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ABSTRACT

Rheological properties of ultra-high-performance concrete (UHPC) pastes significantly impact the flowability and
segregation resistance of UHPC, thus are of great importance to investigate. This study investigated the coupled
effect of the water-based nanoclay suspension and ambient temperatures on rheological properties of UHPC
pastes. Firstly, the water-based nanoclay was proved to show good compatibility with used PCE-based HRWR.
Besides, the nanoclay content varied from 0 to 0.20% and the evaluated ambient temperatures were 10 °C, 25 °C,
and 35 °C. Results showed that the addition of nanoclay and elevation of ambient temperatures significantly
increased plastic viscosity and dynamic yield stress of UHPC pastes. The thixotropy of UHPC pastes was also
enhanced, which was quantified by a bi-linear model including initial fluctuations of static yield stress (tgoc) and
thixotropy index (In). The enhancement of rheological properties are closely related to the evolution of internal
microstructure, including physical and chemical effects. The physical effects refer to the flocculation between
particles: (1) the addition of nanoclay accelerated the flocculation by the electrostatic attraction forces; (2) the
elevation of ambient temperatures accelerated the flocculation by promoting Brownian motions of particles. The
chemical effects refer to the increased hydration reaction: (1) the nanoclay addition increased aluminates con-
tents, thus promoting the hydration of C3A to generate ettringite; (2) the elevation of ambient temperatures
increased the dissolution of C3A then promoted the hydration. More importantly, ettringite is the main hydration
product to affect the rheological properties of UHPC pastes. This study revealed the coupled effect of water-based
nanoclay and ambient temperature on rheology of UHPC pastes and will advance the large-scale application of
the water-based nanoclay suspension.

1. Introduction

lateral pressure on formworks [20,21]. For shallow elements (e.g.,
beams), an optimum plastic viscosity is required to uniformly disperse

Ultra-high-performance concrete (UHPC) is a new family of
advanced cementitious composites featuring superior mechanical per-
formance and excellent durability [1-3]. It has been widely used in
highway bridge constructions and architectures, such as precast girders
and piles [4-6], field-cast connections and joints [7-10], jackets for
columns [11], bridge deck overlays [12-15], roof lattices and claddings
[16,17], and freeform pillars [18]. UHPC mixtures behave in unique
rheological properties (i.e., dynamic yield stress, plastic viscosity, and
thixotropy) [19], due to the extremely low water-to-binder ratio (e.g.,
w/b = 0.15-0.25) and high binder content.

For UHPC, the desired rheological properties are different for
different application scenarios. For instance, in the case of deep ele-
ments (e.g., walls and piers), low dynamic yield stress and high thixot-
ropy are expected, aiming to achieve good filling capacity and lower
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the steel fibers, thus achieving the maximum tensile properties [14]. In
the case of sloped casting (e.g., bridge deck overlay), the optimum dy-
namic yield stress and high thixotropy are expected to enable the ease of
placement and good shape stability [14]. For the application of 3D
printing, the initial dynamic (static) yield stress of UHPC is carefully
designed with high thixotropy, so that the proper extrudability and
buildability can be secured [22]. As mentioned above, the proper con-
trol of the rheological properties is considered the key to ensuring the
high quality of various UHPC applications. Previous studies summarized
that the rheological properties of UHPC were influenced by the pastes,
aggregates, and reinforced fibers [23,24]. Khayat et al. [19] indicated
that the gradation of fine aggregates plays a critical role on rheological
properties of UHPC. Compared to the uniformed or gap sand gradation,
the continuous sand gradation can exhibit the lowest viscosity due to the
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high packing density. Besides, the addition of reinforced fibers generally
increases the yield stress and viscosity of UHPC [25]. However, the ef-
fects from pastes are more complicated. This study focuses on the
coupled effect of water-based nanoclay suspension and ambient tem-
peratures on the rheological properties of UHPC pastes.

The rheological properties of UHPC pastes are dependent on the w/b,
chemical admixtures, binder compositions, and ambient temperatures
[19,26-29]. In the first place, the rheological properties of all cement-
based materials are sensitive to w/b. For instance, Wang et al. [30]
investigated the effect of w/b on rheological properties of UHPC mortars
with fixed HRWR content of 1.4% (by mass of binder). Results revealed
that, as the w/b decreased from 0.24 to 0.20, the dynamic yield stress
was increased by 1500% and the plastic viscosity was increased by
100%. A minor change of w/b led to a dramatic increase in the rheo-
logical properties of UHPC mortar. Besides, superplasticizers, also
known as high-range water reducers (HRWR), are the most important
chemical admixtures to ensure the sufficient flowability for UHPC pastes
with extremely low w/b. In past decades, several different types of
HRWR were developed, including lignosulfonates (LS) type, polymel-
amine sulfonate (PMS) type, sulfonated melamine formaldehyde
condensate (SMF) type, and polycarboxylate (PCE) type HRWR [31].
Among them, PCE-based HRWR shows the best water reduction ability
which can achieve up to 40% water reduction due to the steric repulsion
effect and retarded cement hydration effect [1]. For example, Feng et al.
[32] investigated the effect of different PCE-based HRWR on rheological
properties of cement pastes with 0.35 w/c. As the PCE-based HRWR
contents increased to 0.18% (by mass of cement), the plastic viscosity
and dynamic yield stress were decreased up to 30% and 50%, respec-
tively. The supplementary cementitious materials (SCMs) also showed
significant influence on the rheological properties of UHPC pastes. Jing
et al. [33] uncovered the effect of fly ash in UHPC with 0.18 w/b. As fly
ash contents increased from 0 to 40%, the consistency coefficient (i.e.,
the linear term in the Herschel-Bulkley model) was decreased by over
85%. Li et al. [34] showed that, as the metakaolin contents increased
from 0 to 8%, the dynamic yield stress was increased by 550% and the
plastic viscosity was increased by 40%. The utilization of SCMs also
enhances the thixotropic properties. For instance, Assaad and Khayat
[26] studied the thixotropy of two mortars with different binder systems
and a fixed w/b of 0.4. Compared to the mortar made with 100% cement
in the binder system, the thixotropy (i.e., evaluated by the structural
breakdown area) of the mortar made with 72% cement, 22% fly ash, and
6% silica fume in the binder system was increased by 50%. However, the
chemical and physical properties of SCMs from different sources might
be significantly different [3], which leads to inconsistent findings on the
effect of SCMs on the rheological properties of cement-based materials
[35].

In order to more efficiently enhance the rheological properties of
cement-based materials, viscosity-modified admixtures (VMAs) were
widely utilized and investigated [36-39]. In general, VMAs are classified
as organic and inorganic types. The organic VMAs are mainly composed
of polymer coils, such as welan gum and diutan gum. The underlying
mechanism of organic VMAs to enhance the rheological properties of
UHPC pastes is that the polymer coils can interpenetrate and entangle to
form networks with attractive interactions in pore solutions [36]. For
instance, Teng et al. [39] found that, as welan gum contents increased
from 0 to 0.09% for UHPC mortars with w/b of 0.20, the dynamic yield
stress was increased by 315% and the thixotropy (i.e., evaluated by the
growth rate of static yield stress) was increased by 240%. Compared to
the aforementioned impact factors (i.e., w/b and SCMs addition), the
addition of organic VMAs is more efficient and straightforward to adjust
the rheological properties of UHPC. However, the addition of polymeric
(i.e., organic) VMAs might increase the distance between cementitious
particles and slow down the nucleation of hydration by decreasing the
number of pseudo-contract points [36]. The retarded hydration can
delay the development of mechanical strength for UHPC pastes, espe-
cially at early ages.
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The inorganic VMA (i.e., nanoclay) is currently regarded as one of
the most effective chemical admixtures to control the rheological
properties of cement-based materials [40-42]. Several advantages of
nanoclay are highlighted: (1) with high surface areas, nanoclay particles
possess high water absorption to accelerate the flocculation [43]; (2)
with negative surface charges, nanoclay particles have a high affinity to
connect with cement particles, resulting in quick and reversible floc-
culation [44]; (3) with high aluminates amount, nanoclay alters the
sulfate-aluminate balance in the solution, promoting the hydration of
C3A to generate more ettringite which forms the irreversible chemical
connections between particles [36]; (4) with nano-sized particles,
nanoclay provides extra nucleation sites to promote the formation of
C—S—H [39]. The only concern is the compatibility between the type of
nanoclay and PCE-based nanoclay because the interaction between PCE-
based HRWR and nanoclay might diminish the effect of nanolcay
enhancement on rheological properties. For instance, Lei and Plank [45]
reported that the Na* montmorillonite clay is incompatible with PCE-
based HRWR because the adsorption rate of the Na* montmorillonite
clay is around 225 mg/g PCE-based HRWR. However, Qian and Schutter
[44] reported that the magnesium alumina silicate nanoclay is
compatible with PCE-based HRWR because adsorption rate is approxi-
mately 22 mg/g PCE-based HRWR which is acceptable. For UHPC pastes
with high HRWR content, the compatibility between type of nanoclay
and type of HRWR should be investigated.

In addition, the incorporation of nanoclay particles can generally
lead to a significant jump in the initial static yield stress by the floccu-
lation by electrostatic attraction forces. Afterward, the static yield stress
gradually increases with the lower increasing rate of the promoted hy-
dration [36]. Typically, the magnesium alumina silicate nanoclay
powder is utilized and its shape is a needle-like structure with an
approximate length and diameter of 1.75 pm and 30 nm [43,44,46-48].
Teng et al. [39] revealed that, for UHPC mortars with w/b of 0.20, as
nanoclay contents increased from O to 0.4%, the dynamic yield stress
was increased by 325% and the thixotropy (i.e., evaluated by the growth
rate of static yield stress) was increased by 200%. In addition, the peak
time of hydration heat for investigated UHPC mortars was accelerated
by 1.5 h. It was validated that the addition of nanoclay efficiently
enhanced the rheological properties of UHPC mortars and promoted its
hydration as well.

Apart from the materials point of view, the rheological properties of
cement-based materials are also sensitive to the change in temperatures
[49-51]. Al-Martini and Nehdi [52] found that, as ambient temperature
increased from 20 °C to 45 °C, the dynamic yield stress was increased by
670% and the plastic viscosity was increased by 500% for cement pastes
with a fixed 0.35 w/b. Besides, Huang et al. [49] proposed that thixot-
ropy is also sensitive to ambient temperatures. As the ambient temper-
atures increased from 10 °C to 40 °C, the thixotropy (i.e., evaluated by
the growth rate of the static yield stress) of cement pastes with 0.30 w/c
was increased by 420%. The in-site UHPC construction is under different
temperatures which cannot be ignored.

However, to well disperse the traditional powder type nanoclay
particles in cementitious suspension is reported challenging, especially
on job sites. Due to the nano size, any agglomeration becomes notable
and highly compromises their reinforcing performance [53,54]. The
traditional dispersion methods, such as ultra-sonification technology
[55] and surfactants technology [56], are only available in the lab ex-
periments but hard to apply for large-scale UHPC production on job
sites. Therefore, in this study, a well-dispersed water-based nanoclay
suspension is first utilized. Moreover, there is a lack of knowledge on the
coupled effect of water-based nanoclay suspension and ambient tem-
perature on the rheological properties of UHPC pastes to date.

To address the problems mentioned above, comprehensive labora-
tory experiments were conducted and five water-based nanoclay sus-
pension contents (from 0 to 0.20%) and three ambient temperatures (e.
g., 10 °C, 25 °C, and 35 °C) were designed to elaborate the coupled ef-
fects on rheological properties of UHPC pastes. This research has four
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Table 1
Chemical and physical properties of raw materials.
Type I cement Slag Nanoclay

Si0 (%) 22.44 36.21 55.20
Al,03 (%) 2.76 11.10 12.20
Fe,03 (%) 2.24 0.76 4.05
CaO (%) 68.05 43.75 1.98
MgO (%) 0.91 5.09 8.56
SO3 (%) 2.25 2.21 -
Nay0 (%) 0.19 0.23 0.53
K20 (%) 0.11 0.40 0.68
TiO; (%) 0.14 0.58 0.49
P,05 (%) 0.09 0.02 0.65
Mn,03 (%) 0.03 0.36 -
C3S (%) 50.51 - -
CsS (%) 23.32 - -
C3A (%) 11.42 - -
C4AF (%) 6.12 - -
Loss of ignition (%) 1.28 0.72 15.66
Specific gravity (g/cm?) 3.15 2.9 1.14

Table 2

Mixture design (kg/m3).
Mixtures Cement Slag HRWR Water Nanoclay
Ref 745.6 1029.6 11.0 400.8 0
NC-0.05% 745.6 1029.6 11.0 397.1 4.6
NC-0.10% 745.6 1029.6 11.0 393.5 9.1
NC-0.15% 745.6 1029.6 11.0 389.8 13.7
NC-0.20% 745.6 1029.6 11.0 386.1 18.2

Note: HRWR represents a high-range water reducer.

objectives: (1) to validate the compatibility between the new water-
based nanoclay with common-used PCE-based HRWR; (2) to evaluate
the effect of nanoclay contents and ambient temperature on dynamic
yield stress and plastic viscosity of UHPC pastes with w/b of 0.23; (3) to
evaluate the effect of nanoclay contents and ambient temperature on the
thixotropy of UHPC pastes with w/b of 0.23, including initial fluctua-
tions of static yield stress (tfo.) and thixotropy index (In); (4) to un-
derstand and elaborate the underlying mechanisms and key components
that enhances the rheological properties of UHPC pastes. This research
will advance the application of the water-based nanoclay suspension to
tailor the UHPC with adapted rheological properties under different
ambient temperatures.

2. Materials, mixture designs, and mixing procedures
2.1. Raw materials

Type I Portland cement and slag from a local plant in New Jersey
were employed as binders. A new type of water-based magnesium
alumina silicate nanoclay suspension in gray color was applied for the
first time. Based on the patented production process, the surface of
nanoclay is negatively charged owing to the substitution of AI** or Mg?*
ions with silicon [57]. The solids content, specific gravity, and pH values
of the nanoclay suspension are 19.5%, 1.14, and 8.5, respectively. Be-
sides, the viscosity of the nanoclay suspension is 100 centipoise and the
residue of 45-pm mesh is lower than 0.01%, indicating the good
dispersion of nanoclay powder. No extra dispersion technology needs to
apply during the utilization process. The chemical compositions and
physical characteristics of all materials were listed in Table 1. To
maintain excellent workability, a polycarboxylate (PCE)-based high-
range water reducer (HRWR) was used. The solid content and specific
gravity were 34.4% and 1.05.

2.2. Mixture designs

The reference UHPC paste (i.e., Ref) is consist of 60% slag and 40%
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Fig. 1. Measured temperature of UHPC pastes at different mixing
temperatures.

cement by volume of binder. The water-to-binder ratio (w/b) was fixed
at 0.23 and the dosage of liquid high-range water reducer (HRWR) was
0.62%, both by mass of binder. In this study, the mass of PCE-based
HRWR is the mass in liquid form sold by the supplier. The nanoclay
contents were 0.05%, 0.10%, 0.15%, and 0.20%, by mass of binder. All
the mixture designs are listed in Table 2. Besides, the effect of ambient
temperature was also studied. Three ambient temperatures were
considered in this study, including 10 °C, 25 °C, and 35 °C.

2.3. Mixing procedures

Three different temperature levels were considered in this study,
which are 10 °C, 25 °C, and 35 °C, simulating field production of UHPC
at different seasons. For each temperature, the raw materials, and ap-
paratuses in direct contact with mixtures, such as the mixing bowl and
paddle, were stored in an environmental chamber for 5 h before the
mixing to ensure the starting temperature of the mixture is consistent
with the target temperature. Afterwards, the Hobart N50 mixer was
employed to prepare UHPC pastes as follows: (1) Step 1: the dry in-
gredients (cement and slag) were introduced to the mixer and mixed at 1
rps for 1 min; (2) Step 2: the weighed water-based nanoclay and HRWR
were dissolved in the mixing water; (3) Step 3: the 90% of the dissolved
solution (including mixing water, nanoclay, and HRWR) was introduced
to the mixer and mixed at 1 rps for 2 min; (4) Step 4: The rest of dissolved
solution was added to the mixer and mixed at 2 rps for 1 min. The total
mixing time of UHPC pastes was 5 min.

In addition, considering that the friction between particles with
mixing paddle might affect the final temperature of UHPC pastes, the
temperature evolution during the mixing process was measured, as
shown in Fig. 1. Results showed that the temperature increment is lower
than 4 °C, which shows limited effect.

3. Experimental methods
3.1. Total organic carbon (TOC) test

The adsorption of high-range water reducer (HRWR) on particles or
agglomerates of cementitious materials or nanoclay is evaluated by the
total organic content of carbon in pore solution of UHPC pastes [44,58].
In order to minimize the effects from the hydration products, the sample
preparation was carried out right after the mixing process. Specifically,
the fresh UHPC pastes were filled in the plastic tubes and centrifuged at
10,000 RPM for 5 min to separate into the supernatant pore solution and
the solid precipitations. Subsequently, the supernatant on the top was
extracted with a syringe and filtered through 0.45 pm polyether sulfone
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Fig. 2. The rheology test equipment: Anton Paar MCR 302 rheometers.

membrane. To remove the inorganic carbon, 2% nitric acid is added into
the pore solution. Finally, the solution is analyzed with the TOC
analyzer. Four samples were analyzed, including pure HRWR, Ref, NC-
0.10%, and NC-0.20%.
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3.2. Workability

According to ASTM C230/C230M [59], the mini-slump flow spreads
were measured to evaluate the workability of UHPC pastes. After the
mixing process, all homogenized UHPC pastes were rested for 2 min to
minimize the effect of mixing and vibration history. The fresh UHPC
pastes were poured into the slump cone and the cone was gradually
lifted. Finally, the diameters of the fresh UHPC were measured. All
measurements were repeated three times to secure the reproductivity of
the results.

3.3. Rheology measurements and thixotropy evaluation

The Anton Paar MCR 302 rheometer was applied to evaluate the
rheological properties of UHPC pastes, as shown in Fig. 2. Previous
research found out that the rheology of cement-based materials with low
w/b would significantly enhance with the increase of the temperature
and time [49]. In order to protect the equipment from being damaged

Herschel-Bulkley model n>1
T=To+KXy" Shear Thickening

n=1
Bingham model

Shear stress, T (Pa)

}o

0

Shear rate, y (1/s)

(b)

Fig. 3. The protocol to determine dynamic yield stress and plastic viscosity: (a) equilibrium flow curve (b) the Bingham model.
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due to the overload, the plate-type measurement probe was selected in
this study. The sandblasted plates are 25 mm in diameter, which can
minimize the slip between the plate and fresh UHPC paste samples.

3.3.1. Protocol to determine dynamic yield stress and plastic viscosity
The fluid can be generally divided as Newtonian fluid and Non-
Newtonian fluid. Since the UHPC pastes are composed of high-volume
solid cementitious materials with different particle size distributions,
chemical admixtures, and low free water, the UHPC pastes are
commonly regarded as Non-Newtonian fluid [60,61]. Detail procedures
to evaluate the rheological properties of UHPC pastes were introduced
below: (1) Step 1: the UHPC pastes were pre-shared at 100 s~1 for 2 min;
(2) Step 2: the shear rate was stepwise from 100 s to 10 s, For each
step, the shear rate was kept for 1 min (Fig. 3(a)); (3) Step 3: the steady-
state of the shear stress was fitted by the Herschel-Bulkley model (Fig. 3
(b)). In this model, the fresh UHPC pastes begins to flow as the shear
stress surpass the critical scraping stress limitation, and its strain
gradient increases with the power increment. The equation of the
Herschel-Bulkley model is shown in Eq. (1). However, the Herschel-
Bulkley model does not directly give the plastic viscosity of the UHPC
paste. Hu and De Larrard [60] derived the empirical formulas to
calculate the plastic viscosity through the parameters from Herschel-
Bulkley model, shown in Eq. (2). To be noted, the rheological experi-
mental measurement was conducted after the mixing procedures.

T=1+Kxy" (€Y)
3xK 1

= =t 2

W= X o @

where 7 represents the shear stress (Pa), 7o represents the dynamic yield
stress (Pa), K represents the consistency (Pa-s"), y represents the shear
rate (1/s), and n represents the flow index (unitless). As the n < 1, the
fresh UHPC paste shows the shear thinning property; as the n = 1, the
fresh UHPC paste conforms to the Bingham model; as the n > 1, the fresh
UHPC paste shows the shear thickening property. u represents the plastic
viscosity, 7,.qx represents the maximum shear rate during the rheological
tests.

3.3.2. Protocol to determine static yield stress

The static yield stress is sensitive to the shear history, the mixing
regime, and the rest time [62]. Thus, the initial static yield stress right
after the mixing procedures was extremely low. The initial static yield
stress was considered equal to the dynamic yield stress at this time
instant. Afterward, the static yield stress of fresh UHPC pastes was tested
based on the shear-rate-control method, as shown in Fig. 4(a). The first
measurement was conducted 10 min after the mixing procedures. Dur-
ing the test, UHPC pastes were subjected to a very low shear rate for 1
min without any pre-shear. Based on the recommendation from Yuan
et al. [62], the shear rate of 0.005 s~ ! was selected.

Preliminary studies showed that the ambient temperatures have
significant effects on the development of the static yield stress, thus the
time gap between testing for different ambient temperatures was slightly
different to ensure that the collected data are in the proper range: (1)
when the ambient temperature was 10 °C, the time gap between testing
was 10 min (i.e., the static yield stress test was conducted at 10 min, 20
min, and 30 min, as shown in Fig. 4(b)); (2) When the ambient tem-
perature was 25 °C, the time gap between testing was 8 min (i.e., the
static yield stress test was conducted at 10 min, 18 min, and 26 min, as
shown in Fig. 4(c)); (3) when the ambient temperature was 35 °C, the
time gap between testing was 5 min (i.e., the static yield stress test was
conducted at 10 min, 15 min, and 20 min, as shown in Fig. 4(d)).

3.3.3. Evaluation of thixotropy
The thixotropy of UHPC pastes was evaluated by the evolution of the
static yield stress, as shown in Fig. 5. This evaluation method was
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Fig. 5. Evaluation of thixotropy of UHPC pastes.

proposed by Mostafa and Yahia [63], Roussel [64], and Teng et al. [39].
The evolution of the yield stress can be fitted by a bi-linear model pro-
posed by Kruger et al. [65], as shown in Eq. (3). The bi-linear model
divided the whole process into two stages with different fitting slopes.
However, it is worth noting that the model is only suitable to describe
the thixotropy of cement pastes within one hour since the exponential
evolution of the static yield stress with time can take place after one hour
[66].

Ty = T0 + Taoe +1a X 1 3

where 7; is the static yield stress at the corresponding time, ¢ is the time
starting from when the mixing procedures were done, I, is the thixot-
ropy index, 7o is the dynamic yield stress, and 75, is the initial increase
between dynamic yield stress and static yield stress.

3.4. Isothermal calorimetry

The rate of hydration was evaluated by using an isothermal calo-
rimeter (Calmetrix I-Cal 4000 HPC), which was programmed to main-
tain the samples at 10°C, 25°C, and 35°C. About 60 g of fresh UHPC
pastes was sealed in a plastic vial and placed into the calorimeter. The
heat of hydration data was measured 2 min after mixing process and
continuously measured for the next 36 h. The results were normalized by
the mass of the binder.

3.5. X-ray diffraction (XRD) analysis

A solvent exchange method with isopropanol was adopted to stop the
hydration of fresh UHPC pastes at different time instants to investigate
the development of hydration process [67]. Specifically, about 10 mL of
fresh UHPC pastes after specific time instant (i.e., 0 min, 15 min, and 30
min) was filled in a 50 mL tube and centrifuged at 10,000 RPM for 5 min.
Then, the supernatant water was removed. About 40 mL of isopropanol
was added into the tube. The tube was shaken for 1 min for the ho-
mogenization. Subsequently, the sample was centrifuged again at
10,000 RPM for 5 min. In addition, the solvent exchange method pro-
cedures were repeated once. The final UHPC pastes were drying in a
ventilated oven for 15 min at 40 °C, and then for 2 days in a desiccator
over silica gel and soda lime to minimize carbonation.

The phase change of UHPC pastes were analyzed by XRD test. The X-
ray diffraction test was carried out using a diffractometer (model: Pan-
alytical X’ pert Pro) to evaluate the hydration products of the mixtures.
The sample preparation was introduced before. During the XRD test,
powder samples were scanned on a rotating stage between 5o and 650
(20) using an X’Celerator detector. The step size of scanning was
0.01670 (20), and the time per step was 30 s. Finally, XRD coupled with
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Fig. 6. PCE-based HRWR of total content, adsorbed on all particles (including
cement, slag, and nanoclay), and remaining in pore solution.

Rietveld refinements was employed to quantify the phase assemblage in
the UHPC paste samples [68].

3.6. Scanning electron microscopy (SEM)

The pictures of UHPC pastes at different stages of hydration were
observed by SEM. The SEM was conducted using the microscope (model:
Zeiss Auriga FIB/SEM with a SE2 detector) operated in secondary
electron detection mode with high-vacuum and an acceleration voltage
of 5 kV. The sample preparation is the same as the XRD test introduced
in Section 3.5. The powder sample was placed on carbon tape attached
to the sample holder. Several regions were examined to ensure the
observed structures were representative.

4. Experimental results
4.1. Adsorption of PCE-based HRWR in nanoclay

Previous studies indicated that the HRWR in cement pastes are
generally divided into three parts [69]: (1) consumed by the chemical
hydration, in particular for the C—S—H formation; (2) adsorbed on the
surface of particles or agglomerates of cementitious materials and hy-
dration products; (3) remaining in the pore solution. In order to mini-
mize the hydration reaction effects, the centrifugation step of the fresh
UHPC pastes was conducted immediately after the mixing process. In
this case, the majority of HRWR would be either absorbed on the surface
of cementitious materials or remained in the pore solution. Besides, the
polyethylene oxide (PEO) side chains of the PCE based HRWR could also
chemically adsorb or intercalate into the layers of the aluminosilicate
and physically adsorb on the negatively charged surface of the nanoclay
[45,70]. Therefore, the PCE-based HRWR might be trapped in nanoclay
networks as well.

The total organic carbon (TOC) analysis was carried out to investi-
gate the adsorption of PCE-based HRWR on nanoclay in this research
because the strong intercalation between HRWR and nanoclay would
significantly diminish the dispersing effect of HRWR in cement-based
materials [45]. Fig. 6 summaries the HRWR concentration of total,
adsorbed, and remaining in pore solution. Specifically, the total HRWR
concentration is the constant value (i.e., 11.0 x 0.344 = 3.78), the
remaining HRWR concentration is measured from the total organic
carbon (TOC) test, and the adsorbed value is the total value subtracts the
remaining content. Results indicated that, as the nanoclay content
increased from O to 0.20%, the remaining PCE-based HRWR decreased
from 0.84 g/L to 0.67 g/L (by 20%). Thus, the adsorbed amount of PCE-
based HRWR linearly increases with the nanoclay addition. In this study,
the adsorption rate of the nanoclay is calculated as 47.9 mg/g of HRWR.
Compared to the previous research [44,45], the adsorption rate of the
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Fig. 7. Results of mini slump spread for investigated UHPC pastes.

PCE-based HRWR by the water-based nanoclay is low. Therefore, it
could be reasoned that the water-based nanoclay has good compatibility
with PCE-based HRWR in this study.

4.2. Workability

The workability of cement-based materials is closely related to
construction quality. Poor workability might result in poor compaction
and difficult placement [71]. Thus, the effect of nanoclay contents and
ambient temperatures on the workability of fresh UHPC pastes was
investigated. Fig. 7 plots mini slump spread results of investigated UHPC
pastes with nanoclay contents (e.g., 0-0.20%) at ambient temperatures
(e.g., 10 °C, 25 °C, and 35 °C). Overall, the fresh UHPC pastes are self-
consolidating and mini-slump spreads decrease with the increase of
nanoclay contents and ambient temperatures.

As the nanoclay content increased from 0 to 0.20%, the mini-slump
spreads were reduced by 20%, 45%, and 50% for investigated UHPC
pastesat 10 °C, 25 °C, and 35 °C, respectively. The effect of nanoclay can
be attributed to: (1) the nanoclay particles have high capacity to absorb
free water for lubrication [72]; (2) the cement and slag particles are
attracted by the nanoclay particles by the electrostatic attraction forces
to accelerate the flocculation [43]; (3) the addition of nanoclay traps a
small amount of HRWR to diminish the positive effect of HRWR. In
addition, as the ambient temperatures increased from 10 °C to 35 °C, the
mini-slump spread values were reduced by 21%, 28%, 36%, 40%, and
39% for the mixture of Ref, NC-0.05%, NC-0.10%, NC-0.15%, and NC-
0.20%, respectively. The effect of ambient temperature can be attributed
to that the higher ambient temperature promotes the dissolution of
cement and slag particles and exacerbates the Brownian motion of the
particles (i.e., random thermal motion of particles) to accelerate the
quick flocculation, resulting in the reduction of the workability of UHPC
pastes. The coupled effect of higher ambient temperature and the
addition of nanoclay could significantly undermine the workability of
UHPC pastes.

4.3. Dynamic yield stress and plastic viscosity

The rheological properties of UHPC pastes include dynamic yield
stress and plastic viscosity. The dynamic yield stress is the minimum
stress required for maintaining flowable status, and lower dynamic yield
stress generally corresponds to better workability (i.e., higher mini-
slump spreads) [73]. The plastic viscosity is the resistance offered by
fresh UHPC pastes to flow freely, and proper plastic viscosity is generally
required to secure good fiber dispersion and orientation [2]. Therefore,
the coupled effect of nanoclay contents and ambient temperature on
dynamic yield stress and plastic viscosity needs to be clarified.

Fig. 8(a) to 8(c) plots the equilibrium flow curves of UHPC pastes
with different nanoclay contents (e.g., 0-0.20%, by mass of binder) at
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Fig. 8. Results of equilibrium flow curves for UHPC pastes: (a) 10 °C; (b) 25 °C; and (c) 35 °C.

different ambient temperatures (e.g., 10 °C, 25 °C, and 35 °C). All data
points were fitted by the Herschel-Bulkley model and results of each
parameter were shown in Table 3.

Fig. 9(a) and 9(b) summarize the results of dynamic yield stress and
plastic viscosity for UHPC pastes based on the Herschel-Bulkley model.
As the nanoclay content increased from 0 to 0.20%, the dynamic yield
stresses were increased by 180%, 270%, and 490% at 10 °C, 25 °C, and
35 °C, and the plastic viscosity were increased by 80%, 110%, and 65%
at 10 °C, 25 °C, and 35 °C. The results showed the nanoclay can effi-
ciently enhance the rheological properties of UHPC pastes. Notably, the
development of dynamic yield stress (by 200% ~ 500%) was much
faster than that of plastic viscosity (by 60% ~ 110%). The enhancement
of the rheological properties by adding nanoclay can be attributed to (1)
physical effect: the cement and slag particles are attracted by the
nanoclay particles by the electrostatic attraction forces, thus increasing
the minimum stress required for maintaining the flow state [43]; (2)
chemical effect: nanoclay with high aluminates alters the sulfate-
aluminate balance in the solution, resulting in the secondary hydra-
tion of C3A. The reduced free mixing water and newly formed ettringite
increase the minimum stress required for flowable state [74].

As the ambient temperatures increased from 10 °C to 35 °C, the
dynamic yield stresses were increased by 95%, 150%, 360%, 330%, and
320% for Ref, NC-0.05%, NC-0.10%, NC-0.15%, and NC-0.20% and the
plastic viscosity were increased by 62%, 58%, 34%, 48%, and 44%. The
results showed that the rise of ambient temperatures can efficiently in-
crease the rheological properties of UHPC pastes. Similarly, the devel-
opment of dynamic yield stress (by 100% ~ 350%) was much faster than
that of plastic viscosity (by 35% ~ 65%). The enhancement of the
rheological properties by ambient temperatures also can be attributed to

two reasons: (1) physical effect: higher ambient temperature promotes
the dissolution of cement and slag particles and exacerbates the Brow-
nian motion of the all particles to accelerate the flocculation; (2) the
chemical effect: higher ambient temperature promotes the initial hy-
dration process [49]. In summary, the nanoclay is a promising chemical
admixture to efficiently enhance the dynamic yield stress and plastic
viscosity of UHPC pastes. Besides, under the coupled effect of ambient
temperatures, the effect of nanoclay on rheological properties can be
further enhanced.

Besides, the correlation between the mini-slump spreads and dy-
namic yield stress was found shown in Fig. 10 based on the experimental
results. Regardless of the change of ambient temperatures, an expo-
nential relationship was established. The findings indicated that the
mini-slump spreads can be used as a simple and reliable indicator for the
dynamic yield stress of UHPC pastes.

4.4. Static yield stress and thixotropy evaluation

As introduced in Section 3.2.3, the evolution of the static yield stress
was used to evaluate the thixotropy. The static yield stress is the mini-
munm stress for initiating the flowable status. To measure the static yield
stress, the shear-rate-control method was applied. All shear stress-shear
time curves for Ref, NC-0.05%, NC-0.10%, NC-0.15%, and NC-0.20% at
different ambient temperatures (e.g., 10 °C, 25 °C, and 35 °C) were
plotted in Fig. Al in Appendix. Among shear stress-shear time curves,
the peak values of the shear stress for each curve refer to the static yield
stress at corresponding time instants. Meanwhile, the initial static yield
stress was considered equal to the initial dynamic yield stress. Fig. 11(a),
Fig. 11(c), and Fig. 11(e) plot the bi-linear relationships of static yield



J. Du et al.

Table 3
Fitting parameters of the Herschel-Bulkley model.
Temp  Mixtures Consistency,  Flow Dynamic yield Plastic
K, (Pa-s™) index, stress, To, (Pa) viscosity,
n, u, (Pa-s)
(unitless)

10°C Ref 0.027 1.614 1.021 0.281
NC- 0.036 1.587 1.312 0.333
0.05%
NC- 0.059 1.519 1.544 0.423
0.10%
NC- 0.077 1.466 2.087 0.451
0.15%
NC- 0.102 1.412 2.872 0.510
0.20%

25°C Ref 0.092 1.355 1.672 0.354
NC- 0.153 1.295 2.235 0.468
0.05%
NC- 0.314 1.14 3.528 0.534
0.10%
NC- 0.461 1.08 5.020 0.624
0.15%
NC- 0.677 1.033 6.210 0.758
0.20%

35°C Ref 0.143 1.305 1.987 0.455
NC- 0.174 1.293 3.321 0.528
0.05%
NC- 0.223 1.256 7.210 0.568
0.10%
NC- 0.314 1.221 9.112 0.668
0.15%
NC- 0.433 1.144 11.751 0.735
0.20%

Note: The minimum R? is 0.98 for the fitting results by Herschel-Bulkley model.

stress over test time at 10 °C, 25 °C, and 35 °C. The difference between
the initial static yield stress (i.e., dynamic yield stress) after mixing
procedures and the static yield stress at 10 min refers to the initial
fluctuation of the yield stress (tqoc). The fitting line slopes of the static
yield stress development refers to the thixotropy index (In): (1) the
slopes of the static yield stress development from 10 mins to 30 mins for
UHPC pastes at 10 °C; (2) the slopes of the static yield stress develop-
ment from 10 mins to 26 mins for UHPC at 25 °C; and (3) the slopes of
the static yield stress development from 10 mins to 20 mins at 35 °C.
Fig. 11(b), Fig. 11(d), and Fig. 11(f) summarize the initial fluctuation of
yield stress (taoc) and thixotropy index (I4) at 10 °C, 25 °C, and 35 °C.

When the ambient temperature was at 10 °C, as the nanoclay content
increased from 0 to 0.20%, the initial fluctuation of the static yield stress
(Tfloc) was ranged from 0.7 Pa to 2.8 Pa and the thixotropy index (I5) was
ranged from 0.1 Pa/min to 3.2 Pa/min. When the ambient temperature
was at 25 °C, as the nanoclay content increased from 0 to 0.20%, the
initial fluctuation of the static yield stress (tf,.) was ranged from 1.2 Pa

14
12 m10°C
m25°C
10
m35°C

Dynamic yield stress, 1y (Pa)
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to 27.7 Pa and the thixotropy index (In) was ranged from 2.0 Pa/min to
50.6 Pa/min. When the ambient temperature was at 35 °C, as the
nanoclay content increased from 0 to 0.20%, the initial fluctuation of the
static yield stress (tgoc) was ranged from 3.1 Pa to 38.7 Pa and the
thixotropy index (I4) was ranged from 42.0 Pa/min to 545.2 Pa/min.
The results showed the coupled effect of nanoclay addition and ambient
temperature can significantly increase the thixotropy of UHPC pastes.
The underlying mechanisms were introduced below.

In Stage I (from O to 10 min), the initial fluctuation of the static yield
stress was affected by the physical effect and chemical effect. Mean-
while, the physical effect plays as the main contributor: (1) the nanoclay
particles with negative surface charges (introduced in Section 2.1) were
connected with cement and slag particles by electrostatic attraction
forces to form new networks, resulting in the resistance to initiate the
free flow; (2) higher ambient temperatures promoted the dissolution of
cement and slag particles in the mixing water and accelerated the
Brownian motions of particles, further facilitating the contact among
cement, slag and nanoclay particles. In Stage II (from 10 min to 30 min),
the static yield stress started to linearly increase over the test time.
During this period, the evolution of the static yield stress was the sum of
physical effects and chemical effects. The physical effects were still
present, likewise in Stage I. In addition, the further increase of the static
yield stress came from the chemical effects: (1) higher ambient tem-
perature quickly promoted the reaction between C3A and gypsum to
generate more ettringite [75]; (2) nanoclay with high aluminates alters
the sulfate-aluminate balance in the solution, resulting in secondary
hydration of C3A to generate more ettringite [74]. The coupled effect of
the physical particles’ flocculation and chemical hydration reaction
leads to a significant increment of the static yield stress in this period,

14
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Fig. 10. Correlation between mini slump spread and dynamic yield stress.
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Fig. 9. Results of rheological properties: (a) dynamic yield stress; and (b) plastic viscosity.
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at 35 °C.

shown in thixotropy index (In).

In summary, nanoclay is a promising admixture to enhance the
thixotropy of UHPC pastes. Moreover, the effect of varying temperatures
on job sites should not be ignored.

4.5. Hydration heat

The isothermal calorimeter was conducted to quantify the hydration
process of UHPC pastes. To evaluate the effect of chemical hydration on
rheological properties, the curves for the first hour are provided, as
shown in Fig. 12(a) and 12(b).

As the nanoclay contents increased from 0 to 0.20%, the first peaks of

heat flow curves were increased by 140%, 20%, and 12% at 10 °C, 25 °C,
and 35 °C. In addition, the cumulative heat within the first hour was
increased by 35%, 22%, and 20% at 10 °C, 25 °C, and 35 °C. Results
validated the efficient promotion of hydration by adding nanoclay. In
comparison, as the ambient temperatures increased from 10 °C to 35 °C,
the first peaks of heat flow curves were increased by 1200%, 900%, and
480% for Ref, NC-0.10%, and NC-0.20%. In addition, the peaks of heat
flow were increased by 530%, 480%, and 460% for Ref, NC-0.10%, and
NC-0.20%.

In summary, it could be reasoned that, both the high temperature
and nanoclay addition promotes the chemical hydration process of
UHPC pastes in the first hour, thus affecting the rheological properties of
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Expected values at the mixing time: C3S = 17.2 wt% and C3A = 3.9 wt% (i.e., t = 0 min in this figure).

UHPC pastes. Moreover, ambient temperatures showed much more
pronounced effects on promoting hydration, compared to nanoclay
additions.

4.6. Quantitative XRD analysis

The XRD analysis coupled with Rietveld refinements method was
employed to quantify the phase change in the UHPC paste samples [68].

10
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Fig. 14. SEM pictures of investigated UHPC pastes at different stages of hydration: (a) particles surface of Ref at 25 °C hydrated for 0 min; (b) particles surface of Ref
at 25 °C hydrated for 30 min; (c) particles surface of Ref at 35 °C hydrated for 0 min; (d) particles surface of Ref at 35 °C hydrated for 30 min; (e) particles surface of
NC-0.20% at 35 °C hydrated for 0 min; (f) particles surface of NC-0.20% at 35 °C hydrated for 30 min.

The early chemical hydrations of cement-based materials are primarily
controlled by two reactions: (1) the silicate reaction and (2) the alumi-
nate reaction. The silicate and aluminate reaction are represented
schematically by Eq. (4) and Eq. (5). Specifically, the silicate reaction
leads to the precipitation of C—S—H and portlandite [76]. In addition,
the aluminate reaction mainly leads to the formation of ettringite [77].

G
()

The representative XRD results for Ref and NC-0.20% at different
ambient temperatures (e.g., 10 °C, 25 °C, and 35 °C) were plotted in
Fig. A2 in Appendix. Based on that, Fig. 13 plots the quantitative evo-
lution of the phase change of UHPC pastes in the first 30 mins which was
determined by the Rietveld refinements method. Besides, the external
standard method was applied and weight percentage (i.e., wt, %) are the
absolute values of all phases including the significant amorphous con-
tent and the not determined phases. Several key phenomena were
revealed for UHPC pastes hydration process within the first 30 min: (1)
No significant C3S dissolution as well as no significant C—S—H and
portlandite precipitation were found for both Ref and NC-0.20%. (2)
Significant C3A dissolution and significant newly formed ettringite were
found for both Ref and NC-0.20%. (3) Both high temperatures and

C3S + Water - C—S—H + Portlandite

C3A + Calcium Sulfate + Water — Ettringite

11

nanoclay additions increased the ettringite formation. For instance, as
the temperature increased from 10 °C to 35 °C, the newly formed
ettringite increased from 1.1% to 2.0% for Ref. The underlying mecha-
nism is due to the high temperature increased the dissolution of CgA,
promoting the ettringite formation [78]. In addition, as the nanoclay
content increased to 0.20%, the newly formed ettringite increased from
1.5% to 1.7% at 25 °C because nanoclay with high aluminates alters the
sulfate-aluminate balance in the solution, resulting in secondary hy-
dration of C3A to generate more ettringite [74]. Therefore, it could be
reasoned, aluminate reaction is the primary hydration reaction in the
first 30 min and ettringite is the main hydration product to affect the
rheological properties of UHPC pastes. Moreover, compared to the
nanoclay addition, the higher ambient temperature shows more pro-
nounced effect on ettringite formation.

4.7. SEM observations

The SEM pictures of cementitious materials particles of UHPC pastes
at different hydration stages were shown in Fig. 14. For the reference
UHPC paste (i.e., Ref), the surfaces of the unhydrated particles (i.e.,
hydration time is 0 min) were bare, with debris lying on the top shown in
Fig. 14(a) and Fig. 14(c). After 30 min of hydration process, some
needle-like structures were found on the surface of cementitious
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moted Brownian motions of particles due to the high ambient temperature.

materials shown in Fig. 14(b) and Fig. 14(d). According to the quanti-
tative XRD results in Section 4.6, the early-age hydration products
should be ettringite, which is indeed the needle-like structure [79]. For
the UHPC paste with nanoclay addition (i.e., NC-0.20%), the surfaces of
the unhydrated particles (i.e., hydration time is 0 min) were bare, with
some nanoclay particles lying on the top shown in Fig. 14(e). After 30
min of hydration process, a large amount of ettringite were found on the
surface of cementitious materials shown in Fig. 14(f).

In summary, the SEM observation showed that: (1) after 30 min
hydration, a small amount of hydration products (i.e., ettringite) were
formed on the surface of cementitious materials particles. (2) the high
ambient temperature and the addition of nanoclay significantly
increased the formation of the ettringite, which is also validated in
Section 4.6.

5. Discussions
5.1. Physical effect

The physical effects refer to the flocculation between particles due to
the electrostatic forces. First, the mineral components of unhydrated
cement particles are tricalcium silicate (C3S), dicalcium silicate (C5S),
tricalcium aluminate (C3A), and tetra calcium alumina ferrite (C4AF).
Among them, C3S and C,S have negative surface charges, but C3A and
C4AF have positive surface charges [80]. Thus, nanoclay particles with
negative surface charges have a strong affinity to contact with C3A and
C4AF due to the electrostatic attraction forces shown in Fig. 15(a). The

Strong chemical connections between
particles (high ambient temperature)

® Cementitious materials @ Nanoclay » Ettringite

(a)

quick flocculation between particles results in the dramatic initial
fluctuation of static yield stress [43]. As reported in Section 4, when
nanoclay increased from 0 to 0.20%, the initial fluctuation of static yield
stress was increased by 2000% (25 °C), which validated the significant
flocculation by adding nanoclay.

Besides, the elevation of ambient temperatures also contributes to
the flocculation between particles. Higher ambient temperature pro-
motes the Brownian motion of the particles, accelerating the floccula-
tion [81] shown in Fig. 15(b). As reported in Section 4, when ambient
temperature increased from 10 °C to 35 °C, the initial fluctuation of
static yield stress was increased by 350% (Ref). Compared with the
ambient temperature, the nanoclay content shows a higher contribution
to the physical effect to increase the rheological properties of UHPC
pastes. Moreover, the electrostatic attraction forces between particles
can be broken by external interferences, such as agitation and vibration
[26]. Thus, the physical flocculation between particles in the early ages
is a reversible process. In other words, the development of yield stress
and viscosity of fresh UHPC pastes in the early ages can be fully
recovered.

5.2. Chemical effect

The chemical effects refer to the enhanced hydration reaction for
cementitious materials. On the one hand, the addition of nanoclay in-
creases aluminates contents in the solution, thus promoting the hydra-
tion of C3A to generate more ettringite [74], which were experimentally
validated in Section 4.5, 4.6, and 4.7. The newly formed hydration

Weak chemical connections between
particles (low ambient temperature)

©® Cementitious materials @ Nanoclay »# Ettringite

(b)

Fig. 16. Schematic diagram of chemical effect: strong hydration reaction connections.
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Fig. A2. The representative results of the XRD tests for UHPC pastes (e.g., Ref and NC-0.20%) at 10 °C, 25 °C, and 35 °C.

products (i.e., ettringite) behave with a bridge effect which efficiently
connects adjacent particles shown in Fig. 16, resulting in the develop-
ment of the thixotropy index. For instance, when nanoclay increased
from 0 to 0.20%, the thixotropy index was increased by 2400% (25 °C).

On the other hand, the elevation of ambient temperatures increases
the dissolution of cementitious particles then promotes the chemical
hydration reaction [78]. As reported in Section 4, when the ambient
temperature increased from 10 °C to 35 °C, the thixotropy index was
increased by 15000% (Ref). Compared with the nanoclay contents, the
ambient temperatures show a higher contribution to the chemical effect
to increase the rheological properties of UHPC pastes. Furthermore,
different from the electrostatic attraction forces between particles, the
enhanced chemical hydration is irreversible progress.

6. Conclusion

The commercial uniformly dispersed and water-based nanoclay

14

suspension was proved to be an effective rheology modified admixture
for UHPC pastes. In addition, the coupled effect and underlying mech-
anism of water-based nanoclay and ambient temperatures on the rheo-
logical properties of UHPC pastes were investigated. According to
experimental results, the following conclusions are proposed:

(1) The total organic carbon test indicated that the adsorption rate of
the water-based nanoclay used in this study is calculated as 47.9
mg/g of HRWR, which is acceptable and compatible with
common-used PCE-based HRWR for UHPC pastes.

(2) The coupled effect of nanoclay contents and ambient tempera-
tures efficiently reduced the workability of UHPC pastes due to
the accelerated flocculation and water absorption capacity of
nanoclay. As the nanoclay content increased from 0 to 0.20%, the
mini-slump spreads were reduced by 29%, 45%, and 47% at
10 °C, 25 °C, and 35 °C.



J. Du et al.

(3) The coupled effect of nanoclay contents and ambient tempera-
tures efficiently enhanced the dynamic yield stress and plastic
viscosity of UHPC pastes. As the nanoclay content increased from
0 to 0.20%, the dynamic yield stresses were increased by 180%,
270%, and 490% and the plastic viscosity were increased by 80%,
110%, and 65% at 10 °C, 25 °C, and 35 °C. The coupled effect is
much more pronounced on the development of the dynamic yield
stress.

The coupled effect of nanoclay and ambient temperature signif-
icantly enhanced the thixotropy of UHPC pastes, including initial
fluctuations of static yield stress (tgoc) and thixotropy index (Ip).
As the nanoclay content increased from 0 to 0.20%, the T, was
ranged from 0.7 Pa to 2.8 Pa, from 1.2 Pa to 27.7 Pa, and from 3.1
Pa to 38.7 Pa, at 10 °C, 25 °C, and 35 °C, respectively. The evo-
lution of 1, was mainly related to the physical effect: acceler-
ated flocculation between particles by electrostatic attraction
forces.

As the nanoclay content increased from 0 to 0.20%, the Iy was
ranged from 0.1 Pa/min to 3.2 Pa/min, from 2.0 Pa/min to 50.6
Pa/min, and from 42.0 Pa/min to 545.2 Pa/min at 10 °C, 25 °C,
and 35 °C, respectively. The evolution of Iy was due to the sum of
the physical effect (i.e., accelerated flocculation) and chemical
hydration reactions (i.e., the formation of ettringite).

The results of isothermal calorimetry analysis, quantitative XRD
analysis, and SEM observation revealed that the coupled effect of
nanoclay contents and ambient temperature significantly pro-
moted the initial hydration (i.e., within 1 h), which leads to the
quick growth of thixotropy index I,. Compared to nanoclay
contents, the ambient temperature plays the dominant impact in
this stage. Moreover, ettringite is the main hydration product to
affect the rheological properties of UHPC pastes

4

(5)
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