactions in the cement particles (2). The small amplitude
oscillatory shear (SOAS) test is linked to the C-S-H formation at the contact point between the
cement grains. This article will focus on the static yield stress at the flow onset. Three types of
measurements have been suggested. The most common method is to apply a constant very low

shear rate. At first, the microstructure deforms elastically and then the elastic limit is reached and



the paste flow. The constant speed varies among studies, from 0,001 rad/s (3, 4), 0,01 rad/s (4-7)
to 0,2 rad/s (4, 8). The shear rate affects the paste deformation, which means that the results are
comparable only for the same velocities. The second method is to use a constant deformation rate
for studies to determine the structuration rate for 3D printing which was recommended by a study
of the static yield stress with varying constant shear rate levels between 0,08 and 0,24 rad/s (2).
This constitutes the second measurement type. The third method, known as the creep recovery
method, is to control the torque of the rheometer. By gradually increasing the angular velocity, the
microstructure breaks and deforms rapidly, the static yield stress is determined from the rapid
change in torque (9). Thus, the challenge becomes later to select experimental parameters that are

representative of the printing system.

The concrete must be in movement during transportation to prevent the 3D network to form too
rapidly. In the concrete flow history, the maximum shear rate is approximately 10-60 s-1 for
mixing and 20-40 s-1 for pumping (10). The dynamic yield stress is measured from a paste in
rotation. In this context, the dynamic yield stress is also the stress that keeps the paste flowing, as
described in the steady state models, such as the Bingham model. In the measurement procedure,
the rotational speed is increased than reduced to 0. The upward change in speed brings the particles
in a more neutral state. The decreasing trend is used to determine dynamic yield stress with the
rheological parameters. The shear rate varies from 0 to 100 s-1 for cement and slag paste (11-13),
0 to 40 s-1 for kaolin paste (6) and 0,03 to 30,3 s-1 for cement paste (14). This measurement creates
a hysteresis loop, which is indicative of the thixotropy of the materials. The dynamic yield stress
can also be measured with a shear rate controlled protocol, by varying the torque (9). However,
this alternative procedure has not been considered in this study. Thixotropy is the reversible

processes in the flow history (4). The more thixotropic the material is the more fluid it becomes



when shear is applied. For 3D printing, thixotropy is required for the mixing, extrusion and the
pumping steps. Once the material is deposited, the structural and network formation between the

particles inhibits further flow.

A number of admixtures have been proposed for 3D printing of concrete (3) and the most effective
candidates and dosages have not yet been identified. This work presents a factorial design plan of
a blended cement with polycarboxylate superplasticizer and a combination of four other
admixtures to see the effect of each admixture on the static and dynamic yield stress. Results at
the mortar level are available in another study (15). The number of admixtures should be kept
minimal for economic and environmental reasons. In northern climate, concrete often has more
than two admixtures. This study adds one admixture at a time to observe the effects of each
additional admixture on the yield stress and thixotropy. The study highlights the interactions of

the selected admixtures on the rheology.

Research Significance

Rheology, thixotropy, and the structural breakdown of cement paste are useful in tailoring them to
meet the multiple engineering properties required for successful engineering accomplishment and
performance. The potential benefits of using a variety of combinations of admixtures on rheology
of 3D printing cement paste is not well documented. The study presented herein aims at filling
these gaps in the literature on mixtures of two to five admixtures. Sixteen different combinations
with superplasticizer, viscosity modifying agent, accelerator, CSH seeds, and nano clay were used
to control the printability and buildability of mixes. A systematic investigation was carried out to
clarify the variation of theological and thixotropic properties as well as stability of the fresh pastes

for different combinations of admixtures.



Materials and methods
Pastes composition and mixing procedure

In the present investigation, a commercially available silica fume blended Portland cement which
is classified in Canada as GUb-8SF was used in all the mixtures. It consists of 8% of silica fume
by weight of cement. According to the manufacturer of the cement, the cement had a Blaine
fineness of 617 m*/kg and an initial setting time of 130 min, conforming to CSA A3000-18 -
Cementitious materials compendium (4) and ASTM CI1157/C1157M-20 (5). The chemical
composition of the cement is presented in Table 1. Five different types of chemical admixtures are
in the present study, and they were chosen to achieve different levels of yield stress, viscoelastic
behaviour and compositions. All of them (polycarboxylate superplasticizer (SP), viscosity
modifying agent (VMA), Accelerator (A), CSH seed (X) and nano clay (NC) are used in the
construction industry. The solid concentration of the admixtures was determined by using ASTM
C494 (6) and are as follows: 25.8% for SP, 1.04% for VMA, 47.2% for A, and 30.1% for X with
a density of 1.050, 1.002, 1.350,1.120, and 1 for SP, VMA, A, X and NC, respectively. All of the
mixtures were prepared using tap water. The mixture proportions were kept constant with a water-
cement ratio of 0.345. Water content in the admixtures is considered when formulating the
mixtures. The paste with SP was considered as the “control” mixture. The design details of the
sixteen formulations are presented in detailed in Table 2. Samples were prepared according to the
procedure certified by following the NIST procedure (7). A high shear mixer was used for
preparing the mixers. A high shear mixer consists of two units: the control unit and a water bath.
The control unit maintains the mixing process at the preset speeds, and the water bath circulates
water around the mixing container to control the temperature while mixing. Initially, after setting

up the water bath and adjusting the temperature in it, admixtures and water were added to the



mixer. Total cement was added in the 60 s to the mixer. The mixture is blended for 30 seconds at
a speed of 10,000 rpm and is followed by a pause of 150 seconds. During these 150 seconds, any
mixture clinging to the walls of the high shear mixer was reincorporated using a spatula. A final
mix of 30 seconds at the same speed completed the process. Utmost care was taken to apply
identical an identical mixing process for each mixture and to maintain the temperature of 20 & 2.0

°C at mixing to avoid any microstructural inhomogeneity which can cause a significant variation

in rheological properties (7).

Table 1: Composition of compounds as %wt.

Parameters Y%owt
Si0; 24.4
AlO3 4.3
Fe203 3.1
CaO 54.1
MgO 2.3
SO; 3.8
K>0O 1.06
Loss of Ignition 2.8
Free lime 1.2
Silica fume
addition 8.30%




Table 2: Relative mix design details (Note: the w/c was constant at 0.345, the varying amount is

to consider the water in the admixtures, the admixtures are given in solid content)

Notation Admixtures
Cement | Water SP X A C VMA
SP 100 33.8 0.26
SP VMA 100 33.4 0.26 0.004
SP C 100 33.8 0.26 0.5
SP VMA C 100 334 0.26 0.5 0.004
SP A 100 33.0 0.26 0.7
SP A VMA 100 32.6 0.26 0.7 0.004
SPAC 100 33.0 0.26 0.7 0.5
SP A VMA C 100 32.6 0.26 0.7 0.5 0.004
SP X 100 33.0 0.26 0.3
SP X VMA 100 32.7 0.26 0.3 0.004
SPXC 100 33.0 0.26 0.3 0.5
SP X VMA C 100 32.7 0.26 0.3 0.5 0.004
SPAX 100 32.3 0.26 0.3 0.7
SP A X VMA 100 31.9 0.26 0.3 0.7 0.004
SPAXC 100 32.3 0.26 0.3 0.7 0.5
SPAXVMAC 100 31.9 0.26 0.3 0.7 0.5 0.004

Test program and methodology

To study the viscoelastic characteristics of cementitious materials modified with different
admixtures, three different types of test methods are chosen, which includes mini-slump test,

rheometer method test for the static yield stress and dynamic yield stress.

Mini-Slump Test

The slump test consists of filling a cone with a freshly mixed cement paste and lifting it slowly to
allow the paste to flow under its own weight. The cone is comparable to the Abrams cone used to
measure the slump. The top diameter, bottom diameter of the cones is 19 mm and 38 mm

respectively. The height of the cone is 57 mm. It was arranged on an acrylic plate. Initially, cement



paste was poured into the cone. At 15, 30, 50 and 70 min after the end of the mixing, the cone was

removed and 5s later the diameter was measured.

Static yield stress

To study the effect of shear rates, the static yield stress test was conducted on these pastes at a
constant speed. For the constant speed method, the speed was 0,018 rpm, the torque was measured
in 60 points in 2-second intervals. The shear stress was calculated from the torque with the
calibration factors. The calibration factors used in the calculation are 11916.213 Pa/Nm and 2.711
for KKtt and KK uu, respectively. After each test, rest time was allowed for the mixture to undergo
structural build-up for the subsequent measurement. With the torque increase method, the torque
was increased from 0 to 8 mN.m or up to 150 rpm. The rotational speed was measured every 3
seconds in 60 points. The time between the measurement allows the paste to stabilize. From the
torque and rotational speed, the shear stress and the shear rate are calculated. The linear regression
on the two last points enables extrapolation to the axis to identify the tangent. The temperature was
maintained at 20 °C during the test. Measurements were completed at 15, 30, 50 and 70 minutes,

with, first the constant speed method, followed by the torque increase method at each time interval.

Dynamic yield stress

The paste was kept at a temperature of 20 °C during the test. The rotational rheometer was
configured with a double spiral spindle with a diameter of 25 mm and the length of 55 mm from
bottom to top of the spindle. The conversion of angular velocity and torque to shear stress and
shear strain, respectively, was possible from NIST calibrated models with the calibration factors
Kt and Ky, 11939 Pa/Nm and 2.190, respectively. Dynamic yield stress is obtained by fitting the

equilibrium flow curve with a steady-state flow model. The measurement of the dynamic yield



stress was initiated 5 min after the mixing procedure. A total of 35 measurements were recorded
by increasing and decreasing the angular velocity in the range of 0.1 rpm to 30 rpm in a hysteresis
loop. The full test was conducted in 17 min with a measurement every 30 s or until the torque
stabilized. From the collected data of the 16 mixtures, the shear stresses were computed as

functions of the shear strain for each increasing and decreasing angular velocity.

Results and Discussion

Measurement of flow diameter

Fig. 1(a) to (c) illustrate the impact that the admixture type has on the flow behaviour of fresh
concrete mixed at the different time periods. The results for fresh cementitious materials
incorporating SP (Reference sample) and SP with VMA, NC, X and A are shown in Fig. 1(a). As
anticipated, the flow diameter of these samples are decreasing with a time period. The addition of
A to SP cement results in an increase in the flow diameter of cementitious materials by
approximately 40%. This clearly depicts that the accelerator has a plasticity-maintaining effect on
the cement hydration in the initial period (16). Moreover, the accelerator acts as a water reducing
agent which influences the flow of cement paste in the initial period when compared to other
admixtures. However, with time the flow diameter with accelerator decreases drastically. The
addition of VMA, NC and X decreases the fluidity of the cementitious materials. The addition of
VMA into the paste causes the water-soluble polymer chains of VMA to absorb some of the free
water in the paste and increases the overall internal friction of the paste (17). NC shows a high
adsorption capacity and very high specific surface area, both of which contribute to a reduction of
the slump flow (18). The maximum amount of reduction in the slump flow was obtained with the
CSH-seed. This may be attributed to the enhancement of early hydration characteristics with the

addition of CSH-seed. Fig. 1b presents the final spread radius with time for different mixtures.
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Interestingly, the maximum slump flow is observed for NC and A modified SP-based cementitious
materials. However, with time, the difference between the values decreases when compared with
SP-A. The accelerator (A) act as a flowability aid for SP-based cementitious materials and as a
lubricating agent to SP-NC. The A contributed to filling the void spaces between larger particles
of cementitious materials which decreased the internal frictional forces in SP-A-NC pastes. A
maximum reduction of 37.5% flow was observed for the system containing SP-A-X-VMA-NC. A
similar trend is maintained throughout the entire time period. Fig. 1c illustrates the slump flow
diameter for high thixotropic materials. The minimum slump flow is observed for SP-X-VMA. As
anticipated VMA increases the viscosity of SP-based cementitious materials which further
contribute with NC to reduce the flow characteristics. Interestingly, SP-X flow characteristics have

changed very little over time when compared with other admixtures.

11
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Figure 1: Variation of flow diameter for different admixture modified mixtures with time
period

Measurements of static yield stress
Constant velocity method.

The static yield stress measurement with the constant velocity method is carried out using a
rheometer at different time periods: 15, 30, 50 and 70 min. The thixotropic behavior of these
cementitious materials and the unstable nature of static yield stress makes it challenging to
compare the effect of varying shear rates with the effect of different admixtures. To mitigate this,
all the samples were prepared and tested under identical conditions. Pre-shearing (100 s— 1 for 60

s) was applied to the sample prior to the stress tests to ensure an identical state of the paste prior
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to testing (23). The evolution of shear stress with time of various admixtures modified cementitious
material at 70 min after mixing are presented in Fig. 2. An initial peak corresponding to the static
yield stress can be observed, followed by an increase in the stress. The initial point of contraflexure
of shear stress is considered as static yield stress. The static yield stress values of cement pastes
made with SP and one admixture are present in Fig 2.a. The admixture with high thixotropy has
maximum yield stress and takes less time to reach peak value or plateau. Due to its water-reducing
tendency, the addition of A induces a lower yield stress when compared to other admixtures. The
maximum yield stress was observed for CSH-seed followed by VMA and NC, which means that
they increase the flocculation as this testing method highlights this phenomenon in cement paste.
Fig 2.b illustrates the relation to shear stress with time for different blended of admixtures modified
SP-A cementitious materials. The maximum yield stress is observed for SP-A-X-VMA-NC. SP-
A, SP-A-NC and SP-A-VMA have considerably lower yield stress when compared to SP alone.
Remarkably, the maximum time required to reach yield stress was found to be with SP-A-VMA
because the pseudoplastic behavior increased with the addition of VMA. Fig 2.c, d, e presents the
variation of shear stress with time for different blended admixtures modified SP-VMA, X, NC
respectively. A drastic upward shift in shear stress to time curve was observed for the SP-X-VMA-
NC, SP-X-VMA, and SP-X-NC. The nano clay and CSH-seed addition in cementitious materials
agglomerate the microstructure even in the presence of SP which contributes to an increase of
shear stress from the lowest to a high value (19). Interestingly, the minimum static shear stress is

observed for SP-A-NC. It may because of dominating effect of water reducing admixture (A).
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In static yield stress testing, it is crucial to ensure the constant shear rate be as low as possible to
simulate static conditions. The selected constant shear rate is feasible for testing at all ages of
interest. Furthermore, it can be reached in a short time span after initiating the test, minimizing
variations attributed to ongoing aging of the sample during the test. In order to study the effect of
the applied constant shear rate on structural build-up rate, four different time durations were
considered (15, 30, 50, 70 mins) for each paste. These values are higher in comparison to other
researchers due to the use of different admixture combinations. Fig. 3a presents the variation in
the static yield stress with time for SP, SP-NC and SP-VMA. The static yield stress is decreasing
or almost constant at different time periods for these admixture combinations. Fig. 3b illustrates
that the yield stress variation with time for the blended admixtures increases the static yield stress
slowly, which is attributed to the presence of this specific accelerator (A) admixture. For

admixtures with NC and X, a rapid increase in the yield stress was observed with time (Fig 3c¢).
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Creep recovery method

Cementitious materials with different admixtures are thixotropic and exhibiting flocculation
mainly because of diffusion-coagulation processes and the formation of CSH bridges due to early
hydration at rest. When the applied stress is insufficient, structural rebuilding is dominant over
shear rejuvenation, and the material stops flowing. With higher stress, shear rejuvenation becomes
dominant and the material exhibits continuous flow that accelerates until the steady state is reached
(20). A typical figure for torque to angular velocity is presented in Fig. 4 for admixture blended

cementitious materials. This test was performed two minutes after the measurement with the

16



constant speed method. The torque increase measurement method generally provided higher static
yield stress values than the constant speed method, except for the mixtures presented in the Fig.
3¢, which means that the constant speed method test has lower impact on the microstructure. For
the mixes with the higher static yield stress at 50 and 70 min, e.g. those with X without A, the
constant speed test conducted before affected the bonds in the microstructure. The impact of the
admixtures on the static yield stress measured with the torque increase method did not differentiate
as much the behavior of admixtures over time as in the constant velocity method for mixes which
exhibit slow static yield stress growth. Many pastes were so viscous that the applied torque did not

shift the angular velocity, which means that the torque amplitude must be carefully determined

@1).

Fig. 5 illustrates the variation of static yield stress with time for creep recovery method. Fig. 5a.
represents the variation of static yield stress with time for SP, SP-NC and SP-VMA. Unlike in the
constant velocity method, the yield stresses increase slightly with time during creep recovery test.
In addition to this, the yield stress values of these admixtures modified cementitious materials have
increased drastically for every period when compared constant velocity method. Fig. 5b. illustrates
the yield stress variation with time for mixes that gain static yield stress slowly. For creep recovery
method, a considerable increase in static yield stress was observed for all the mixtures when
compared with constant velocity method. However, the trend of developing yield stress remains
constant for these mixtures. Fig. Sc illustrates the yield stress variations in mixes that gain static
yield stress quickly over time in the constant velocity method. Interestingly, in the creep recovery
method, the static yield decreases drastically for these mixtures. A possible explanation is the

gradual decrease in flocculation with time. For mixes blend with admixtures SP-X, SP-X-VMA-

17



NC, and SP-X-VMA, the static yield stress is decreasing or constant during the period of time. For
SP-X-NC and SP-VMA-NC, the static yield stress is increasing with time, but these values are still

lower than when compared to the constant velocity method.
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Fig. 4 Typical plot for torque to angular velocity for different admixtures at 15 min

100 100
95 |
* *
£l 80
*
T 5T T
2 =
80 |
B o m
3 nof . 3
A > 0}
2 685 o
k] ° = ] - —
b ool ] & /./—‘—’
a5 m SP —_— 20} ® SP-A —— X SP-A-X-VMA
® SP-NC —— SP-A-NC * SPAXVMAC—
50 ¥ SP-VMA— 4 SP-A-VMC-NC —— SP-A-X
SP-A-VMA SP-A-X-NC
45 1 L L L L L o L H L 1 f
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Time (mins) Time (mins)
a) b)
400
SP-X-VMA
350 | SP-X-VMA-NC ——
SP-VMA-NC
300 SP-X-NC
© — SPX -
a
o 250
W
=)
@
o 200
@
>
© 150
8
? 100 =
50 | \
o L L L 1 L L
10 20 30 40 50 60 70
Time (8)
¢)
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Dynamic yield stress

The dynamic yield stress measurement was conducted by increasing the shear rate. The downward
curve is used to calculate the rheological properties depending on the applied model (22). Fig. 6
illustrates the rheological properties of cement paste with various admixtures. The downward shear
stress—shear rate curves of different admixture modified SP-A based cementitious materials as
compared to SP. The curves shift upward for SP-A-VMA-NC, SP-A-X-VMA, and SP-A-X-VMA-
NC, while for all other admixtures it is decreased. Similar observations are also noticed for mini-
slump flow. In these mixtures, VMA helps in stabilizing the mineral suspensions, which increases
their robustness and viscosity (23). SP-A-NC, SP-A-VMA and SP-A-X mainly affect the free
water in the mixtures while SP-A-VMA-NC, SP-A-X-VMA, and SP-A-X-VMA-NC most
probably interact with the cement particles, which further needs investigation. The effect of
different admixtures on VMA-SP based cementitious materials on shear stress to rate was
graphically plotted in Fig. 6b. Interestingly, with the concentration of SP, the addition of the VMA
also increases the degree of pseudo-plasticity or shear thinning of cement paste. This may be
attributed to the fact that as the dose of the VMA increases, the degree of water retention and the
free water needed to lubricate the paste also increases (24). As the accelerator acts a water reducing
agent, the shear stress to rate curve of the SP-A-VMA is also lower when compared to SP based
cementitious materials. As anticipated, SP-X-VMA-NC has a maximum upward shift, followed
by SP-X-VMA and SP-NC-VMA. This is mainly because of the reaction between cementitious
materials with X and NC, which is further enhanced by the presence of VMA. Fig. 6¢. Illustrates
the flowability characteristics of X-SP based cementitious materials, modified with different
admixtures. Apart from the accelerator admixture (SP-A-X), all the other combination of

admixtures with X show an upward shift when compared to SP. In all these mixtures, the
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synergistic effect of ultrafine particles of X stimulates the acceleration of hydration reaction with
cementitious materials which aids in the enhancement of flowability characteristics (25). The
maximum upward shift was observed for SP-X-VMA-NC, followed by SP-X-VMA and SP-X-
NC. For these mixtures, flowability characteristics are significantly enhanced even when compared
to SP-X. VMA and NC help to increase the viscosity and reactivity of cementitious materials at an
early age. Fig. 6d presents the variation of workability characteristics of NC-SP based cementitious
materials with different admixtures. Also, here as well, the accelerator admixture SP-A-NC shifted
downward when compared with only SP. The maximum upward shift was observed for SP-X-
VMA-NC, followed by SP-VMA-NC and SP-A-VMA-NC. At the initial shear rate, SP-VMA-NC
is higher than SP-A-VMA-NC. However, as the shear rate increases SP-A-VMA-NC increases, it
clearly shows that with the increase in the shear rate, the entangled chains dislodge and align in
the direction of flow for SP-VMA-NC, thus decreasing the resistance of the cementitious material
to undergo deformation. Even for SP-X-NC we can observe the drastic change in the slope for
higher shear rate. This may also be related to local increases in temperature which tend to increase

the dynamic yield stress (21).
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Figure 6: Dynamic yield stress measurement of cement paste with admixtures, mixes with a)

the accelerator, b) the VMA, ¢) CSH-seed, d) nanoclay
Fig. 7 shows a hysteresis loop of different admixture modified cementitious materials. From a
macroscopic perspective, an increase in viscosity occurs at rest and a decrease under shear for
thixotropic materials. The emphasis of this figure was to trace changes in the cement paste structure

related to different shear rate in the presence of various admixtures during continuous mixing.
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Thixotropic properties are closely related to the microstructure of a fresh cement paste. The rise-
and-fall pattern (loop) is observed as an ascent curve and a descent curve. The integrated hysteresis
loop area represents the degree of thixotropy in the present investigation. All the samples display
thixotropic properties, indicating possible structural changes in the cement pastes. In the ascending
stage, the cement pastes have large flocculated structures that are hard to break, resulting in higher
shear stress at lower shear rates. As most of the flocculated structures are disrupted by the spindle
at ascending stage, many free particles and small flocculation’s are formed in the descending stage,
which reduces the internal friction of the pastes, enabling lower shear stress at the same shear rate
than the ascent stage (26). Therefore, the larger the number of flocculated structures in the initial
paste, the larger is the area encircled by the hysteresis diagram, which indicates that fresh cement
pastes have a high thixotropy. The maximum area of hysteresis loop, shown in Fig. 7, was observed
for SP-X-VMA and SP-X-VMA-NC, mainly due to the increased early reactivity of the

cementitious materials.

Each blend of admixture affects the rheological properties differently, for understanding purposes,
these thixotropy values are represented in four histograms as shown in Fig 8. The outcome of
different admixtures on SP-A based cementitious pastes are presented in Fig 8a. There is no
significant impact of different admixtures on SP-A based cementitious pastes on thixotropy. A
reduction of thixotropy is observed for SP-A-NC, SP-A-VMA, SP-A-X-NC, SP-A-VMA-NC, SP-
A-X-VMA-NC. Maximum reduction of thixotropy is observed for SP-A-NC, i.e., of 60.91%, when
compared with SP. During the early stages, thixotropy is mainly related to the interaction between
particles forming the flocculant (27). Thus, yield stress occurs when shear stress is strong enough
to separate pairs of flocs. It is clear from these results that interactions with accelerator (A)

distinguish different admixtures from each other and causes them to act differently, especially for
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NC. While there is slight increase observed for SP-A-X and SP-A-X-VMA, this may be because
of their viscous nature. Fig. 8b illustrates the effects of different blends of admixtures in SP-NC
modified cementitious materials on the thixotropy. SP-NC shows an increase in thixotropy when
compared to SP alone, approximately 23% of the thixotropy was increased by NC alone. However,
as stated in the previous discussion, the accelerator (A) reduces the thixotropy of SP-NC based
cementitious materials. This suggests that A creates a layer around the NC at the outset, causing it
to act differently in the mixtures. The VMA resulted in an average of 30% enhancements in
thixotropy, and nearly 95% enhancement occurred with X. The polymer from VMA interacts with
the NC, making it easier to disperse the NC. This contributes to the increase in thixotropy,
especially at low shear rates. On the other hand, X, because of its high surface area and propensity
to nucleate cement hydration provides the early directed formation of the microstructure of the
cement matrix due to the seeding and packing effect (28). The combined effect of X and VMA
with SP-NC based cementitious materials results in a very high degree of thixotropy. With SP-X-
VMA-NC, 340% higher thixotropy was noticed when compared to SP. Fig 8c presents the
influence of blended admixtures on VMA-SP based cementitious materials on shear thinning
potential. Thixotropy increases (55%) with VMA content, mainly due to its polymer chains that
entangle with SP-based cementitious materials. This is further influenced by the addition of X.
The maximum thixotropy was observed for SP-X-VMA. Approximately 390% of rise in
thixotropy was observed for SP-X-VMA when compared with SP alone. As anticipated the
thixotropy value decreases drastically with the addition of A. Interestingly, with the addition of
NC, the thixotropy of the cementitious materials decrease when compared with SP-VMA based
cementitious materials. A similar phenomenon was also noted in SP-X-VMA-NC. The SP-X-

VMA-NC exhibited lower thixotropy than the SP-A-X-VMA. As NC was added to the
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cementitious materials in the presence of VMA, more “free water” could be released for the “filler
effect” of NC. This free water increases the water film thickness, which is an important factor for
governing the workability of cementitious materials (29). This excess free water might help to
break the flocculation structure without great difficulty. Fig. 8d summarizes the effect of different
admixtures on X-SP based cementitious materials. The addition of X increases the hysteresis area
by 63% when compared to SP alone because of its high surface area and seeding behavior.

Thixotropy is further enhanced with the addition of NC to X-SP system.
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For assessing the relationship between the mini-slump and the Bingham constants, i.e. the yield
stress and the plastic viscosity, the yield stress values for all mixtures were plotted versus the
corresponding slump in Fig. 9(a,b). The mini-slump is inversely related to the yield stress with a

curvilinear correlation and the data was fitted using an exponential trendline with a correlation
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coefficient of R? = 0.86. Several previously published empirical studies have demonstrated a
correlation between yield stress and slump. For instance, Ferraris and DeLarrard presented a linear
relationship between slump and yield stress (30). However, a negative curvilinear correlation for
slump to dynamic yield stress has also been suggested (31, 32). A similar trend is also noted in the

current investigation.

The highly scattered of data points in Fig. 9(b) demonstrate the independence of slump and plastic
viscosity for the various admixture modified cementitious mixtures. The slump and the yield stress
can be correlated, whereas no correlation was observed between the slump and the plastic viscosity
(31, 33). They also observed that the loss of workability was directly reflected by the increase in
the yield stress. However, the plastic viscosity remained nearly constant. This is expected since
the slump is a static characteristic of fresh cementitious, whereas viscosity is a dynamic flow
property. After the yield stress has been overcome, the flow behavior of concrete is governed by
the plastic viscosity. Thus, the different behaviors of two concretes having the same slump is likely
due to the different values of plastic viscosity between the two cementitious materials. The
Bingham constants (yield stress and plastic viscosity) of various admixture-modified cementitious
materials, as well as their slump measurements and visual observations, suggest the creation of
bands as shown in Fig. 9c. In Fig. 9c., the yield stress was expressed as a function of the plastic
viscosity for all the mixtures incorporated. The cementitious materials were classified as too fluid,

marginally fluid, or low fluidity based on mini slump values and visual observations.
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Conclusions

The assessment of the workability of fresh cementitious mixtures in terms of the Bingham
parameters, namely, the dynamic yield stress, the plastic viscosity and the static yield stress can
provide a good insight into the effect of blended additives on cement-based materials. The effect
of time period on continuously agitated cementitious mixtures containing superplasticizer and a
combination of water reducing accelerator, viscosity modifying admixture, CSH seeds and
nanoclay were investigated in this study. The following conclusions can be drawn based on the

comprehensive set of data presented in this investigation:

1. The maximum slump flow was noticed for cementitious materials containing admixtures
SP-A-NC, and the low amount of slump flow was observed for SP-X-VMA followed by
SP-X-NC.

2. High yield stress was observed for cementitious materials containing SP-X, which would
have a positive effect on the structural build-up of the paste. It was further enhanced with
the addition VMA. However, the shear stress value of SP-X decreases drastically with the
addition of accelerator (A).

3. Mixes with the formulated CSH-seeds product and the VMA, without the accelerator,
increase the thixotropy, which might have adverse effect when applying subsequent layers.

4. The accelerator tested lowered the static and dynamic yield stress of cementitious materials
with different blended admixture, which would be beneficial for the extrusion and pumping
step of the extrusion.

5. To measure the static yield stress, the constant speed method allowed to better differentiate
the effect of the admixtures over time.

6. Plastic viscosity did not show any evident trend with the change in admixture dosage.
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7. The slump had an inverse correlation with the yield stress in a logarithmic curvilinear trend,
whereas no such correlation was found between a slump and plastic viscosity.

8. The change of the yield stress with plastic viscosity for all cementitious mixtures
investigated was used to establish a control chart for 3D printing. These charts could
provide a means for objective assessment of flowability, for 3D printing and these are
merely judged based on visual inspection, and/or empirical tests such as the slump test.

9. It should be emphasized that the present results are applicable only for the particular
admixtures and materials used in this study and need to be extended for other admixtures.
Further investigation is needed to consider the temperature, structuration rate and other

measurement methods such as the small amplitude oscillatory shear (SAOS) method.
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