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The mixing of ultra-high-performance concrete (UHPC) featuring low water-to-binder ratios involves different
evolution of microstructures and mixing torques from conventional concrete. This paper investigates the mixing
kinetics of UHPC in the mixing process, presents a mixing kinetics model to predict the mixing torque at an
arbitrary time instant, and develops a multi-batching method to reduce the mixing torque for large-volume
production of UHPC. The presented mixing kinetics model considers the effects of mixing temperature, mixing
volume, and mixing methods. The mixing kinetics model is calibrated using experimental data, and the cali-
brated model shows high prediction accuracy. The multi-batching method enables large-volume mixing of UHPC
by reducing the mixing torque while retaining desired flowability and hardened properties of UHPC. Specifically,
when the number of sub-batches is two, the peak mixing torque of the multi-batching method was approximately
reduced to half of the peak mixing torque of the mono-batching method. Besides, the differences in workability,
compressive strength, and autogenous shrinkage by using the multi-batching method and mono-batching method
are within 5%. Finally, the reliability and repeatability of the presented mixing kinetics model are verified
through the validation tests with different UHPC mixture designs and mixing methods. This study will advance

understandings of the mixing kinetics for UHPC and promote large-volume UHPC production.

1. Introduction

Ultra-high-performance concrete (UHPC) is a group of advanced
cementitious composites with self-consolidating property, high me-
chanical properties, and excellent durability due to the dense micro-
structures [1-7]. The dense microstructures are generated by the unique
mixture design of UHPC with a low water-to-binder ratio (w/b < 0.25)
and high packing density [8-10]. Appropriate incorporation of chopped
fibers is capable of imparting strain-hardening property and high tensile
strength [11]. Due to its exceptional properties, UHPC attracts
increasing interest in engineering applications, such as precast girders
and piles [12-14], cast-in-place connections and joints [15-18], jackets
for columns [19], bridge deck overlay [20-23], bridge maintenaice
[24-26], and railway applications [27,28]. UHPC improved the me-
chanical performance and durability of structures, facilitated construc-
tion, and enabled aesthetically appealing designs of structures. To
reduce the upfront cost, cost-effective UHPC mixtures were developed
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by using locally available materials and industrial by-products [29-32].
For instance, Meng et al. [32] proposed mixtures that reduced the unit
cost of UHPC by 70%, while retaining the high mechanical properties
and durability, through incorporating supplementary cementitious ma-
terials and natural river sand. Development of cost-effective UHPC
promoted acceptance of UHPC in structural applications.

Currently, one of the major challenges in structural applications of
UHPC is the large-volume production of UHPC [33]. When the volume
of UHPC is increased, it becomes difficult to mix the ingredients using
normal mixers because the demand of mixing torque exceeds the torque
capacity of the mixers [34]. Previous studies proposed that the high
demand of mixing torque was attributed to the high plastic viscosity of
UHPC [35-38], so scholars attempted to reduce the plastic viscosity of
UHPC by modifying the mixture design or adding chemical admixtures.
However, reducing the plastic viscosity of UHPC compromised the me-
chanical properties and durability because recent research found that
adequate viscosity was essential to ensure appropriate dispersion and
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Fig. 1. The ICAR rheometer for measurement of mixing torque.
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Fig. 2. Mixing torque versus mixing time curve of UHPC production process.

orientation of chopped fibers and prevent segregation of sand in UHPC
[36,38]. More importantly, the high demand of mixing torque was also
related to the turnover phase when the heterogeneous UHPC trans-
formed from the dry powder to the homogenous UHPC mortar [33].
Therefore, some engineers employed high-intensity mixers with high
torque capacity to overcome the demand of mixing torque [39,40], but
the price of the high energy mixer is approximately 20 times higher than
the normal pan mixer. For the cast-in-place projects on the job sites, the
high cost limits the promotion of UHPC mixtures. In addition, it was
unknown whether use of high-intensity mixers compromised the fresh
and hardened properties of UHPC due to overheat. Intensive heat release
was found in mixing of UHPC using normal mixers [33], and the heat
release was exacerbated by using high-intensity mixers. In short, large-
volume production of UHPC is still a challenge.

Subsequently, to address the existing challenge, scholars proposed to
reduce the mixing torque by modifying the mixing procedures. In
normal mixing of UHPC, binder is mixed with sand before mixing water
is introduced. Sand is capable of perturbing agglomeration of binder and
homogenizing the binder-sand system. Agglomeration of binder com-
promises the mechanical properties and durability. In reference [33],
scholars proposed to introduce sand after binder and water were mixed.
In reference [41], scholars divided the binder into two portions and
respectively mixed them with water and sand. It remains unknown
whether agglomeration of binder occurred and affected the key prop-
erties of the mixtures in the above attempts. Also, it is unclear how much
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mixing torque was reduced and how the mixing process was designed.
The unknown information is associated with fundamental knowledge
gaps on the mixing kinetics of UHPC.

The mixing kinetics of conventional concrete (CC) and self-
compacting concrete (SCC) were elaborated in references [42-44].
The mixing process was divided into multiple stages involving different
material behaviors and mixing phenomena, as stated in references
[42,43]. A mixing kinetics model was developed to describe evolution of
mixing power in five successive stages in mixing CC and/or SCC [44].
The five stages were designated to be (i) dry powder stage, (ii) dry
granule stage, (iii) wet granule stage, (iv) granular suspension stage, and
(v) dispersed granular stage, which were characterized by different
microstructures. The proposed mixing kinetics model consisted of four
phases, respectively designated as (i) granule growth, (ii) granule coa-
lescence, (iii) granule dissolution, and (iv) agglomerate dispersion. It
was suggested using mixing power to identify transient stages in mixing
concrete. To date, there is lack of knowledge on the mixing kinetics of
UHPC. It is unknown whether the mixing kinetics of conventional con-
crete and SCC is the same with UHPC due to the extremely low w/b, and
it is unclear how the high mixing torque in production of UHPC can be
effectively reduced. The following questions are yet to be answered: (1)
How does the mixing torque evolve in the mixing of UHPC? (2) What are
the main factors that affect the evolution of mixing torque of UHPC? (3)
How does the mixing procedure affect the evolution of mixing torque of
UHPC? (4) How the mixing procedure can be designed to reduce the
mixing torque?

To answer the above questions, this research investigates the mixing
kinetics of UHPC and presents a mixing kinetics model to guide the
design of mixing process for large-volume production of UHPC. This
research has four objectives: (1) to evaluate the effects of mixing tem-
perature, mixing volume, and mixing method on the mixing torque
evolution; (2) to understand the mechanism of the evolution of the
mixing torque for UHPC mixtures; (3) to develop a mathematical mixing
kinetics model to quantify the evolution of the mixing torque; and (4) to
develop a method to design and optimize the mixing protocol for large-
volume production of UHPC. This research has four novelties: (1) The
mixing kinetics of UHPC is revealed for the first time. Different from
conventional concrete, the consolidation and growth stages for UHPC
can only depend on the squeezed water from particles, which signifi-
cantly increases the peak mixing torque. (2) The key impact factors for
the mixing kinetics of UHPC include mixing temperature, mixing vol-
ume, and mixing method. (3) The presented multi-batching method
significantly reduces the peak mixing torque of UHPC without signifi-
cantly reducing mixing efficiency and key properties of UHPC. (4) A
mathematical mixing kinetics model is proposed for the first time to
quantify the mixing torque evolution for UHPC mixtures (R? > 95%). To
achieve the objectives, comprehensive laboratory experiments were
conducted and four UHPC mixtures and two mixing methods were
applied to develop, evaluate, and validate the mixing kinetics model. To
achieve the objectives, comprehensive laboratory experiments were
conducted and four UHPC mixtures and two mixing methods were
applied to develop, evaluate, and validate the mixing kinetics model.
This research advances knowledge on the mixing kinetics of UHPC and
facilitates large-volume production of UHPC for industrial applications.

2. Experimental investigations on mixing kinetics
2.1. Quantitative evaluation of mixing torque

The mixing torque of UHPC mixtures was measured using a rheom-
eter (model: ICAR Plus), shown in Fig. 1. The container of the rheometer
measured 280 mm in diameter and height. The vane of the rheometer
measured 127 mm in diameter and height.

The mixing torque evolution of the whole mixing process for UHPC
production was investigated. For each mixture, the mixing torque was
recorded every 30 s starting from water addition, until the mixing torque
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Table 1

Chemical and physical properties of raw materials.
Property Type I cement GGBFS Silica fume River sand
Si0 (%) 22.44 36.21 95.5 80.3
Al,03 (%) 2.76 111 0.7 10.5
Fe;03 (%) 2.24 0.76 0.3 3.43
CaO (%) 68.05 43.75 0.4 1.72
MgO (%) 0.91 5.09 0.5 1.70
SO3 (%) 2.25 2.21 - 1.07
Nay0 (%) 0.19 0.23 0.4 -
K20 (%) 0.11 0.40 - -
TiO2 (%) 0.14 0.58 - -
P,0s (%) 0.09 0.02 - -
Mn,03 (%) 0.03 0.36 - -
C3S (%) 62.35 - - -
C2S (%) 20.28 - - -
C3A (%) 1.42 - - -
C4AF (%) 5.83 - - -
Loss on ignition (%) 1.28 0.72 2.6 1.28
Specific gravity, SSD 3.15 2.9 2.20 2.65

stabilized. Fig. 2 plots the representative curve of mixing torque versus
mixing time of a UHPC mixture, reflecting the mixing torque evolution
process. Results indicated that the dramatic increment of the mixing
torque during the UHPC production process was mainly happened in
Stage I (i.e., mortar homogenization process). Afterwards, the addition
of steel fibers in Stage II (i.e., UHPC homogenization process) had
negligible contribution on the evolution of the mixing torque. Therefore,
in this study, the discussion about the mixing kinetics of UHPC was
focusing on the mortar homogenization process.
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2.2. Raw materials

The investigated mixtures were composed of binders, fine aggre-
gates, water, chemical admixtures, and steel fibers. The binder was
composed of Type I Portland cement, silica fume, and GGBFS from a
local plant in New Jersey. River sand was used as fine aggregates. The
chemical compositions of the binder and fine aggregates were charac-
terized by X-ray fluorescence, as listed in Table 1. To improve work-
ability, a polycarboxylate-based high-range water reducer (HRWR) was
used. The solid content and specific gravity of HRWR were 34.4% and
1.05, respectively. A viscosity-modifying admixture (VMA) was used to
adjust viscosity. The VMA was a ready-to-use product (BASF Master-
Matrix VMA 362), with a water content of 95% and a specific density of
1.002. Straight steel fibers measured 0.2 mm in diameter and 13 mm in
length were incorporated. The tensile strength and elasticity modulus of
steel fibers are 1.9 GPa and 203 GPa.

2.3. Mixture design

Four different UHPC mixtures, listed in Table 2, were investigated in
this study. M1 is a representative cost-effective UHPC mixture devel-
oped in prior research by the authors [27]. The binder consisted of 40%
cement and 60% GGBFS by volume. M2 and M3 had the same binder
system but the VMA contents increased from 1% to 2% by mass of
binder, to investigate the effect of viscosity on mixing kinetics. The
binder-to-sand ratio was 1:1 by volume. The water-to-binder ratio was
0.23 by mass. M4 had a different binder system from mixtures M1 to M3.
In mixture M4, the binder was composed of 90% cement and 10% silica
fume by volume. The b/s and w/b were the same with mixtures M1 to

Table 2
Mixture design (kg/m°>).
Code Cement GGBFS Silica fume Sand HRWR VMA Water Steel fiber
M1 468.2 646.7 0 985.1 11.4 0 249.2 156
M2 468.2 646.7 0 985.1 11.4 10.9 238.1 156
M3 468.2 646.7 0 985.1 11.4 21.9 227.3 156
M4 1049.0 0 81.4 980.5 23.2 0 244.8 156
All (Water + HRWR)
All dry materials Mix Homogenization
(a)
Half (Water + HRWR) Half dry materials Half (Water + HRWR)

Homogenization

Fig. 3. Illustration of mixing methods: (a) mono-batching method; and (b) multi-batching method.
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Table 3
Investigated mixing cases.

Case  Designation UHPC Volume Temperature Addition

code Mixture (Liters) Q) time
(seconds)

Model development

C1 M1-1.5-10C M1 1.5 10 0

Cc2 M1-1.5-20C M1 1.5 20 0

C3 M1-1.5-30C M1 1.5 30 0

C4 M1-3.0-10C M1 3.0 10 0

C5 M1-3.0-20C M1 3.0 20 0

Cé6 M1-3.0-30C M1 3.0 30 0

Cc7 M1-4.5-10C M1 4.5 10 0

c8 M1-4.5-20C M1 4.5 20 0

co M1-4.5-30C M1 4.5 30 0

C10 M1-6.0-10C M1 6.0 10 0

Cl1 M1-6.0-20C M1 6.0 20 0

C12 M1-6.0-30C M1 6.0 30 0

C13 M1-1.5-1.5 M1 3.0 10 0, 30
(30)-10C

Cl4 M1-1.5-1.5 M1 3.0 10 0, 60
(60)-10C

C15 M1-1.5-1.5 M1 3.0 10 0, 75
(75)-10C

Cl6 M1-1.5-1.5 M1 3.0 10 0, 90
(90)-10C

C17 M1-1.5-1.5 M1 3.0 10 0, 105
(105)-10C

C18 M1-1.5-1.5 M1 3.0 10 0,120
(120)-10C

C19 M1-1.5-1.5 M1 3.0 10 0, 150
(150)-10C

C20 M1-1.5-1.5 M1 3.0 10 0, 180
(180)-10C

C21 M1-1.5-1.5 M1 3.0 20 0, 30
(30)-20C

C22 M1-1.5-1.5 M1 3.0 20 0, 60
(60)-20C

C23 M1-1.5-1.5 M1 3.0 20 0,75
(75)-20C

C24 M1-1.5-1.5 M1 3.0 20 0, 90
(90)-20C

C25 M1-1.5-1.5 M1 3.0 20 0, 105
(105)-20C

C26 M1-1.5-1.5 M1 3.0 20 0,120
(120)-20C

C27 M1-1.5-1.5 M1 3.0 20 0, 150
(150)-20C

Cc28 M1-1.5-1.5 M1 3.0 20 0, 180
(180)-20C

C29 M1-1.5-1.5 M1 3.0 30 0, 30
(30)-30C

C30 M1-1.5-1.5 M1 3.0 30 0, 60
(60)-30C

C31 M1-1.5-1.5 M1 3.0 30 0,75
(75)-30C

C32 M1-1.5-1.5 M1 3.0 30 0, 90
(90)-30C

C33 M1-1.5-1.5 M1 3.0 30 0, 105
(105)-30C

C34 M1-1.5-1.5 M1 3.0 30 0,120
(120)-30C

C35 M1-1.5-1.5 M1 3.0 30 0, 150
(150)-30C

C36 M1-1.5-1.5 M1 3.0 30 0, 180
(180)-30C

Model validation

C37 M2-3.0-20C M2 3.0 20 0

C38 M3-3.0-20C M3 3.0 20 0

C39 M4-3.0-20C M4 3.0 20 0

C40 M2-1.5-1.5 M2 3.0 20 0, 150
(150)-20C

C41 M3-1.5-1.5 M3 3.0 20 0, 150
(150)-20C

C42 M4-1.5-1.5 M4 3.0 20 0, 150
(150)-20C
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Table 3 (continued)

Case  Designation UHPC Volume Temperature Addition

code Mixture (Liters) Q) time
(seconds)

C43 M2-1.5-1.5 M2 3.0 20 0, 180
(180)-20C

C44 M3-1.5-1.5 M3 3.0 20 0, 180
(180)-20C

C45 M4-1.5-1.5 M4 3.0 20 0, 180
(180)-20C

C46 M1-1.0-1.0 M1 3.0 20 0, 180, 195
(180)-1.0(195)-
20C

C47 M1-1.0-1.0 M1 3.0 20 0, 180, 210
(180)-1.0(210)-
20C

C48 M1-1.0-1.0 M1 3.0 20 0, 180, 240
(180)-1.0(240)-
20G

C49 M1-1.0-1.0 M1 3.0 20 0, 180, 270
(180)-1.0(270)-
20C

Ma3.

2.4. Mixing variables

The large-volume UHPC production on job sites still faces challenges:
(1) the elevated temperatures during the mixing have negative effects on
the workability of fresh UHPC [18]; (2) the mixing capacity of the
normal pan mixer limited the allowable mixing volume for large-scale
production [19]; (3) the mixing procedures in the lab are not appli-
cable for large-volume UHPC production [16]. Therefore, three key
impact factors (i.e., mixing temperature, mixing volume, and mixing
procedures) on the mixing kinetics of UHPC were investigated in this
study.

2.4.1. Mixing temperature

Three different temperature levels were considered in this study,
which are 10 °C, 20 °C, and 30 °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. In addition, the temperature increases
during the mixing process is negligible.

2.4.2. Mixing volume

Four mixing volumes were considered in this study, which are 1.5 L,
3.0L, 4.5L, and 6.0 L. In general, higher mixing volume for each batch is
preferred which leads to higher UHPC production efficiency and shorter
construction time for UHPC infrastructure.

2.4.3. Mixing procedure

A mortar mixer (Hobart® HL-200) with the output capacity of 11.5 L
was used to mix raw materials for production of UHPC in this study. The
technical information of the mixer was shown in Table Al in Appendix.
Two types of methods, designated as mono-batching and multi-
batching, were considered. The mono-batching method represents a
normal method for mixing UHPC, with the following steps: (1) to mix
binder and sand; (2) to add mixing water and HRWR; and (3) to add steel
fibers. In each step, the added ingredients are fully homogenized, as
illustrated in Fig. 3(a). The multi-batching method represents an inno-
vative method that involves more steps. To reduce the mixing torque,
the binder and sand are divided into multiple portions after they are
homogenized, as illustrated in Fig. 3(b).

The two-batching method was set as an example to clarify the multi-
batching method. The total UHPC mixture was equally divided into two



J. Du et al.
120
——MI-1.5-10C
100 —— MI-1.5-20C
—— MI-1.5-30C

e}
(=]
T

Mixing torque (N-m)
B D
S (=)

Construction and Building Materials 397 (2023) 132439

120
—— M1-3.0-10C
100 —— M1-3.0-20C
—— M1-3.0-30C

(e}
(=]
T

Mixing torque (N-m)
B (o)
S =]

20 20 F
0 . . . : 0 f . . ) )
0 30 60 90 120 150 180 210 0 30 60 90 120 150 180 210
Mixing time (s) Mixing time (s)
(@) (b)
120 120
—M1-4.5-10C —M1-6.0-10C
2100 | —— M1-4.5-20C 2100 T —— M1-6.0-20C
Z 8o | ——M1-4.5-30C Z g0 } ——M1-6.0-30C
[0} [}
= =
g 60 | g 60 |
20t 20t
i Xa
= 20 } = 20 |
O 1 1 L L 1 0 1 1 1 L L
0 30 60 90 120 150 180 210 0 30 60 90 120 150 180 210
Mixing time (s) Mixing time (s)
(©) (d)
Fig. 4. Results of mixing torque versus mixing time: (a) 1.5 L; (b) 3.0 L; (c) 4.5 L; and (d) 6.0 L.
120 120
01.5L
A10°C
T | OF 100 |
z og.(s)t B 020°C =
o . Z O, /,
2 80 t .o Sso p B30C o .0
= - = AR
gﬂ & N g 20
g 60 } g =60 | g B
§ -7 £ ,0.”
@--""" B 2ok
s 40¢ Edo t
o - " 5] % v i
G----"" o 2
20 F 20
0 . L L . . 0 . L L .
5 10 15 20 25 30 35 0.0 1.5 3.0 4.5 6.0 7.5
Mixing temperature (°C) Mixing volume (L)

(@)

(b)

Fig. 5. Regression analysis results of the peak mixing torque (Qmax): (a) with the mixing temperature (T); and (b) with the mixing volume (V).

sub-batches: (1) 1st sub-batch (50% of the total mass) and (2) 2nd sub-
batch (50% of the total mass). In summary, the mixing process consists
of four steps: (1) to mix binder and sand; (2) to take a half of mixed
binder and sand and add a half of mixing water and HRWR; (3) to add
the other half of binder, sand, water, and HRWR; and (4) to add steel
fibers. For the multi-batching method, it was identified that the time
interval for the addition of the second half portion of ingredients was an
important parameter. This study considered eight time intervals, which
were 30s,605s,75s,90s,105s,120 s, 150 s, and 180 s.

2.4.4. Investigated cases
Table 3 lists the investigated cases. A total of 49 cases were designed

and tested, designated as C1 to C49. Cases C1 to C36 were designed to
develop the mixing kinetic model. Cases C37 to C49 were designed to
validate the model. For model development, C1 to C12 represented
mono-batching cases, and C13 to C36 represented two-batching cases.
For model validation, C37 to C39 represented mono-batching cases, C40
to C45 represented two-batching cases, and C47 to C49 represented
three-batching cases. Designation of cases is explained using three cases
for example: (1) In case M1-1.5-10C, M1 is the mixture; 1.5 refers to the
mixing volume 1.5 L, added at time zero; and 10C refers to mixing
temperature 10 °C. (2) In case M1-1.5-1.5(30)-10C, M1 is the mixture;
1.5 refers to the mixing volume of the first sub-batch added at time zero;
1.5(30) refers to the mixing volume of the second sub-batch, added at
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Fig. 6. Mixing torque-time curves affected by mixing methods: (a) 10 °C; (b) 20 °C; and (c) 30 °C.

30 s; and 10C refers to the mixing temperature. (3) In case M1-1.0-1.0
(180)-1.0(195)-20C, 1.0 refers to the mixing volume of the first sub-
batch; 1.0(180) refers to the mixing volume of the second sub-batch
added at 180 s; 1.0(195) refers to the mixing volume of the third sub-
batch added at 195 s; and 20C is the mixing temperature. The time in-
terval between the second and third sub-batches is 15 s (=195-180).

3. Experimental results and discussions on mixing kinetics

This section presents the experimental results of the mixing torque of
the UHPC mixtures and discussions on the underlying mechanisms of the
evolution of mixing torque. The discussions of the underlying mecha-
nisms focus on the development of microstructures in the mixing process
of the powder and liquid phases.

3.1. Effects of mixing temperature and mixing volume

Fig. 4 plots the mixing torque versus mixing time for the mono-
batching cases of mixture M1. The plotted curves reflect the evolution
of the mixing torque throughout the mixing process. The different curves
correspond to different mixing temperatures and mixing volumes. The
comparison of the different curves reveals the effects of mixing tem-
perature and mixing volume on the evolution of the mixing torque. For
each mixing volume, the torque-time curves corresponding to different
mixing temperatures showed consistent trends. As the mixing time was
increased, the mixing torque first increased and then decreased. The
peak mixing torque of the different curves corresponded to the mixing
time t = 90 s. As the mixing temperature increased from 10 °C to 30 °C,
or as the mixing volume increased from 1.5 L to 6.0 L, the peak mixing
torque was monotonically increased. By comparing the peak mixing
torques corresponding to different temperatures, it was found that the
peak mixing torque also increased with the mixing temperature.

To further investigate the effects of mixing temperature and mixing
volume on the peak mixing torque, linear regression analysis was

performed. Fig. 5(a) plots the relationship between the peak mixing
torque and the mixing temperature for different mixing volumes. For
each mixing volume, a straight line was performed to fit the data points.
Fig. 5(b) plots the relationship between the peak mixing torque and
mixing volume for different temperatures. For each temperature, a
straight line was used to fit the data points. In summary, the peak mixing
torque approximately linearly increased with the mixing temperature
and mixing volume. The slopes of the fitting lines represented the
increasing rate of the peak mixing torque with the mixing temperature
or mixing volume. For instance, as the mixing volume increased from 1.5
L to 6.0 L, the increasing rate of the peak mixing torque was 197%. As
the mixing temperature increased from 10 °C to 30 °C, the increasing
rate of the peak mixing torque was 18%. The results revealed the peak
mixing volume was more sensitive to the mixing volume than the mixing
temperature in the investigated ranges.

3.2. Effects of mixing method and time interval

Fig. 6 shows the evolution of mixing torque with different mixing
methods and time intervals for mixing of mixture M1 with a total vol-
ume of 3 L. The results show consistent phenomena at the different
temperatures: (1) When the interval time of the multi-batching method
was longer than 90 s, two peaks of mixing torque were generated, cor-
responding to two sub-batches. (2) For the two peaks, the first peak did
not change with the interval time, while the magnitude of the second
peak decreased with the increase of the interval time and became sta-
bilized as the interval time reached 150 s. (3) The second peak had a
higher magnitude than the first peak, but as the interval increased, the
second peak stabilized to the magnitude of the first peak. (4) The peak
mixing torque of the mono-batching method was higher than that of the
multi-batching method.

In the multi-batching method, the total torque at an arbitrary time
instant is equal to the sum of the torques associated with the different
sub-batches, meaning that the evolution curve of the total mixing torque



J. Du et al.

50
Total batch
First sub-batch
’E\ 40 Second sub-batch
- Interval time
Z |
o 30 F
=
o
-
8
an 20 B
g
B
=10 Time zero of
the 2" batch
0 L L L - L L
0 30 60 90 120 150 180 210 240 270
Mixing time (s)
(a)
45
1st batch
2nd batch (30)
~ 36 F 2nd batch (60)
g 2nd batch (75)
i 2nd batch (90)
~ 27 2nd batch (105)
2 2nd batch (120)
g 2nd batch (150)
o 18
g
B
= 9
0 1 1 1 1 1

0 30 60 90 120 150 180 210
Mixing time (s)

(c)

Construction and Building Materials 397 (2023) 132439

40 1st batch
2nd batch (30)
2nd batch (60)
=32 r 2nd batch (75)
g 2nd batch (90)
Z. 2nd batch (105)
;’ 24 F 2nd batch (120)
= 2nd batch (150)
oA 2nd batch (180)
s}
= 16
en
£
K
S 8
0 L L L L I
0 30 60 90 120 150 180 210
Mixing time (s)
(b)
>0 1st batch
2nd batch (30)
20 | 2nd batch (60)
o 2nd batch (75)
.E 2nd batch (90)
% 2nd batch (105)
o 30 2nd batch (120)
2. 2nd batch (150)
-
2 20
)
g
&
= 10
0

0 30 60 90 120 150 180 210
Mixing time (s)

(d)

Fig. 7. Results of the mixing time versus mixing torque curves for the first and second sub-batches: (a) 10 °C; (b) 20 °C; and (c) 30 °C. Note: the mixing volume for

each sub-batch is 1.5 L.

70 \ —A&— Max torque (2nd) 10°C 90
60 b5 —@— Max torque (2nd)_20°C
\ —#— Max torque (2nd)_30°C 17
50 b AN - =/ = Time of max torque (2nd) 10°C
n_-- ‘\ - -O- - Time of max torque (2nd) 20°C 4 60

40 | v — 1 - Time of max torque (2nd) 30°C

30

B-O----O----8 { 30

Peak mixing torque (N-m)
&
Time corresponding to peak (s)

2

10 | 15
Three curves overlap

0 . . . . . . 0

0 30 60 90 120 150 180 210
Interval time (s)

Fig. 8. Trends of the peak mixing torque and time instant corresponding to the
second batch.

can be determined by superimposing the evolution curves of mixing
torques of all sub-batches, as depicted in Fig. 7(a). The total torque of the
two-batching method is determined by the superposition of the two
curves of the first and the second sub-batches. In other words, the evo-
lution curve of the second sub-batch can be calculated by subtracting the
evolution curve of the first sub-batch from the total curve in the two-
batching method. For the sake of comparison of the cases with

different interval times, the curve of the second sub-batch is horizontally
shifted to the origin based on the interval time, as shown in Fig. 7(b) to 7
(d). These figures show consistent phenomena: (1) The curve of the
second sub-batch was related to the interval time. When the interval
time was 90 s or longer, the curves were almost the same. (2) It took
shorter time (30 s) for the second sub-batch to reach the peak torque. (3)
The magnitude of the peak torque of the second sub-batch was equal to
the magnitude of the first sub-batch. These observations indicate in-
teractions between the two sub-batches. In other words, the mixing ki-
netics of the second sub-batch is dependent on the first sub-batch. In
addition, the interval time plays an important role on the mixing ki-
netics. The underlying mechanism is discussed in Section 3.3.

Fig. 8 manifests the trends of the magnitude of the peak torque and
the time corresponding to the peak torque as the interval time was
increased from O to 180 s. The results from the different temperatures
showed consistent phenomena for the magnitude and the time of the
peak torque: (1) The magnitude of the peak torque first decreased and
then increased, until it stabilized to a value dependent on the temper-
ature. The data for the zero-interval time were obtained from cases M1-
1.5-10C, M1-1.5-20C, and M1-1.5-30C. (2) The time corresponding to
the peak mixing torque decreased, until it stabilized to 30 s. (3) Both the
magnitude of the peak mixing torque and time corresponding to the
peak mixing torque were stabilized after the interval time reached 90 s.
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Fig. 10. Schematic diagrams of the microstructure evolution in the consolidation and growth stages: (a) mono-batching method, and (b) multi-batching method.

3.3. Evolution of microstructure

Fresh UHPC is a powder-liquid mixture that uses liquid to disperse
dry particles through a combination of capillary and viscous forces to
form the homogenized slurry [43,44]. This section discusses the evolu-
tion of the microstructure for the powder-liquid mixture during the
mixing process, in order to reveal the effect of different mixing methods
on the evolution of mixing torque. Specifically, the evolution of micro-
structures explains the changes of particle morphology in the mixing
process of UHPC.

The whole mixing process was divided into five stages, which were
designated as the wetting, nucleation, consolidation, growth, and ho-
mogenization stages [45], as illustrated in Fig. 9. In the wetting and
nucleation stages, most of the liquid is absorbed in the granules, and the
surfaces remain dry. Thus, limited discrete water-bound granules are
formed. The consolidation and growth stages only occur when the sur-
faces of the granules become wet. The wetting of surfaces results from
the presence of extra water in the mixture and/or water squeezed from

the granules. Finally, the powder-liquid mixtures are homogenized.

It is worth noting that the evolution of microstructures for UHPC is
different from that for conventional concrete and self-consolidating
concrete because the water-to-binder ratio of UHPC is too low to pro-
vide extra water to wet the granules. Therefore, the consolidation and
growth stages in evolution of microstructures rely on water squeezed
from granules, as shown in Fig. 10(a), thus causing higher demand of
mixing torque and longer mixing time compared with conventional
concrete and self-consolidating concrete.

When the multi-batching method is used, the mixing kinetics of the
first sub-batch is the same as the mono-batching method, but the sub-
sequent sub-batches are affected by the prior sub-batches. When the
interval time is sufficient, the prior sub-batches are homogenized and
provide water to wet the granules of the subsequent sub-batches, thus
accelerating homogenization of subsequent sub-batches, as depicted in
Fig. 10(b). This mixing kinetics explains the observations from Fig. 6 and
the reduction mechanism of the mixing torque by the multi-batching
method. In a nutshell, the multi-batching method is capable of
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reducing the peak mixing torque by staggering the occurrence of the
peaks of different sub-batches, which can reduce the malfunction pos-
sibility of the mixer in the large-volume UHPC production on job sites.

4. Development of mixing kinetics model
4.1. Summary of observed phenomena

Fig. 11 shows a representative torque-time curve of mono-batching.
The mixing time zero was the time instant when the mixing water and
HRWR were added. According to the torque-time curve, the mono-
batching process is divided into three phases: (1) Phase I: The torque
increases with the mixing time. (2) Phase II: The torque decreases with
the mixing time. (3) Phase III: The torque is stabilized. The peak torque
occurs at the end of Phase I and the beginning of Phase II.

The mixing torque results in Section 3.1 reveal two important find-
ings: (1) The peak mixing torque is approximately proportional to the
mixing temperature, as shown in Fig. 5(a). (2) The peak mixing torque is
approximately proportional to the mixing temperature, as shown in
Fig. 5(b). Based on the two findings, two hypotheses were proposed for
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Fig. 13. A representative torque-time curve of the two-batching process of a UHPC mixture M1.
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Table 4
Calibration of constants of the mixing kinetics model for the mono-batching
cases.

Constants a b c a B
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the mixing torque value at an arbitrary time instant, as shown in Fig. 12:
(1) The mixing torque is proportional to the mixing temperature. (2) The
mixing torque is proportional to the mixing volume.

Fig. 13 shows a representative two-peak curve of the mixing torque
for a two-batching case, as elaborated in Section 3.2. According to the
curve, the two-batching process is divided into five phases: (1) Phase I:
the mixing torque increases with the mixing time. (2) Phase II: the
mixing torque decreases with the mixing time. (3) Phase III: the mixing
torque increases with the mixing time when the second sub-batch is
added. (4) Phase IV: the mixing torque decreases with the mixing time.
(5) Phase V: the mixing torque is stabilized. The first peak toque occurs
at the end of Phase I and the beginning of Phase II, and the second peak
torque occurs at the end of Phase III and the beginning of Phase IV. It is
clear to see that the mixing torque achieves the second peak with a
shorter time than the first peak after the addition of the second sub-batch
which is explained in Section 3.3, so the second peak is narrower than
the first peak.

The total mixing torque curve of the two-batching method is the
superposition of the mixing torque curves of the two sub-batches, as
shown in Fig. 14. However, since the mixing process of the second sub-
batch is affected by the first sub-batch, the mixing torque curve of the
second sub-batch is pinched compared with the mixing torque curve of

Table 5
Calibration of constants of the mixing kinetics model for the multi-batching
cases.

Model constants a b c a p
First batch 0.135 65.151 57.785 0.938 0.174
Second batch 0.455 20.788 27.423 0.938 0.174
160
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Fig. 15. Test and prediction results: (a) torque vs. time at 10 °C, (b) torque vs. time at 20 °C, (c) torque vs. time at 30 °C, and (d) statistics of comparison. In the

designation, T: testing results, P: predicted results.
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the first sub-batch. When the interval time is sufficiently long, the effect
of prior batch is stabilized, as depicted in Fig. 7.

4.2. Formulation of mixing kinetics model

According to the above observations, the evolution of the mixing
torque in the mixing process of UHPC is affected by the mixing volume,
mixing temperature, and mixing time. A mixing kinetics model is pre-
sented in this section.

4.2.1. Mono-batching cases

According to the experimental results and discussions in Section 3.1,
the mixing torque is related to the mixing volume, mixing temperature,
and mixing time. And three impact factors are independent. Therefore, a
conjecture model is proposed, as expressed in Eq. (1):

O(V,T,1) = A x £(V) x g(T) x h(z) M
where Q(V, T, t) represents the mixing torque; A represents the general
coefficient; f(V) represents the effect of mixing volume; g(T) represents
the effect of mixing temperature; and h(t) represents the effect of mixing
time.

Specifically, the mixing torque increased with the mixing tempera-
ture and mixing volume. As the mixing time increased, the mixing tor-
que first increased, then decreased, and finally stabilized, similar with
the trend of Gaussian distribution curves. Therefore, the conjecture
model is rewritten as Eq. (2):

11

(1-b)*

OV, T,H) =ax V'x T’ xtxe &

@

where a, b, ¢, @, and g are constants to be calibrated using experimental
data; T represents the mixing temperature; V represents the mixing
volume; and t represents the mixing time.

Regression analysis was conducted for the conjecture model using
the experimental data from cases C1 to C12. In the regression analysis,
the model constants were determined using the lion pride optimization
algorithm through an inverse analysis [46,47]. The calibration results of
the model constants are listed in Table 4. The mixing torque can be
predicted using the model.

Fig. 15(a) to (c) plot the test results shown in black color and pre-
diction results shown in red color for mixture M1 with different mixing
temperatures and mixing volume. Fig. 15(d) shows the comparison be-
tween the actual mixing torque and the predicted mixing torque. The
coefficient of determination (R?) value is 0.98, indicating that the pre-
sented model was capable of predicting the evolution of the mixing
torque.

4.2.2. Multi-batching cases

The mixing torque curves of multi-batching cases showed one or
multiple peaks, and the prior batches affected the subsequent batches.
The total mixing torque was the superposition of mixing torques of all
sub-batches, as expressed in Eq. (3).

Qi (1) = Q1(t) + Qo (1) + -+ + 0u(1) 3
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sub-batches.

Table 6
Calibration of constants of the mixing kinetics model for the multi-batching
cases.

Model constants a b c a B

First batch 0.135 65.151 57.785 0.938 0.174
Second batch 0.455 20.788 27.423 0.938 0.174
Third batch 0.718 0 43.466 0.938 0.174

where Qmurti is the total mixing torque; Q; is the mixing torque due to
the first sub-batch; Q5 is the mixing torque due to the second sub-batch;
Qy is the mixing torque due to the n-th sub-batch.

The two-batching method was used to develop the mixing kinetics

12

model for multi-batching cases. The data were obtained from cases: C17
to C20, C25 to €28, and C33 to C36. The same formula and inverse
analysis method were employed to calibrate the model constants for the
second batch while the model constants for the first batch were sus-
tained. The test results showed that the mixing torque associated with
the second sub-batch was dependent on the interval time between the
first and second sub-batches, but when the interval time was longer than
90 s, the mixing torque associated with the second sub-batch was in-
dependent on the interval time. Here, to exemplify the method, only the
constants of the stabilized curves are presented in Table 5.

Fig. 16(a) to (c) plot the test and prediction results for the first and
second sub-batches at 10 °C, 20 °C, and 30 °C, respectively. Fig. 16(d)
shows the comparison between the actual mixing torque and the
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Fig. 19. Comparison of test and prediction results: (a) test and prediction of mixing torque at 20 °C, (b) comparison of test and prediction results, (c) prediction and
transformation of mixing torque at 20 °C, and (d) comparison of prediction and transformation results.

Table 7
Fresh properties of validation UHPC mixtures.

Mixture design Mini-slump spread (mm) Flow time (s)

M1 275 +£10 35+ 22
M2 255+ 10 42+ 2.7
M3 238 + 10 51+1.4
M4 220 +£ 10 59+ 1.8

predicted mixing torque based on the fitting curves. The R? values are
higher than 0.96, indicating that the presented model was capable of
predicting the mixing torque.

4.2.3. Correlation between sub-batches

Although test data can be used to calibrate the model constants of the
mixing torque of the subsequent sub-batches when the multi-batching
method is used, it is time consuming to generate the test data from
many multi-batching cases. To facilitate applications of the proposed
method, further research was conducted to explore the relationship
between the evolution curves of the mixing torque of the first and sub-
sequent sub-batches.

Based on the discussions on the mixing kinetics in Section 3.3, it is
hypothesized that the mixing torque of the subsequent sub-batches can
be obtained by transforming the mixing torque curve of the first sub-
batch. According to this hypothesis, the concept of transformed mix-
ing time is proposed to relate the evolution curves of subsequent sub-
batches to the evolution curve of the first sub-batch. The mixing tor-
que of the subsequent sub-batches is expressed as:

13
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where t is the real mixing time; t; is the transformed mixing time, and
Qs() represents the mixing torque formulated using the transformed
mixing time.

With the test data from a total of 12 cases, which are cases C17 to
C20, C25 to €28, and C33 to C36, the relationship between the real
mixing time and the transformed mixing time was obtained from a
regression analysis, as shown in Eq. (5).

t, = —0.0068 x > +2.4348 x t+18.2301 (5)

Fig. 17(a) to (c) plot the prediction curves and transformed curves for
the first batch and second sub-batches at 10 °C, 20 °C, and 30 °C,
respectively. Fig. 17(d) shows the comparison between the actual mix-
ing torque and the shifted mixing torque. The R? value is 0.98, indicating
that the transformation curve was capable of predicting the mixing
torque.

4.3. Model validation

This section validates the mixing kinetics model using multi-
batching cases with three sub-batches and different UHPC mixtures.

4.3.1. Three-batching cases

Fig. 18(a) plots the mixing torque curves of cases C5, C28, and C46 to
C49 for mixture M1. Three peaks of mixing torque were produced when
the time interval was 60 s or longer. The peak mixing torque was further
reduced to 22.9 N-m. Fig. 18(b) plots the mixing torque curves of the
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Fig. 20. Test results of the mixing torque versus mixing time for: (a) M2 (b) M3, and (c) M4.

Table 8
Calibration of constants of the mixing kinetics model for
mixtures.

different UHPC

Model constants a b c a B

M2 First batch 0.128 77.843 36.942 0.938 0.174
Second batch  0.610 0 41.507 0.938 0.174

M3 First batch 0.125 87.353 34305 0.938 0.174
Second batch  0.639 0 42.877 0.938 0.174

M4 First batch 0.093  79.267 40.410 0.938 0.174
Second batch  0.468 0 41.093 0.938 0.174

first and third sub-batches. When the time interval was 60 s or longer,
the mixing torque curves of the subsequent sub-batches were stabilized.
The same regression analysis method was performed to calibrate the
model constants for the three-batching cases, as listed in Table 6.

Fig. 19(a) compares the test and prediction results for the first and
third sub-batches at 20 °C. Fig. 19(b) shows the comparison between the
actual mixing torque and the predicted mixing torque. The R? values are
0.99, indicating that the presented model was capable of predicting the
mixing torque. Fig. 19(c) compares the prediction and transformed re-
sults of the third sub-batch at 20 °C. Fig. 19(d) shows the comparison
between the prediction and transformed results of the mixing torque.
The R? value is 0.99, indicating that the transform relationship was
capable of predicting the mixing torque.

4.3.2. Different UHPC mixtures

The presented mixing kinetics model was validated using different
UHPC mixtures listed in Table 2. Table 7 lists the mini-slump spread and
flow time of mixtures M1 to M4. The test data of mixing torque from
cases C37 to C45 are used to test the performance of the mixing kinetics
model.

Fig. 20 plots the mixing torque curves for mixtures M2, M3, and M4,
respectively. The results were consistent with the results from mixture
M1. The two-batching method led to two peaks of mixing torque. The
second peak decreased with the interval time and became stabilized. The
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peak mixing torque of the mono-batching method was higher than that
of the multi-batching method. The results reveal that the fresh properties
of UHPC mixtures affected the absolute value of the mixing torque but
did not change the trend.

Using the same regression analysis method, the model constants of
mixtures M2 to M4 were calibrated. Table 8 lists the constants of the
mixing kinetics model for the three UHPC mixtures. The calibration
results show that constants « and f are the same for the different UHPC
mixtures.

Fig. 21(a) to 21(c) plot the test and prediction results for the first and
second sub-batches for mixtures M2, M3, and M4, respectively. Fig. 21
(d) shows the comparison between the actual and the prediction results
of the mixing torque. The R? value is 0.97, indicating that the presented
mixing kinetics model was capable of reasonably predicting the evolu-
tion of the mixing torque for different UHPC mixtures.

Results indicated that, even though the raw materials (or viscosity)
of UHPC mixtures and the number of sub-batches were changed, the
mixing kinetics model, proposed in Eq. (2) and Eq. (3), still can well
predict the mixing torque evolution during the UHPC production pro-
cess by using different mixing methods. Therefore, the developed mixing
kinetics model is a general model, which can be used for different mixing
designs and different mixing methods. The only point is that the specific
coefficients are different for different mixture designs and mixing
methods, which are obtained from the regression analysis.

5. Key properties and characteristics of UHPC mixtures

This section evaluates the effect of the multi-batching method on the
workability such as the mini slump spread and flow time, autogenous
shrinkage, compressive strength, and hydration kinetics of UHPC mix-
tures. Specifically, for the 2-batching method, the time interval between
1st sub-batch and 2nd sub-batch is 180 s. In addition, for the 3-batching
method, the time interval between 1st sub-batch and 2nd sub-batch is
180 s as well as the time interval between 1st sub-batch and 3rd sub-
batch is 270 s.
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5.1. Fresh and hardened properties

Fresh properties were evaluated by testing the mini-slump spread in
accordance with ASTM C230/C230M [48] and mini V-funnel flow time
in accordance with EFNARC recommendations [49]. The hardened
properties were evaluated by testing the compressive strength using 50-
mm cubes, in accordance with ASTM C109 [50]. Immediately after
casting, the specimens were covered by wet burlap and plastic sheet. The
specimens were demolded after 1 d, and then cured in lime-saturated
water at room temperature (23 + 2 °C) until testing. The loading rate
was kept constant at 1.8 kN/min. The compressive tests were conducted
at 1, 3,7, 14, and 28 d. Fig. 22 shows the mini-slump spread and flow
time of mixture M1 from cases C5, C28, and C49, which represent mono-
batching, two-batching, and three-batching, respectively. The mixing
temperature and mixing volume were kept at 20 °C and 3 L, respectively.
The test results showed that the mini-slump spread was in the range of
280 + 10 mm, and the flow time was in the range of 33.7 & 1.7 s. The
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multi-batching methods did not affect the fresh properties of UHPC.

In addition, considering that the friction between particles with
mixing paddle might affect the temperature of UHPC mixtures and the
multi-batching method involved longer mixing time than the mono-
batching method. The temperature of the UHPC mixtures in the mix-
ing process was measured. Fig. 23 plots the temperature of mixture M1.
For mono-batching method, the temperature slightly increased with the
mixing time. After the mixture was mixed for 180 s, the temperature
increase was in the range of 2 °C to 4 °C. For the two-batching method,
the temperature of mixture M1 first increased with the mixing time,
slightly decreased when the second sub-batch was added, and then
gradually increased again. After the mixture was mixed for 300 s, the
temperature change was also in the range of 2 °C to 4 °C. In summary,
the temperature change was relatively small and consistent for the
different mixing methods.

Fig. 24 shows the effects of the compressive strength of mixture M1
from cases C5, C28, and C49. The test results of the compressive strength
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indicate that the proposed multi-batching method did not affect the
compressive strength.

5.2. Autogenous shrinkage

The autogenous shrinkage was evaluated according to ASTM C1698
[51]. The final setting time instant was regarded as time zero, in
accordance with ASTM C403 [52]. The specimens measure 25 mm x 25
mm x 280 mm and were sealed with a water-proof alumina tape to
prevent moisture loss. Fig. 25 shows the autogenous shrinkage of
mixture M1 from cases C5, C28, and C49. The test results indicate that
the proposed multi-batching method did not affect the autogenous
shrinkage.

5.3. Hydration kinetics

The hydration kinetics of each mixture was evaluated using an
isothermal calorimeter (model: Calmetrix I-Cal 4000 HPC). Tempera-
ture of samples was maintained at 25 °C. About 60 g of the fresh mixture
was sealed in a plastic vial and placed in the calorimeter. The heat of
hydration was normalized by binder mass and continuously measured
until 48 h after completion of mixing. Fig. 26 shows the hydration ki-
netics of mixture M1 from cases C5, C28, and C49. The test results
indicate that the proposed multi-batching method did not affect the
hydration kinetics.

6. Conclusions

This study investigates the effect of mixing volumes, mixing tem-
peratures, and mixing method on mixing kinetics of UHPC for the first
time. Besides, the multi-batching method is validated to facilitate the
large-scale UHPC production. More importantly, a mathematical mixing
kinetics model was developed to quantify the mixing torque evolution of
UHPC mixtures. Different mixtures and mixing methods were designed
to validate the reliability and repeatability. The following conclusions
are drawn:

(1) The mixing kinetics of UHPC is different with conventional con-
crete. Due to the low w/b and high binder contents, the consol-
idation and growth stages for UHPC can only depend on the
squeezed water from particles, which significantly increases the
peak mixing torque and prolongs the mixing time during the
mixing process.

(2) The mixing kinetics of UHPC is closely associated with the mixing
temperature, mixing volume, mixing method, and mixing time.
Results indicates that the peak mixing torque linearly increases
with the mixing temperature and mixing volume. More impor-
tantly, the peak mixing torque is more sensitive to the mixing
volume.
The presented multi-batching method can significantly reduce
the peak mixing torque. Compared to the mono-batching method
(case C5), the peak mixing torque is reduced by 44% for the two-
batching method (case C28) and 59% for the three-batching
method (case C49). The mechanism is that the homogenized
prior sub-batches helps wet the surface of solid particles in sub-
sequent sub-batches, thus accelerating the mixing process of
subsequent sub-batches.

(4) The adoption of multi-batching method shows negligible effects
on fresh and hardened properties of UHPC mixtures, including
mini slump spread, flow time, compressive strength, and autog-
enous shrinkage, as well as the hydration kinetics of UHPC mix-
tures. The multi-batching method is promising to facilitate the
large-scale UHPC production.

(5) A mathematical mixing kinetics model is proposed for the first
time to quantify the mixing torque evolution for UHPC mixtures
by considering mixing temperature, mixing volume, mixing

3
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Table A1

The detail information of the mixer in this study.
Brand Hobart
Model HL-200
Horsepower 0.5 hp
Output Capacity 115L
Attachment Flat beater

Mixing Speed (adopted in this study) Agitator (RPM) Attachment (RPM)

107 61

method, and mixing time (R? > 95%). The reliability, repeat-
ability, and generalization of the presented mixing kinetics model
are verified through the validation tests with different UHPC
mixtures and mixing methods.

(6) The limitation of the presented model is that more experimental
data from other labs about the mixing torque evolution for UHPC
mixtures will be needed to further optimize the mixing kinetics
model.
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