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Cold weather drastically shortens the construction season in northern regions. Low ambient temperatures are
known to have detrimental impacts on the reactivity and hardened performance of cementitious materials. This
study therefore aims to assess the combined impacts of calcium silicate hydrate (C-S-H) seeds, binary chloride-
free antifreeze admixture (i.e., urea and calcium nitrate), and short-period precuring at room temperature (23 +
1 °C) on ordinary Portland cement (OPC) paste-cured at —10 °C. The heat of hydration, setting time, compressive
strength, freezing point, frozen water amount, hydration products precipitation rate, water absorption, and
permeable porosity were investigated experimentally. The best results in terms of compressive strength, degree
of hydration, water absorption, and permeable porosity were obtained when C-S-H seeds, antifreeze admixture,
and precuring were combined due to their mutual impacts. In the absence of room-temperature precuring, C-S-H
seeds additive and antifreeze admixture showed negligible acceleration impacts on compressive strength
development of subzero-cured paste. The incorporation of seeds and antifreeze admixture decreased the freezing
points of the binders and thus protected the admixed binders against frost damage, and their effects were more
obvious when combined with a few hours of precuring. The compressive strength of 28 d-old OPC paste modified
by C-S-H seeds and antifreeze admixture and treated with precuring developed rapidly at —10 °C, gaining 96%
(75.1 MPa) of that measured in control paste cured at room temperature (78 MPa), with comparable durability
properties and a significant reduction of energy consumption and CO, emissions.

1. Introduction hydration rate of ordinary Portland cement (OPC). Several studies have
reported an accelerated hydration rate for cementitious materials with

Urbanization and infrastructure development are constantly increasing curing temperature [2,3], whereas low curing temperatures

increasing worldwide. In northern regions, the harsh cold weather
significantly shortens construction and maintenance seasons because of
its detrimental impacts on cementitious materials’ quality. This slows
down infrastructure developments and construction schedules in those
areas. The American concrete institute (ACI) defines weather as “cold
weather” when the air temperature is below 4 °C for more than three
consecutive days and not higher than 10 °C for 12 h [1]. These weather
conditions are common in northern regions for at least 4-6 months
yearly.

Curing temperature is known to be a critical factor affecting the
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are known for their deacceleration impacts on hydration rate due to the
diminished dissolution rate of cement particles and the increased
apparent activation energy (E,) of the chemical reaction of the hydration
process [4-7]. The apparent E, of cement hydration is defined as the
potential energy barrier between reactant and reaction product precip-
itation [5]. Therefore, low curing temperatures prolong the setting time
and deaccelerate the early strength development of cementitious ma-
terials. Furthermore, subzero curing temperatures can damage the mi-
crostructures of cementitious systems via frost damage resulting from
the 9% volume expansion of ice [8,9]. Microstructural damages due to
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early freezing can halve the final strength and frost resistance of ordi-
nary Portland cement (OPC) concrete, even though the strength gain is
re-established when the concrete is thawed during warm months [10,
11]. Consequently, several measures, including antifreeze admixtures,
thermal systems, heated raw materials, and special cement types (e.g.,
rapid-hardening cement and calcium sulphoaluminate cement) have
been employed in winter construction activities, especially when the
ambient temperature is < 5 °C [1,10,12-17]. These measures aim to
protect the fresh concrete against freezing during its plastic and hard-
ening states, as well as accelerating the early hydration reaction of the
cement. Among these strategies, the usage of antifreeze admixtures in
cold weather concreting works is the most economical and easily
applicable option [9,15].

Antifreeze admixtures are a cost-efficient way of depressing the
freezing point of mixing water [9,10,15,16,18-21]. Calcium-containing
antifreeze admixtures, such as calcium nitrate (Ca(NOs3)5) and calcium
chloride (CaCl,), contain the same Ca?" as alite (C3S) and belite (C»S),
the main mineral phases of OPC, and thereby, hydration processes
intensify in their presence, which shortens the setting time and accel-
erates the strength development rate, even at a low temperature [17].
Therefore, CaCl, and Ca(NO3), are considered multifunctional admix-
tures for cementitious material. Despite the good performance of CaCl,
as an antifreeze/acceleration admixture, the presence of chloride in-
creases the corrosion risk of reinforcing bars embedded in concrete. This
has renewed interest in developing chloride-free antifreeze admixtures
and accelerators. Several researchers [9,10,15,21] assessed the effi-
ciency of various chloride-free antifreeze admixtures in OPC-based
systems. They reported that mutual impacts on the part of binary anti-
freeze admixtures (e.g., urea/calcium nitrate and sodium thio-
cyanate/calcium nitrate) on cement hydration and strength
development under subzero curing temperatures are more significant
than those detected with the use of only antifreeze admixture. Karagol
[10] showed that the compressive strength of 28 d-old admixed
OPC-based concrete prepared with binary antifreeze admixture (i.e.,
urea/calcium nitrate) and cured at —10 °C was 25 times higher (25 MPa)
than that of the control sample (1.3 MPa). Similar observations were
also reported by Khan and Kumar [9], who used sodium thio-
cyanate/calcium nitrate as a binary antifreeze admixture in OPC con-
crete. However, despite the depressed freezing point of admixed samples
with an antifreeze admixture, the strength development rate at subzero
curing temperatures is significantly slower than that at standard curing
due to decreased cement dissolution, reactivity, and hydration product
precipitation rates [22]. This extends construction schedules and in-
creases the costs of construction works.

The incorporation of nanosized particles (NPs) in cementitious ma-
terials is attracting increasing interest. Due to their high surface area,
NPs exhibit high surface reactivity and the ability to provide additional
foreign nucleation sites for hydration product precipitation, thus
accelerating cement hydration [23,24]. Therefore, the inclusion of NPs
enables the development of cementitious materials with superior hard-
ened and durability properties for special uses. Several NPs were
investigated and used in cement research, such as nano-SiO,, nano--
Al;03, nano-Fe;03, nano-TiO,, nano-CaCOs, and nano-clays [5,25-32].
Recently, calcium silicate hydrate (C-S-H) seeds revealed the best ac-
celeration performance in cementitious materials with no side impact on
late-age strength as compared to other NPs and accelerators [33-35].
Also, C-S-H seeds have been successfully employed as nucleation agents
to accelerate the hydration of cement, leading to a shorter induction
period and higher cumulative heat flow, as monitored by isothermal
calorimetry [35-37]. More recently, Zhang et al. [38] assessed the im-
pacts of C-S-H seeds on OPC-based paste cured at —5 °C and showed
that the strength development of OPC-based binders was enhanced with
the inclusion of C-S-H seeds. They attributed the strength development
enhancement to the nucleation impacts of the seeds. In addition, Zhang
et al. [38] reported that the incorporation of C-S-H seeds enhanced the
dissolution of OPC, thereby depressing the freezing point of the pore
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solution because of its increased ion concentration. According to their
findings, —6 °C was the lowest measured freezing point, and this value
was observed in the binder containing 5% C-S-H seeds. However, in
northern regions, ambient temperatures usually drop below —6 °C
during the winter season, which will result in the freezing of the binder,
thus stopping reaction progress and strength development.

Therefore, this work aims to assess the synergic impacts of C-S-H
seeds and antifreeze admixtures on OPC binder cured at —10 °C. In
addition, the effects of short-period precuring at room temperature (23
+ 1 °C) on reactivity and strength development of subzero temperature-
cured OPC-based paste were thoroughly investigated. The influences of
C-S-H seed content, with and without antifreeze admixture, on the heat
of hydration during the precuring period, were investigated via
isothermal calorimetry. The freezing point and the amount of frozen
water were measured using low-temperature differential scanning
calorimetry (LT-DSC). X-ray diffraction (XRD) and thermogravimetric
analysis (TGA) were used to evaluate the hydration progress and pre-
cipitation rates of hydrates. The microstructural assessment was per-
formed using scanning electron microscopy (SEM). In addition, the
hardness and durability properties of the pastes were assessed in terms
of compressive strength, water absorption, and permeable porosity, and
setting time was also measured.

2. Materials and experimental methods

Ordinary Portland cement (CEM I 52.5 R) provided by Finnsementti,
Finland, was used. The density, Blaine fineness, and median particle size
(Dsg) of cement are around 3100 kg/m3, 400 mz/kg, and 8.5 pm,
respectively. The chemical composition of OPC is given in Table 1. A
commercial C-S-H seed admixture (X130-seeds®) was supplied by
MBCC, Sweden, with a solid content of around 23.7% (measured after
drying at 105 °C until a constant mass was achieved). The foil-like
amorphous morphology of the C-S-H seeds was captured via trans-
mission electron microscopy (TEM, JEM-2200FS, Japan) and shown in
Fig. 1. A detailed seed characterization can be found in the producer-
registered patent [39]. A polycarboxylate-based superplasticizer with
no retarding effects, which is named Viscocrete-5800 (provided by
Sika®, Finland and complied with EN 934-2 requirements for
water-reducing additives and superplasticizer) and has a solid content of
approximately 35.5%, was used. Chloride-free antifreeze admixtures,
namely urea (NH2CONH>) and calcium nitrate (Ca(NOs3)2-4H20), were
employed in this study. The chemical compositions of urea and calcium
nitrate are listed in Table 2. Deionized water was used. All materials
were stored under lab-controlled conditions at 23 + 1 °C and 60%
relative humidity, with no special heating treatment before mixing.

2.1. Paste preparation and curing conditions

Ten binders were developed in this work to investigate the impacts of
C-S-H seeds, antifreeze admixtures, and 6 h-precuring (23 + 1 °C) on
the strength development of OPC-based binders cured at —10 °C. Table 3
lists the proportions of the mix compositions. First, the SP (0.5 wt% of
cement) and C-S-H seed solution (0, 0.5, 2, 4, 6 wt% of cement) were
added to the mixing water and maintained in an ultrasonic bath
(Elmasonic P, Germany) for 5 min [25]. For binders with the binary
antifreeze admixture, solid urea and calcium nitrate (at a mass ratio of
1:1 and a total of 6 wt% of cement) were first dissolved in the mixing
water 24 h before mixing and kept capped at room temperature (23 +
1 °C). The early preparation of antifreeze admixture was due to the
endothermic dissolution reaction of urea in water, which leads to a

Table 1
Chemical composition of CEM I 52.5R.

Elemental oxides CaO SiO, Al,03 Fe 03 MgO SO3 LOI

Composition (% wt.)  69.0 24.0 2.1 0.3 0.7 2.3 0.8
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Fig. 1. (a) As-received C-S-H seeds solution (X130®, MBCC), (b) TEM imaging of C-S-H seeds (agglomeration due to drying procedure during sample preparation),

and (c) zoomed TEM image.

Table 2
Chemical properties of calcium nitrate (Ca(NO3),-4H,0, 99% pure) and urea
(NH,CONH,, 99-100% pure).

Chemical composition Calcium nitrate Urea
Cl <0.005% <5 ppm
S04 <0.002% <0.001%
NO, <0.005% i
Fe <5 ppm <0.001%
Heavy metals <5 ppm <0.001%
pH 5.7 .
Solubility in water 1470 g/L 480 g/L
Table 3
Mix proportions of the study.
Sample PC C-S-H sP(g) AF? (g) w/ Mixing
D @ seeds c® solution/
solution ¢ volume
(® ratio”
Cco 100 0 0.5 0 0.27 0.84
C0.5 0.5
C2 2
C4 4
C6 6
COAF 0 6 (3g of 0.23
CO.5AF 0.5 calcium
C2AF 2 nitrate + 3g
C4AF 4 of urea)
C6AF 6

(1): superplasticizer, (2): binary antifreeze admixture, (3): water-to-cement
mass ratio.

@ Considering dissolved binary antifreeze admixture (when used) and water
content in C-S-H seed solution and SP solutions.

significant decrease in mixing solution temperature [40-42]. Then, SP
and seed solution were added to the antifreeze admixture-containing
solution, following the procedures mentioned above. For mix composi-
tions without the binary antifreeze admixture, the water-to-cement mass
ratio (w/c) was kept constant at 0.27 (considering the amount of water
in the SP and C-S-H seed solution). Dissolving the binary antifreeze
admixture in the mixing water increases the total volume of the mixing
solution (binary antifreeze admixture + water) and changes the
solution-to-cement volume ratio, which is known to impact the consis-
tency, early hydration reaction, and hardened properties of cementitious
materials [42]. Therefore, in this work, the w/c ratio of mix composi-
tions prepared with antifreeze was adjusted to 0.23 (considering the
amount of water in the SP and C-S-H seed solution), so that the mixing
water/solution-to-cement volume ratio was maintained at 0.84 for all
mixes. The OPC and mixing water/solution were mixed for 3 min and
then cast in 20 x 20 x 20 mm® molds, vibrated, and sealed with a plastic

sheet to avoid early moisture loss [11]. Thereafter, the pastes in the
molds were cured in a pre-set freezer (—10 + 0.5 °C) for up to 28 d. To
study the impact of the precuring period on the properties of OPC-based
pastes cured at subzero temperatures, similar binders were cast and
allowed to cure at room temperature for 6 h while sealed; then, the
samples were placed in the freezer (—10 + 0.5 °C) for up to 28 d.

To mimic the conditions at construction sites, molds for freezer-
cured samples without the 6 h of precuring were maintained in the
freezer (—10 °C) for one day before casting, whereas the molds for the
samples with the 6 h of precuring were maintained at room temperature.

For the sample coding, CO-(0 h) refers to the control paste cured at
—10 °C without precuring, whereas C6-(6 h) indicates the samples
prepared with 6% C-S-H seeds and precured for 6 h at room tempera-
ture before being cured at subzero temperatures. C6AF-(6 h) refers the 6
h-precured samples prepared with 6% C-S-H seeds and the binary
antifreeze admixture.

2.2. Testing methods

2.2.1. Heat of hydration

The heat release evolution was monitored using an isothermal
calorimeter (Thermometrics TAM air) to monitor the impacts of C-S-H
seed content and binary antifreeze admixture on the reaction rate during
the precuring period (i.e., 6 h at room temperature). The calorimeter’s
internal temperature was set at 23 °C and equilibrated for 1 d. Samples
were prepared according to Section 2.1. Thereafter, around 3-5g of the
pastes were poured into glass ampules. Water was used as a reference
sample. The results were normalized using the mass of the pastes.

2.2.2. Setting time

An automated Vicat apparatus (Matest E044 N, Italy) was used to
measure the setting time of paste samples at 23 + 1 °C according to the
EN196-3 standard [43]. The initial and final setting times were reported
at needle penetrations of 6 + 3 mm and 39.5 mm to the bottom,
respectively, while using a mold 40 mm in height.

2.2.3. Low-temperature differential scanning calorimetry (LT-DSC)

To assess the influences of C-S—-H seeds, antifreeze admixture, and
precuring on the freezing point of and amount of frozen water (i.e., free
water) in the pastes, low-temperature differential scanning calorimetry
(LT-DSC, Netzsch Polyma 214, Germany) was used. Samples were pre-
pared according to Section 2.1, and around 50-60 mg was poured into
aluminum crucibles. Thereafter, the pastes in the crucibles were sub-
jected to rapid cooling, followed by rapid heating conditions. For pastes
with no 6 h-precuring, crucibles containing freshly mixed binders were
placed immediately in the machine, and the test was performed with the
following temperature program: at —30 °C for 5 min, then raised from
—30°Cto 25°Cat arate of 5 °C/min [12]. For pastes with the precuring,
the crucibles were sealed and stored at room temperature for 6hr and
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then tested following the above procedures.

Thereafter, the freezing points and amount of frozen water were
determined using the LT-DSC heat flow curve of the phase-change ma-
terials (Fig. 2). In the cementitious materials, the phase change of the
hydration products does not take place within the temperature range of
—30 °C - 25 °C, and the only phase change that occurs is related to the
pore solution [8]. The melting of the frozen water results in an endo-
thermic peak. The temperature at the intersection of the tangent line and
baseline of the initial melting curve is considered to be the melting point
of frozen water (i.e., the freezing point) (Fig. 2a) [8,12]. Furthermore,
the integral area of the melting peak can be considered to be the amount
of frozen water in the frozen paste samples [44].

2.2.4. Hydration evolution and products

A Precisa prepASH 129 (Precisa Gravimetrics AG, Dietikon,
Switzerland) was used to collect the TGA data. At the designated time,
the hydration was stopped via the solvent exchange technique using
isopropanol, and the solution was changed twice during the first 2h at 1-
h intervals and then kept in fresh isopropanol for 48 h [11]. Then, the
samples were dried in a desiccator at room temperature until the anal-
ysis date. Samples were crushed and powdered, and the specimens were
then heated from 25 °C to 1000 °C at 10 °C/min in an inert nitrogen
atmosphere. Chemically bound water (CBW) was then calculated and
corrected for the loss of ignition (LOI) at 950 °C and calcite content in
anhydrous OPC (Equation [1]) [45].

CBW =Ldh +Ldx +0.41(Ldc — Ldc,) — m,(LOI) €}

mg
M= ¥ w/e) x (1 + LOI) 2

where Ldh, Ldx, and Ldc are the mass losses due to the dehydration and
decomposition of ettringite (80-400 °C and 600-750 °C [46]), dihy-
droxylation (400-580 °C), and decarbonation (750-1000 °C), respec-
tively [471,

Ldc, is the mass loss due to the decomposition of calcite (CaCOg)
from an anhydrous sample, 0.41 is the conversion factor used to calcu-
late the amount of bound water from the decomposition of CaCO3, m, is
the mass of cement contained in the sample and can be calculated using
Equation (2), and mg is the sample mass.

The XRD analysis of the samples was performed using a Rigaku
SmartLab diffractometer (Tokyo, Japan) under the following conditions:
a voltage of 40 kV, current of 135 mA, step size of 0.02°, scanning speed
of 4°26/min, and scanning range of 26 = 5°-~130°. Phase identification
was performed using X’pert HighScore Plus (PANalytical software).
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2.2.5. Compressive strength

The compression test was carried out using 20 mm cubic paste
samples prepared according to Section 2.1. A calibrated Zwick/Roell
(Z400) compressive test machine with a load cell of 100 kN was used.
The average and standard deviation for six cubes were reported for each
data point. It should be stated that the unadmixed samples (without
antifreeze admixture) were stored for around 60 min at room temper-
ature before testing to eliminate the potential impacts of any formed ice
in the pore structure [11,48].

2.2.6. Scanning electron microscopy

The microstructures of selected pastes were investigated using field
emission scanning electron microscopy (Zeiss ULTRA plus FESEM,
Germany). The analysis was carried out using carbon-coated specimens
under a backscatter electron detector at an acceleration voltage of 15
kV. The hydration stoppage of the samples used was performed as
mentioned above in Section 2.2.4.

2.2.7. Water absorption and permeable porosity

Typically, the water absorption of OPC-based binders is measured
according to ASTM C642 [49] recommendations, where samples are
dried at 105 °C until the mass difference between the two consecutive
measurements is < 0.5%. However, recently, Théréné et al. [50] proved
that the oven-drying method at a high temperature (i.e., 105 °C) can
decompose some hydrates (e.g. ettringite), double the pore size, and
increase the porosity of the OPC-based paste. The latter resulted in a
40% increase in water absorption when compared to similar pastes dried
at 20-30 °C. Similarly, Tian et al. [51] dried cement mortars at 60 °C,
instead of 105 °C for similar above-mentioned reasons.

Therefore, the vacuum-oven drying method at 30 °C was adopted in
this study. However, the drying period at low temperature can be long,
which will permit the subzero-cured samples to react, densifying the
microstructure with newly precipitated hydration products due to the
increased curing temperature, as reported earlier [11,38]. To tackle this
challenge, the intact 28 d-old subzero-cured samples (six cubes/mix)
were entirely immersed in isopropanol (at a solvent/paste volume ratio
of 10:1 [52]), and the solution was changed every 1 h during the first 2 h
and, then, every 2 days to guarantee complete water removal [2]. The
soaking time in isopropanol ends when the difference between two
consecutive surface-dry isopropanol-saturated masses was less than
0.5%, and this process requires 7-14 days, depending on sample
permeability. It is worth mentioning that the containers containing
samples immersed in isopropanol were kept in the freezer (—10 °C) to
limit the impact of increased surrounding temperature on the reactivity
of the pastes.
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Fig. 2. LT-DSC heat flow curve of CO (with 0 h precuring): (a) determination of freezing point; and (b) melting heat (i.e., the amount of frozen water).
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Thereafter, samples were dried in an oven vacuum at 30 °C, and
oven-dry mass (Mp) was reported when the difference between the two
measurements was <0.5%. The dried samples were then fully immersed
in a water container (23 + 1 °C) for 48 h. After the immersion period, the
buoyant mass (Mp) of cubes and surface dry water-saturated mass (Mgy;)
were registered. Water absorption and permeable porosity were calcu-
lated using Equation (3) and Equation (4), respectively.

For comparison purposes, a second portion of the samples was dried
at 105 °C, without the isopropanol immersion step, and water absorp-
tion and permeable porosity were measured following the above-
mentioned procedures.

M — M
Water absorption (%)= ([7])) x 100 3)
Mp
Mg — M
Permeable porosity (%)= (ﬁME) x 100 4

3. Results and discussion
3.1. Paste behavior during the precuring period

3.1.1. Heat of hydration

The inclusion of C-S-H seeds and/or antifreeze admixture acceler-
ated the hydration rate of the binders according to the hydration heat
measurement (see Fig. 3). The acceleration impact was more significant
at higher C-S-H seed dosages and with the mutual addition of seeds and
antifreeze admixture. The heat flow and cumulative released heat were
measured to explore the hydration progress of the binders during the 6 h
precuring period at room temperature.

The values of the main acceleration peaks and the reductions in the
time needed to reach the peaks (Tp) were increased with increased
C-S-H seed content (see Fig. 3a). Therefore, Tj, (and acceleration peak
value) were 9 h (6.6 mW/g), 8.6 h (7.3 mW/g), 7.1 h (7.4 mW/g), 6.4 h
(8 mW/g), and 6 h (8.2 mW/g) in CO, C0.5, C2, C4, and C6, respectively.
This shows that the maximum reduction (~33.3%) in the induction
phase period was gained by the addition of 6 wt% of C-S-H seeds, while
the minimum (~4.4%) was calculated at low seed dosages (i.e., 0.5 wt%)
in comparison with CO. Moreover, the cumulative heat released during
the precuring period (Hep,) at room temperature was consistent with the
heat flow trend, as shown in Fig. 3b. Thus, He, was significantly
increased with the addition of C-S—H seeds, and the increase was more
obvious in the binders synthesized with seed content >2 wt%. There-
fore, Hgp values of around 4.7, 4.9, 8.7, 14.7, and 17.2 J/g were
measured in CO, C0.5, C2, C4, and C6, respectively.

With the addition of antifreeze admixture, the hydration rates of the
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binders were further accelerated and enhanced, regardless of the pres-
ence of C-S-H seeds (Fig. 3a). Therefore, the acceleration peak of COAF
appeared 2.2 h (24.4%) earlier than CO. Similarly, the Hep, value of COAF
(14.6 J/g) was 5 times higher than that measured in CO (4.7 J/g). Due to
the mutual effects of the binary antifreeze admixture and C-S-H seeds,
T, and Hgp, were further shortened and enhanced, respectively, when
compared to the impacts of seeds or antifreeze admixture alone. Thus,
the main hydration peaks were reached 2.2, 3.3, 4.3, and 4.5 h earlier in
CO.5AF, C2AF, C4AF, and C6AF, respectively, than the control binder (i.
e., CO). Similarly, the values of Hg, were considerably increased, and
values around 15.1, 19.5, 24.6, and 27 J/g were measured in CO.5AF,
C2AF, C4AF, and C6AF, respectively, as compared to CO. The higher
heat released at an early age (6 h at room temperature) with seed in-
clusion and the addition of the binary antifreeze admixture indicates a
more drastic hydration process and reaction product precipitation dur-
ing the precuring period.

The accelerated hydration in the seeded binders can be credited to
the nucleation effects of the added C-S—-H seeds in the binders, which
accelerate the kinetics of the cement hydration process, with a promi-
nent effect on the induction and acceleration periods. The reported ac-
celeration impacts of the embedded C-S-H seeds are consistent with the
literature [35,38,46]. Shortly after mixing a cement paste, the nuclei of
the C-S-H gel begin to precipitate over the anhydrous cement particles
[5]. In the presence of added C-S-H seeds, additional nucleation sites
are available in the pore solution, favoring the precipitation of the hy-
dration products over these sites and away from cement particles [5,35,
37,38]. This modified precipitation mechanism will hinder or at least
lessen the formation of a thick semi-impermeable hydration product
barrier around anhydrous cement particles [53]. This barrier is known
to limit the diffusivity of water toward anhydrous cement particles, as
well as the release of the ions from cement particles to the pore solution,
thereby negatively affecting the follow-up hydration [54,55]. Moreover,
enhancing the hydration products’ precipitation rate in the presence of
additional nucleation sites can accelerate the consumption rate of ions
from the pore solution, which creates a concentration gradient away
from the cement particles and improves the subsequent cement parti-
cles’ dissolution and hydration rates [56].

Furthermore, the accelerated T, with the addition of the binary
antifreeze admixture is mainly due to the presence of Ca(NO3),. Justnes
and Nygaard [57] proved the acceleration impact of Ca(NOs), on the
early hydration process of OPC-based binder at room temperature,
especially at an early age. Similarly, Didamony et al. [58], Kicaité et al.
[59], Choi et al. [60], and Li et al. [61] reported that Ca(NO3), accel-
erated the solubility and hydration of the alite (C3S), belite (C,S), and
tri-calcium aluminate (C3A) phases in OPC. The enhancements were

Precuring period
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Fig. 3. (a) Heat flow evolution and (b) cumulative heat of hydration of pastes at 23 °C.
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mainly attributed to the increased concentration of Ca?* in the pore
solution with the presence of Ca(NOs),, which accelerated the formation
of cement hydration product (i.e., C-S-H) [59]. In addition, with the
presence of Ca(NO3)s,, the nitrate ions (NO3 ) react rapidly with Al;O3 in
the C3A phase, generating additional nitrate hydrates [NOs-ettringite
(AFt) and NOsz-monosulfate (AFm)], in addition to the SO42'-AFt that is
typically formed through the hydration of OPC [60,62]. The formation
of the nitrate hydrates was proven via XRD and TGA/DTG (as shown
below in Section 3.3.1). The precipitation of these additional
nitrate-based hydration products indicates the accelerated T, in the
antifreeze admixture-containing pastes. The findings of this work are in
line with the literature [57,59,63,64]. On the other hand, despite the
higher heat flow rate noted during the first 6 h (i.e., the precuring
period) in COAF, C0.5AF, and C2AF as compared to C0O, C0.5, and C2,
respectively, a decrease in the peak values of the former was found. The
latter is in line with the findings of Kicaite et al. [17] and Wang et al.
[45], who reported a decrease in hydration acceleration peak value in
OPC-based materials with the addition of 3 wt% Ca(NO3), and >5 wt%
urea, respectively. Promisingly, high C-S-H seed content (>4 wt%) in
C4AF and C6AF compensated for the peak reduction caused by the
addition of the binary antifreeze admixture. Moreover, Wang et al. [45]
stated that the addition of urea can retard the reactivity of the OPC/fly
ash binder and postpone the occurrence of its main hydration peak.
According to the results of this study, it is obvious that the presence of
C-S-H seeds and Ca(NOg3), can completely compensate for the retar-
dation impact (if any) of urea antifreeze admixture, and thus, no
retarding behavior was detected. It is worth noting that Ca(NOs)2 and
urea were chosen due to their high efficiency in depressing the freezing
point of the mixing solution, cost-effectiveness, and high solubility [10,
17].

3.1.2. Setting time

The initial and final setting times of the pastes were significantly
shortened with C-S-H seed content and binary antifreeze admixture
addition (Fig. 4). This is in line with the shortened induction period and
accelerated appearance of the acceleration peaks, as observed previ-
ously in Fig. 3a. According to the results, all binders reached their final
setting time during the 6 h-precuring period (360 min). The reductions
(%) in the initial and final setting times due to the addition of the seeds
and binary antifreeze admixture were comparable. Moreover, the
experimental results showed that the maximum differences between
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Fig. 4. Impacts of C-S-H seed content and the addition of the binary antifreeze
admixture on the initial and final setting times of the binders at 23 + 1 °C.
(*Percentages indicate the reduction in the final setting time compared to CO).
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initial and final setting times of around 50 min and 40 min were reported
in CO and COAF, respectively. This time difference decreased by 40% in
the seeded samples with/without the binary antifreeze admixture when
compared to CO, regardless of the C-S-H seed content. This indicates the
accelerated hydration rates of the binders prepared with seeds and
antifreeze admixture.

Regarding the results, the final setting times of C0.5, C2, C4, and C6
were shortened by 11% (240 min), 29% (190 min), 32% (185 min), and
40% (160 min), respectively, when compared with CO (270 min). This
shows the more drastic early hydration process with increased seed
content in the binders. Moreover, COAF exhibited a 40 min (15%) earlier
final setting time than that measured in CO. The latter can be attributed
to the accelerated hydration of cement in the presence of calcium ni-
trate. Moreover, the early precipitation of NO3-AFt can accelerate the
formation of an interconnected AFt network that consumes a large
portion of mixing water, which leads to the sudden loss of COAF paste
plasticity and rapid hardening, thereby accelerating the setting time
[65]. Furthermore, the mutual accelerating impacts of C-S-H seeds and
binary antifreeze admixture on setting time were more significant than
only one additive (i.e., either seeds or antifreeze admixture). Therefore,
the reductions in the final setting time increased to around 33% (180
min), 37% (170 min), 42% (155 min), and 45% (150 min) in CO.5AF,
C2AF, C4AF, and C6AF, respectively, as compared to CO.

3.2. Freezing point and frozen water content

The freezing points and the amounts of frozen water (i.e., free water
during the hydration) were decreased with increasing C-S-H seed con-
tent, precuring, and, more significantly, the addition of the binary
antifreeze admixture (Figs. 5 and 6). The measured freezing points
corresponding to each paste recipe are listed in Table 4. Based on the
Clausius-Clapeyron relation and Raoult’s law, the freezing point of the
solution decreased with increasing ion concentration‘“concentration ef-
fect” [66,67]. The latter explains the lower freezing point of the C0-(0 h)
pore solution (—1.3 °C) as compared to that of pure water (0 °C) due to
dissolved ions from cement particles.

According to the results, the addition of C-S-H seeds slightly affected
the freezing points in the absence of precuring, and the values ranged
between —1.8 °C and —2.8 °C and decreased with increased seed con-
tent. The latter can be attributed to the enhanced very early dissolution
of the cement particles (i.e., a higher number of ions released into pore
solution) in the presence of C-S-H seeds, as reported previously [35,38].
On the other hand, the freezing points of the pastes decreased sharply
with the addition of the binary antifreeze admixture due to the increased
ions concentration in the mixing solution upon the dissolution of the
antifreeze admixtures [8]. For instance, the freezing point decreased to
as low as —10.2 °C in COAF-(0 h). Moreover, the combination of C-S-H
seeds and the binary antifreeze admixture further decreased the freezing
point due to their mutual effects, so the freezing point of C6AF-(0 h)
decreased to —11.1 °C.

Furthermore, the freezing point was further depressed with a short
precuring period under room conditions. The impacts of precuring on
the freezing point were more noticeable in the binders modified with
C-S-H seeds and/or antifreeze admixture as compared to the control
binder (CO). Therefore, the freezing point of the C6 binder decreased
from —2.8 °C to —5.2 °C after the 6 h precuring, whereas an insignificant
change in the freezing point was noted in C0O-(6 h) after the precuring
interval due to its slow early reaction rate reactivity. as shown in Fig. 3a.
On the other hand, the freezing points of COAF and C6AF decreased by
2.4 °C and 4 °C, respectively, after the 6 h precuring period.

During the precuring period at 23 £ 1 °C, the reactivity of cement
was accelerated with both C-S-H seeds and the binary antifreeze
admixture (as shown in Fig. 3, in Section 3.1.1). This resulted in the
rapid consumption of free water with ongoing hydration (see Fig. 6) (i.
e., decreased pore size [38]) and the accelerating formation of the hy-
dration products network (as will be shown below in Sections 3.3).
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According to the literature [38,68-71], the freezing point of the pore
solution in porous materials (i.e., cement paste in this study) decreased
with decreased pore radius, or the “network effect” (Equation (5)).

AT

(5)

—47/r

where AT is the change in freezing temperature and r is the pore radius
in nanometers.

Fig. 6 shows the positive impacts of C-S-H seeds, precuring, and the
binary antifreeze admixture in terms of decreasing the melting heat (i.e.,
frozen water amount). Regarding the results, CO-(0 h) exhibited the
highest melting heat at around 62 J/g. This indicates the low con-
sumption rate of mixing water due to its limited hydration progress with
the 6 h precuring condition (as depicted previously in Fig. 3). The

decreased melting heat in COAF-(0 h) (53 J/g) as compared to C0O-(0 h)
also confirms the acceleration impact of the binary antifreeze admixture
on the hydration rate of the cement. In addition, the amount of frozen
water was further decreased to 51 J/g and 45 J/g in C6-(0 h) and C6AF-
(0 h), respectively. This confirms that the reduction of the amount of
frozen water, as compared to C0-(0 h), is more obvious with the use of
the combined additives (i.e., C-S-H seeds and antifreeze admixture).
Furthermore, the frozen water content decreased significantly after the
6 h precuring and more substantially in the seeded and admixed binders.
For instance, the melting heat of C6-(0 h) and C6AF-(0 h) decreased by
around 20.5 J/g and 16.7 J/g, respectively, after the 6 h precuring,
while CO-(0 h) decreased by only 6.1 J/g. The significant decrease in the
frozen water content in the pastes prepared with the seeds and antifreeze
admixture and treated by precuring is mainly associated with



A. Alzaza et al.

65
[ —e— without precuring
607 \ ------with 6h precuring
———
554 \“-~\~\\\\\
— .\.
on
5 504 °
K]
()
= 45
on
&
5 40 ..
T 40
=
35
e
30 4 e
25 T T T T
0 05 2 4 6
C-S-H seeds content (%)

(@)

Cement and Concrete Composites 125 (2022) 104319

65
© —aA— without precuring
---A--- with 6h precuring
55 4
—_ “\
o
SE R M —
E —
= 45 ‘
on
g
S 40
=
354
A
1 A A
30 A A
25 ; T ' ;
0 05 2 & 6
C-S-H seeds content (%)

(b)

Fig. 6. Impacts of C-S-H seed content and room temperature 6 h precuring on melting heat (i.e., the amount of frozen water) of the binders: (a) without the binary

antifreeze admixtures and (b) with the binary antifreeze admixtures.

Table 4
Freezing points of the binders with different precuring periods (°C).
Precuring period (h) Cco COAF C0.5 CO.5AF Cc2 C2AF C4 C4AF C6 C6AF
0 -1.3 —-10.2 -1.8 -10.1 -1.6 -11.0 -2.1 -11.0 —-2.8 —-11.1
6 -1.6 —-12.1 -1.9 -11.0 -1.2 —-12.4 —4.7 —-15.2 -5.2 -15.1

accelerated early hydration and, thereby, faster water consumption on
the part of the precipitated hydration products during the 6 h precuring
at 23 + 1 °C. These findings are in line with the literature [8,38].

3.3. Hydration evolution

3.3.1. Hydration products

The impacts of 6 h precuring at room temperature, C-S-H seeds, and
antifreeze admixture on the mineral phases consumption and formation
of hydration products in CO, C6, COAF, and C6AF cured at —10 °C are
presented in Fig. 7. The consumption rate of CyS, C3S, and gypsum was
accelerated with the precuring, C-S-H seeds, and addition of the binary
antifreeze admixture. The latter confirms their positive impacts on the
hydration reaction and indicates the reaction progress with time, even at
—10 °C, which is consistent with the TGA/DTG results, as shown below
in Fig. 8. Comparing the XRD patterns of the CO and C6 samples, no
change in the reaction products types was observed with the addition of
C-S-H seeds. On the other hand, the inclusion of the binary antifreeze
admixture in COAF and C6AF led to the formation of NO3-AFt and NOs-
AFm. Similar phases were previously observed in OPC-based materials
mixed with calcium nitrate [60,72-75]. Choi et al. [60] and Balonis
et al. [73] attributed the formation of NO3-AFt to the accelerated reac-
tion between NO3 and the C3A cement phase, the incorporation of
NO3 between the layers of the AFt layers, and the ion exchange be-
tween SO42 and NO5, whereas the formation of NO3-AFm was mainly
ascribed to the reaction between the early-forming NO3-AFt and por-
tlandite [60,72].

The amount of the hydration products increased (i.e., higher mass
loss in TGA curves) with curing period, precuring, C-S-H seeds, and the
addition of the antifreeze admixture, according to the TGA/DTG anal-
ysis (Fig. 8). Furthermore, the combined addition of the binary anti-
freeze admixture and C-S-H seeds, along with the 6 h precuring, further
increased the amount of hydration products. It is worth mentioning that,
due to the limited reactivity of CO-(0 h) and C6-(0 h) cured at —10 °C,
their TGA/DTG curves were excluded.

Regarding the DTG curves of C0-(6 h) and C6-(6 h) [Fig. 8(a), and
(b)], it is noticeable that the inclusion of C-S—H seeds favored the

formation of C-S-H over portlandite (Ca(OH),) after the first curing day.
This observation was more obvious in COAF and C6AF, regardless of
precuring condition. The lower peak intensity of the portlandite phase,
as shown in the XRD patterns (see Fig. 7) of C-S-H seeds containing
binders, supports these observations. Similarly, Huang and Yang [76]
recently reported comparable observations. The reason behind this is
still unclear, but it may be partially attributed to the decreased nucle-
ation energy of C-S-H gel phase in the presence of C-S-H seeds, which
accelerates the silicate hydration rate [77,78]. In addition, Sargam and
Wang [5] proved that the presence of seeds can decrease the apparent
energy of the C-S-H gel precipitation process, which facilitates the gel’s
precipitation-growth process. Furthermore, the precipitation of C-S-H
gel is an autocatalytic reaction process [5]; thereby, the presence of the
added C-S-H seeds in the pore solution can further stimulate the pre-
cipitation of C-S-H gel over the portlandite phase.

In addition, the formation of the NO3-AFt and NO3-AFm phase in
COAF and C6AF, regardless of the precuring condition, was further
confirmed by TGA/DTG analysis. Balonis et al. [73] reported that the
decomposition of nitrate hydrates occurs in three heating steps: (1)
dehydration at around 110 °C (no separate peak can be detected here,
due to the overlap with AFt, NO3-AFt, and C-S-H peaks); (2) a reduction
of NO3  to nitrite anion (NOy ) at 200-300 °C; and (3) the decompo-
sition of NO,  at ~520 °C. All decomposition peaks were observed in the
DTG curves of the antifreeze admixture-containing mix compositions
(Fig. 8(c), (d), (e), and (f)), demonstrating the precipitation of nitrate
hydrates. Furthermore, a slight increase in calcite (CaCO3) was noted in
COAF and C6AF, as compared to the CO and C6 pastes. Upon the
dissolution of urea in water, carbonic acid is produced [Equation (6)],
which later reacts with Ca(OH), according to Equation (7) to form
calcite (CaCO3). Choi et al. [60] and Wang et al. [45] reported strength
enhancements in OPC-based mortar and concrete with the precipitation
of NO3-AFt and NO3-AFm and calcite, respectively, due to their filling
behavior. Therefore, the additional precipitated nitrate hydrates and
calcite in this study may participate in densifying the microstructures
and enhancing the mechanical and durability properties of COAF and
C6AF (as shown later in Sections 3.3.2, 3.4, and 3.5).
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Chemically bound water content can refer to the degree of hydration
of cementitious binders. The lowest CBW content (<2%) was observed
in the 28 d-old binders prepared without antifreeze admixture and
precuring (i.e., CO-(0 h) and C6-(0 h); see Fig. 9). This is mainly
attributed to the early freezing of these binders, and thus, a limited
quantity of liquid-state free water was available for the hydration pro-
cess (see Table 4 and Fig. 6(a)). On the other hand, the 6 h-precuring
significantly increased the CBW content in CO-(6 h) and C6-(6 h) due to
the accelerated and enhanced early hydration at 23 + 1 °C. Therefore,
CBW content increased to 3.1% and 4.9% and to 5.6% and 7.1% in the 1
d- and 28 d-old CO-(6 h) and C6-(6 h), respectively. The latter shows that
the addition of C-S-H seeds amplified the beneficial impacts of pre-
curing and, thus, improved the degree of hydration of the seeded binder
(i.e., C6-(6 h)). This can be attributed to the nucleation and acceleration
effects of the seeds embedded in the C6-(6 h) binder and the lower
amount of frozen water (see Figs. 3 and 6(a)) when compared to CO-(6
h). Recently, Sargam and Wang [5] reported that the precipitation rate
of hydration products in cementitious materials is proportional to the
number of active nucleation/growth sites (i.e., C-S-H seeds in this
study) available in pore solution. With the inclusion of the seeds, the
hydration products preferentially grow on external C-S-H seeds;
thereby, the nucleation of the newly formed phases should overcome
less free energy, which facilitates and accelerates the precipitation

@

Fig. 7. The XRD patterns of 1 d and 28 d (with 0 h and 6 h-precuring) of: (a) CO; (b) C6; (c) COAF; and (d) C6AF.

process [46]. However, CO-(6 h) and C6-(6 h) exhibited a limited in-
crease in CBW with time (Fig. 9(a)). This can be ascribed to the lack of
free liquid-state water for the hydration process because of the freezing
of a large portion of capillary water as a result of the higher freezing
points of C0-(6 h) and C6-(6 h) as compared to the freezer curing tem-
perature of this study (—10 °C) (see Table 4). Nevertheless, researchers
previously reported that the freezing point of the pore solution trapped
in nano-sized pores (<20 nm) can be as low as —40 °C, depending on
pore diameter [79-82]. Subsequently, this supercooled pore solution
may continue to dissolve cement particles and react with them in the
small pores, resulting in a high-ion-concentration pore solution and
additional hydration products. With ongoing hydration, the highly
concentrated ions unfrozen pore solution in its small pores begin to
migrate to ice-bodies in large pores until an equilibrium is reached [81,
83,84]. As a result, ice in larger pores will start to melt due to increased
ion concentration (Clausius-Clapeyron relation [67] and Raoult’s law
[66]). The latter can explain the limited increase in CBW with time in the
frozen pastes (i.e., CO-(6 h) and C6-(6 h)).

The addition of the binary antifreeze admixture further increased the
CBW content of the binders cured at —10 °C with or without precuring.
Therefore, CBW content increased up to around 7.6% in 28 d-old COAF-
(0 h) and C6AF-(0 h). With the addition of the antifreeze admixture, the
freezing points of the mixing water were drastically depressed, as shown
in Section 3.2, and thereby, more liquid-state water was available for
hydration. Furthermore, the increased CBW content can be also attrib-
uted to the acceleration and enhancement impacts of Ca(NOgs), on the
reactivity of OPC, as shown in Section 3.1 and reported previously [58,
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Fig. 8. TGA/DTG curves of the samples (a) CO-(6 h); (b) C6-(6 h); (c) COAF-(0 h); (d) C6AF-(0 h); (e) COAF-(6 h); and (f) C6AF-(6 h).

3.3.2. Microstructure
In the absence of precuring and antifreeze admixture, long and

connected cracks are observable in SEM images of the OPC pastes,
regardless of the addition of C-S-H seeds (Fig. 10(a), (b)). This is
because of the early and rapid freezing of mixing water in the fresh

59,61]. With the 6 h precuring, the CBW of the binders was further
improved, and the enhancements were more noticeable with the inclu-
sion of C-S-H seeds. Thus, CBW increased by around 41% and 13.2%
and around 42% and 21% in 1 d- and 28 d-old COAF-(6 h) and C6AF-(6
h) when compared to their pairs without precuring, respectively.
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Fig. 10. Impacts of C-S-H seeds and precuring on the microstructures of 28 d-old hardened pastes cured at —10 °C. Light grey areas (unreacted OPC), textured grey
areas (hydration products matrix), and black areas (cracks and voids). The time between parentheses indicates the precuring period.

pastes and the volume growth of ice crystals. With the 6 h precuring
(Fig. 10(c), (d)), the microstructures become denser, with more
precipitated hydration products in the pore solution. In comparison with
CO0-(6 h), the microstructure of C6-(6 h) was denser due to the enhanced
early reactivity of the cement in the presence of C-S-H seeds, whereas
CO-(6 h) was more prone to frost damage as compared to C6-(6 h) due to
the higher amount of freezable free water in the pore structure (as shown
in Fig. 6(a)). Moreover, due to the limited reaction progress in C0-(6 h)
during the 6 h precuring (as shown in Fig. 3), it developed a weak hy-
dration product network, which was not able to withstand the frost
damage induced by the subsequent subzero curing condition (Fig. 10
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(c)). Thus, a loose microstructure with extensive microstructural frost
damage was captured in the 28 d C0-(6 h) paste. On the other hand, the
addition of C-S—H seeds in C6-(6 h) accelerated the formation of a dense
skeleton that was able to restrict the growth of ice crystals and withstand
the increased internal hydraulic stress exerted on pore walls because of
the volume expansion of ice crystals.

With the incorporation of the binary antifreeze admixture (Fig. 11),
the microstructure compactness was enhanced, more significantly so
when combined with C-S-H seeds and precuring. Large freezing defects
(such as those observed in Fig. 10(a), (b)) were not detected in COAF and
C6AF, regardless of the precuring period, because of their lower freezing
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Addition of C-S-H seeds N

Precuring

(¢) COAF-(6h)

Fig. 11. Influences of 6 h precuring and C-S-H seeds on the microstructure compactness of 28 d-old pastes prepared with the binary antifreeze admixture.

points (see Table 4) as compared to the subzero curing temperature (i.e.,
—10 °C). Nevertheless, the absence of precuring resulted in loose mi-
crostructures with more distributed voids in COAF-(0 h) and C6AF-(0 h)
(Fig. 11(a), (b)), regardless of the addition of the seeds. The latter can be
ascribed to the slow hydration rate at —10 °C and, thereby, the low
hydrate precipitation rate. However, upon the adoption of the 6 h pre-
curing treatment, the microstructures of COAF-(6 h) and C6AF-(6 h)
were significantly densified (Fig. 11(c), (d)). Because of the beneficial
synergic impacts of the binary antifreeze admixture, C-S-H seeds, and
precuring on the overall reaction degree of the system (as shown in
Fig. 9(b)), C6AF-(6 h) exhibited a denser microstructure than COAF-(6
h). The microstructural observations prove the effectiveness of the
combination of binary antifreeze admixture, C-S-H seeds, and precuring
on the compressive strength and durability properties of the pastes (as
will be shown in Sections 3.4 and 3.5).

3.4. Strength development

Regardless of the content of C-S-H seeds, all subzero cured paste
samples synthesized with the binary antifreeze admixture showed an
increase in compressive strength with time, reaching a maximum of
around 15 MPa in the 28 d-old C6AF (Fig. 12), whereas a value of 78
MPa was measured in the 28 d-old control paste (i.e., CO) cured at room
temperature. Therefore, it is obvious that the subzero curing signifi-
cantly slowed strength development. Moreover, all pastes without
antifreeze admixture and 6 h precuring gained less than 5 MPa, even
after 28 d, regardless of C-S-H seeds content, which can mainly be
attributed to their early freezing. Therefore, the strength developments
of the latter mixes were excluded from this study.

The strength development of subzero-cured pastes was significantly
accelerated with a short period of precuring, and the strength
enhancement was more obvious with the presence of C-S-H seeds
(Fig. 13). Thus, the 1 d compressive strength increased to around 5.0,
9.7,12.3,17.8, and 19.7 MPa in C0-(6 h), C0.5-(6 h), C2-(6 h), C4-(6 h),
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Fig. 12. Effects of C-S-H seeds on strength development of the binders pre-
pared with the binary antifreeze admixture and cured at —10 C
without precuring.

and C6-(6 h), respectively, while no strength was gained in C0-(0 h)
(Fig. 13(a)). Moreover, the impacts of 6 h precuring on strength devel-
opment were more significant in the mutual presence of the seeds and
binary antifreeze admixture (Fig. 13(b)). Therefore, the 1 d-old COAF-(6
h), CO.5AF-(6 h), C2AF-(6 h), C4AF-(6 h), and C6AF-(6 h) cured at
—10 °C showed compressive strengths increases of 10.2, 19.2, 21.7,
23.7, and 26.2 MPa, respectively. Furthermore, the beneficial impacts of
C-S-H seeds and the binary antifreeze admixture on the 6 h-precured
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Fig. 13. Impacts of C-S-H seed content on 6 h-precured paste samples prepared (a) without the binary antifreeze admixture and (b) with the binary antifreeze
admixture on strength development, as compared to the compressive strength of the 28 d-old control paste cured at room temperature (dotted line).

samples were also obvious at a late age (i.e., 28 d). Therefore, the 28 d-
old COAF-(6 h), C6-(6 h), and C6AF-(6 h) samples registered higher
compressive strengths of around 41.7, 52.7, and 75.1 MPa, respectively,
as compared to the 17.5 MPa measured in 28 d-old CO-(6 h). Promis-
ingly, the 28-d compressive strength of C6AF-(6 h) was 96% of that
measured in the 28 d-old control paste cured at room temperature. This
highlights the real potential to extend the construction season in
northern regions with lower demand for heating systems (i.e., lower COy
emissions, as shown below in Section 3.6). The reported strength en-
hancements are mainly attributed to the lower freezing points and
frozen water content (Table 4 and Fig. 6), the nucleation effects of the
embedded seeds (i.e., the faster precipitation of hydration products
(Fig. 8), the development of dense microstructures (see Figs. 10 and 11),
and the acceleration effect of Ca(NOs),. Similarly, several studies pre-
viously reported an increase in compressive strength with the inclusion
of C-S-H seeds and Ca(NO3), [37,38,59,85,86].

The normalized compressive strengths of the precured paste samples

. . £ mi it .
were given by the ratio (- mix composition pasm), where f, is the

F of CO—(6h)

compressive strength, and the results are depicted in Fig. 14. With time,
the compressive strengths of the precured samples were enhanced, and
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Fig. 14. Normalized compressive strength (f’.) of the pastes.
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thus, 7 d-old COAF-(6 h) was able to gain 2.5 times the compressive
strength (22 MPa) of that (9 MPa) measured in CO-(6 h) of the same age,
whereas the 7 d-old C6-(6 h) and C6AF-(6 h) pastes achieved around 4.5
and 5.7 times the compressive strength (40.3 and 51.1 MPa), respec-
tively, of that gained in 7 d-old CO-(6 h). Worth mentioning that optimal
C-S-H seeds dosage needs to be determined upon any change in binder
composition, curing temperature, and w/c ratio to ensure the highest
enhancements in the compressive strength and hydration degree of
subzero-cured cementitious material.

3.5. Water absorption and permeable porosity

Water absorption and permeable porosity showed a decreasing trend
with C-S-H seed content, precuring, and the usage of the binary anti-
freeze admixture (Fig. 15). The maximum water absorption (~20%) and
permeable porosity (~35%) were measured in all paste samples without
precuring and antifreeze admixture, regardless of C-S-H seed content
(Fig. 15(a)), whereas the control paste (i.e., CO) cured at room tem-
perature exhibited a water absorption and permeable porosity of around
4.3% and 6.9%, respectively (see Fig. A.1 in Appendix). This shows the
destructive impacts of the subzero curing condition and the freezing of
the pore solution on the microstructure’s compactness and permeability,
thereby easing the ingress of liquids from the surrounding (i.e., water in
this study). However, because of the 6 h precuring, the water absorption
and permeable porosity of CO-(6 h) decreased by up to 14.4% and
27.4%, respectively, when compared to CO-(0 h). With the mutual ef-
fects of C-S-H seeds and precuring, the reductions in water absorption
and permeable porosity were more significant. Therefore, the water
absorption and permeable porosity of C6-(6 h) decreased by 74.2% and
72.4%, respectively, as compared to those measured in the CO-(0 h).
These results are in line with microstructural observations in Sections
3.3.2. It is worth noting that, despite the inclusion of C-S-H seeds and
the provision of precuring in C6-(6 h), the water absorption (~5.2%) and
permeable porosity (x9.7%) were still slightly higher than those
measured in the control paste cured at room temperature.

Furthermore, the usage of the binary antifreeze admixture was very
effective in limiting the water absorption and decreasing the permeable
porosity, regardless of C-S-H addition and precuring (Fig. 15(b)). The
latter can be assigned to the ability of the used binary antifreeze
admixture to protect the pastes against freezing, thus eliminating the
microstructural frost damage and minimizing the connectivity of the
pores (as shown in Fig. 11) with the aid of the low w/c ratio (i.e., 0.27)
employed in this study.

In line with the literature [50], the standard drying temperature
(105 °C) drastically increased the measured water absorption and
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Fig. 15. Water absorption and permeable porosity of the 28 d-old pastes (a) without the binary antifreeze admixture and (b) with the binary antifreeze admixtures.

permeable porosity of the pastes (see Fig. A.1 in Appendix). The latter
can be attributed to the dehydration of ettringite (see Fig. A.2) and the
partial dehydration of C-S-H gel at 105 °C. Similarly, Théréné et al. [50]
showed that a high drying temperature (>30 °C) removes a portion of
CBW from hardened cement paste as a result of ettringite dehydration,
thereby increasing both porosity and water absorption.

3.6. Environmental assessment

Based on the compressive strength development of the OPC-based
binders at —10 °C, it was demonstrated that the needed heating sys-
tem operating time to achieve comparable room temperature compres-
sive strength at —10 °C can be significantly shortened to only 6 h via the
mutual addition of 6 wt% C-S-H seeds and the binary antifreeze
admixture (see Fig. 13(b)) whereas the 28 d-old C0-(6 h) cured at —10 °C
was able to gain only 25% of the compressive strength gained by the 28
d-old CO cured at room temperature. Thus, the CO mix cured at —10 °C
must be protected against the subzero ambient temperature and main-
tained at 23 + 1 °C for the entire 28 d to gain a compressive strength
comparable to that of CO cured at room temperature. Thereby, the
operating time of the heating system was set at 672 h (=28 d) and 6 h for
CO0 and C6AF mix compositions, respectively.

To assess the environmental benefits of using the C6AF mix
composition in winter construction works, a direct frame-work heating
technique was adopted in this study instead of a heated shaded area,
which is known for its high heat loss to the surroundings [87]. The
calculation was performed using a diesel-fueled hydronic heating system
(90-94% heat efficiency) and traditional plywood in 21 mm thick
sheets, with a thermal conductivity and heat transfer resistance of
around 0.14 W/mK and 0.15 m?K/W, respectively. A diesel energy
content of 9.7 kWh/L and CO5 emissions of 2.7 kg/L were considered in
the calculations. To simplify the calculations, a framework wall side area
of 1 m? was adopted for the calculation of the heat energy needed to
maintain the temperature at 23 + 1 °C throughout the framework when
the ambient temperature is —10 °C using Equations (8) and (9) [88].

q=Ux A xdT 8)

U=1IR )
where q is heat transfer (W), U is the overall heat transfer coefficient (W/
mzK), A is the wall area (m?), dT is the temperature difference over the
wall, and R is the heat transfer resistance (W/m?K).

A significant decrease in the required heat energy and CO2 was
calculated when C6AF was employed in place of CO at —10 °C ambient
temperature for the same 28 d compressive strength (Table 5).
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Table 5
The consumed heat energy and related CO, emissions by the used heating system
at a —10 °C ambient temperature.

Mix composition Total heat energy (kWh/m?) CO, emission (kg/mz)

47.7
0.4

Cco
C6AF

148.8
1.3

Therefore, the total required heat energy of C6AF is 0.9% that needed for
CO. Similarly, the CO2 emissions decreased from 47.7 kg to 0.4 kg for
each 1 m? of the framework. It is worth noting that these calculations did
not consider the hydration heat and potential impacts of concrete
element volume in practical application, which may shorten the
required heating period for CO. Nevertheless, the potential to lower the
energy consumption and CO, emissions during winter construction ac-
tivities via the incorporation of C-S-H seeds and binary antifreeze ad-
mixtures is obvious. The findings of this study indicate the real potential
to extend the construction season in northern regions and lower energy
consumption and CO; emissions, accompanied with comparable me-
chanical and durability properties as those gained at standard curing
conditions.

4. Conclusion

This study aims to develop a binder via which the construction
season in northern regions can be extended, with a lower demand for
heating systems. The mutual effect of C-S-H seeds, binary antifreeze
admixture (i.e., urea and calcium nitrate), and short interval precuring
at room temperature on ordinary Portland cement (OPC) binder are
investigated.

The incorporation of the C-S-H seeds accelerates the hydration rate
and setting time of OPC-based pastes during the 6 h-precuring, and the
acceleration rate is directly proportional to seed content. The mutual
presence of the seeds and the binary antifreeze admixture further ac-
celerates hydration. The addition of the binary antifreeze admixture can
lower the binder freezing point to below —10 °C, regardless of C-S-H
seed content. The combined addition of C-S-H seeds, binary antifreeze
admixture, and precuring can additionally depress the freezing points of
the pastes to —15.1 °C. Simultaneously, the amount of frozen water is
reduced as a result of the accelerated hydration rate and consumption of
free water.

The pastes modified with the C-S-H seeds, binary antifreeze
admixture, and precuring show a significantly higher amount of
precipitated hydration products and chemically bound water as
compared to the control paste when both were cured at —10 °C.
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Furthermore, the microstructure assessment demonstrates the effec-
tiveness of the combined addition of the seeds, binary antifreeze
admixture, and precuring in terms of enhancing the microstructure’s
compactness and frost resistance. Promisingly, with 6 wt% C-S-H seeds,
antifreeze admixture, and 6 h-precuring, the 28-d compressive strength
of subzero cured paste can reach 75.1 MPa, which is 96% of the value
measured in the control paste (78 MPa) cured at room temperature. The
subzero curing temperature increases the water absorption and perme-
able porosity considerably. On the other hand, the addition of C-S-H
seeds, antifreeze admixture, and precuring can drastically reduce them,
resulting in comparable durability properties to those detected in the
control paste cured at room temperature. The study demonstrates the
importance of the room-temperature precuring period and its substan-
tial effects on the efficiency of C-S-H seeds and binary chloride-free
antifreeze admixture in accelerating the strength development of
subzero-cured paste.

This study shows the real potential to extend the construction season
in northern areas with lower energy consumption and CO, emissions.
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