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Belite ye’elimite ferrite

The acceleration impacts of calcium sulfoaluminate belite ferrite (CSABF)—a cement produced from industrial
side streams—on the hydration and strength development of Portland cement (PC) paste cured at —5 °C with and
without pre-curing at room temperature were investigated. The impacts of eco-friendly CSABF cement content
and pre-curing on the setting time and hardened properties of pastes were investigated. Freezing point of the
paste and the amount of freezable water (FW) decreased with CSABF cement content and pre-curing. Hydration
rate increased with CSABF cement content. By adding an optimal CSABF cement content, the compressive
strength of paste cured at —5 °C increased by 500%. The effects of pre-curing on the compressive strength of the
subzero-cured pastes were highly dependent on CSABF cement content and curing period. After 6 months, the
outdoor-cured 70%PC/30%CSABF paste gained compressive strength comparable to that in the 90-day-old pair
cured at —5 °C and continuous strength gain was detected up to one-year. The microstructural observations and

porosity results are consistent with compressive strength measurements.

1. Introduction

Harsh cold weather conditions and long winter season are among the
main challenges for the construction sector in northern regions. When the
ambient temperature drops below the optimal curing temperature (i.e.,
10 °C-20 °C), the setting time and strength development rate of Portland
cement (PC)-based concrete are decelerated due to the diminished reaction
rate between cement and water [1-3]. The slow setting time and strength
development not only prolong the construction period but also increase the
collapse risk of weak structures. In addition, the hydration process of PC
ceases when the ambient temperature drops below the freezing point of
concrete pore solution, as ice crystals start to form, and thus the liquid-state
water will no longer be available for the subsequent hydration process.
Furthermore, the early freezing of concrete can lead to a 50% reduction in
compressive strength and frost resistance as a result of the microstructural
damage and crack propagation induced by the expanded volume (~9%) of
nucleated ice crystals and increased internal stress [4]. At present,
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technologies, such as heating systems, heated raw materials, insulation
blankets, ultra-fine and rapid hardening cement, antifreeze admixtures, and
so on, are employed to avoid early freezing risk in concrete and accelerate its
strength development under cold weather conditions [1,5]. However, these
means increase the complexity, cost, and energy consumption of
cold-weather construction works [2]. Thus, winter construction activities
are usually avoided in northern regions, which shortens their construction
season and impedes their urban and infrastructure developments.
Currently, cost-efficient and environmentally friendly binders that can
harden at low ambient temperatures (<5 °C) are needed, along with
decreased demand for energy-intensive and costly heating systems, to
reduce the cost and environmental load of cold-weather concreting activ-
ities. Calcium sulfoaluminate (CSA) cement is known for its faster hydration
rate, setting time, and strength development when compared with PC,
therefore it has been used as eco-cement for cold weather concreting works
[1,2,6,7]. These advantages of CSA accompanied with its lower associated
carbon footprint than PC [8,9], make it suitable for cold weather

Received 10 November 2021; Received in revised form 2 February 2022; Accepted 1 March 2022

Available online 12 March 2022

0958-9465/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Ahmad.Alzaza@oulu.fi
www.sciencedirect.com/science/journal/09589465
https://www.elsevier.com/locate/cemconcomp
https://doi.org/10.1016/j.cemconcomp.2022.104469
https://doi.org/10.1016/j.cemconcomp.2022.104469

A. Alzaza et al.

construction works, especially where quick re-use, such as roads and airport
runways, is required. Typically, the main components in CSA cement
include 30-70 wt% ye’elimite (C4A3$), 10%—-25% calcium sulfate (gypsum
[C$H,] or anhydrite [C$]), mayenite (C12A7), and belite (C2S) [10]. The
main reaction products of CSA cement with gypsum are ettringite (AFt) and
amorphous aluminum hydroxide (AHs) [11,12]. Once the available soluble
calcium sulfate has been exhausted, ye’elimite can continue to hydrate to
form a monosulfoaluminate (AFm) and additional AH3 [13]. Furthermore,
Telesca et al. [14] and Wolf et al. [15] reported that when the sulfate
content in the PC/CSA blend is sufficient, it can achieve a faster hardening
rate compared with pure CSA cement-based binder, which is preferable in
cold weather concreting works. Recently, the use of CSA cement at subzero
temperatures has been investigated by different researchers, either as a sole
binder or as a mineral accelerator in PC/CSA blends, showing great po-
tential for use in cold weather concreting works [1,2,6,7]. Huang et al. [1]
assessed the reactivity and strength development of a binder consisting of
commercially available CSA cements at subzero curing temperatures (i.e.,
—5°C and —10 °C), showing faster early hydration and strength develop-
ment of CSA cement binder compared with that in PC-based binder.
However, the 28-day compressive strength of the CSA-based mortar (w/c =
0.5) cured at —5 °C decreased by 65% compared with that cured at 20 °C
[1]. Similarly, when the binders were cured initially at —5 °C before being
exposed to standard curing conditions (i.e., 20 °C), Liet al. [2] and Qin et al.
[6] reported faster reactivity and strength development, as well as better
early age frost resistance in PC/CSA blends, compared with those measured
in PC binder. Moreover, Zhang et al. [7] used commercially available CSA
cements as a mineral accelerator for PC paste cured at —5 °C and reported a
significant increase in the 28 d compressive strength (~300%), with no risk
of freezing when an optimal amount of CSA was added. They attributed the
enhanced subzero performance of CSA cement-containing binders to the
rapid precipitation of AFt and accelerated setting time.

The higher cost of commercially available CSA cement compared
with that of PC has limited the widespread use of CSA cement as a po-
tential eco-friendly alternative/additive [16]. The availability of
alumina-rich raw materials for manufacturing has locational limitations
that affect the sustainability and supply of CSA cement [17]. Never-
theless, such limits (i.e., costs and availability of raw materials) can be
overcome by manufacturing belite CSA ferrite (CSABF) clinker with low
ye’elimite content and high belite and ferrite proportions [11].
Recently, different industrial side streams, such as fly ash, dealkalized
red mud, aluminum ash, carbide slag, flue gas desulfurization, gypsum,
ladle slag, iron-slag, phosphogypsum, and so on, have been utilized in
the production of eco-BCSA/CSABF cement [11,18-21]. Scale-up pro-
duction of CSABF clinkers produced from ladle slag, iron-slag, and
phosphogypsum has recently been demonstrated and reported by Isteri
et al. [17]. The utilization of industrial side streams instead of virgin
materials can decrease the cost of these special types of cement and
increase the potential of local production and their wide-scale use
without affecting the costs of construction projects.

This experimental work investigates the potential acceleration influ-
ence of an eco-efficient CSABF cement manufactured utilizing industrial
residues (i.e., ladle slag, iron-slag, and phosphogypsum) [17] on the
reactivity and strength gain of PC-based paste cured at —5 °C and natural
Finnish winter conditions. PC was blended with varied amounts of CSABF
cement (i.e., 10-40 wt%). In addition, the effects of the 2 h pre-curing
period at room temperature (22 + 1 °C) were assessed. The freezing
point of paste and the amount of freezable water (FW) were measured by
low-temperature differential scanning calorimetry (LT-DSC). Reactivity
and hydration products of pastes were investigated by isothermal calo-
rimetry, setting time, quantitative X-ray diffraction (XRD), and thermog-
ravimetric/differential thermogravimetry (TGA/DTG) analyses. Scanning
electron microscopy (SEM) was used for the microstructural assessments,
and porosity was measured by mercury intrusion porosimetry (MIP). The
mechanical properties were evaluated in terms of compressive strength.
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2. Experimental
2.1. Materials

PC (CEM I 52.5R) was supplied by Finnsementti (Finland), and eco-
efficient CSABF clinkers produced by Isteri et al. [17] were used. A
synthetic gypsum (VWR, Germany) was employed as a calcium sulfate
source in a mixture of CSABF clinkers and gypsum at a mass ratio of 4:1,
resulting in sulfate/ye’elimite molar ratio (M-value) equal to 2.27. The
particle size distribution of the PC, CSABF clinkers, and gypsum were
measured in isopropanol using a particle size analyzer (LS 13320 from
Beckman Coulter, USA) and shown in Fig. 1. The median particle size
was 8, 7, and 10 pm for PC, CSABF clinkers, and gypsum, respectively.
The chemical compositions of the used materials were assessed by X-ray
fluorescence using a PANalytical Omnian Axiosmax at 4 kV, and the
main mineralogical phases were measured by quantitative XRD (Q-XRD)
(additional details are shown in Section 2.3.5; Table 1). XRD patterns of
PC and CSABF clinker are shown in Appendix A (see Fig. A1). Detailed
production procedures, chemical and physical properties, and impurity
contents of the CSABF clinkers can be found elsewhere [17]. A
polycarboxylate-based superplasticizer (SP, Sika® Viscocrete-5800)
with a solid content of approximately 35.5% was used. Petkova et al.
[22] reported that this superplasticizer has no retarding effects on hy-
dration kinetics. Deionized water was used in the preparation of pastes.
All raw materials were stored at lab conditions (22 + 1 °C) before use.

2.2. Paste sample preparation and curing conditions

PC/CSABF blend mix proportions/designs are shown in Table 2. Five
binders were developed in this study to assess the impacts of replacing
PC with eco-CSABF cement on the mineralogy, reactivity, and strength
development of PC/CSABF binders cured at —5 °C. To prepare PC/
CSABF binders, we replaced PC with 10, 20, 30, and 40 wt% CSABF
cement. For comparison purposes, a reference binder (CO) consisting of
100% PC was prepared. For all binders, the water-to-cement (PC or PC
-+ CSABF cement) ratio (w/c) was kept constant at 0.27, considering the
water content in SP [23]. The dosage of SP was adjusted (through pre-
liminary experiments) and varied between 0.5% and 1.5% by the total
mass of the cement (PC or PC + CSABF cement); this value is within the
company recommended dosage (0.5-2 wt.%).

For mixing, first, the dry raw materials (i.e., PC, CSABF clinker, and
gypsum) were mixed using the Hobart mixer for at least 30 min to
achieve good homogeneity. SP was added to the mixing deionized water
and maintained in an ultrasonic bath (Elmasonic P, Germany) for 5 min
[23]. Thereafter, the deionized water, including SP, was added to the
mixed dry ingredients and mixed thoroughly for 3 min at lab-controlled
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Fig. 1. Particle size distribution of the raw materials.
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Table 1
Chemical composition and mineralogy (wt.%) of the raw materials.
XRF Q-XRD
Oxide PC CSABF clinker Gypsum Phase PC CSABEF clinker Gypsum
CaO 69.0 46.8 32.3 C3S 61.0 - -
SiO4 24.0 13.8 0.7 CoS 25.3 28.9 -
Al,03 2.1 23.1 0.1 C3A 4.2 5.3 -
Fe,03 0.3 10.7 0.1 Bassanite; hemihydrate 1.5 - -
MgO 0.7 4.8 0.4 C$ -2H 3.4 - 98.2
SO3 2.3 5.8 42 CsA3$ - 31.3 -
NaO - 0.3 - Cy(AF) - 8.7 -
K0 - 0.1 - C12A7 2.0 2.0 -
TiO4 - 0.8 - M 0.1 4.4 -
LOI (950 °C) 0.8 0 21.3 S 0.4 1.4 -
C2AS - 6.1 -
C$ - 1.7 1.7
C3T(F,A) - 0.6 -
F - 1.1 -
CaMg(CO3), 1 - -
Lime 1 -
Portlandite 1.2 - -
Amorphous 0 2.7 -
M: Periclase; S: Quartz; and F: iron Fe,Os3.
Table 2 e For ex-situ mixing (to follow the hydration rate): pastes were pre-
Mix proportions (by mass) of prepared pastes. pared according to the procedure listed in Section 2.2 (w/c = 0.27).
Sample ID PC (g) CSABF cement (g) SP (g) w/e Approximately 5 g of paste was then poured into the glass ampules
and loaded into the isothermal calorimeter immediately.
Cco 100 0 0.5
C10 90 10 0.6
Cc20 80 20 0.75 0.27 In both cases, water was used as a reference sample, and the
C30 70 30 1 measured heat flow and calculated cumulative released heat were
C40 60 40 1.5

conditions (22 + 1 °C). The fresh pastes were then cast into prismatic
molds (20 mm x 20 mm x 80 mm), compacted using a jolting table (120
shocks, 1 shock/s), and sealed with a plastic bag to avoid moisture loss
[24]. The pastes in the molds were then cured in a pre-set freezer at
—5 °C, with and without the 2 h pre-curing period at 22 + 1 °C. More-
over, the best performing paste mix composition (in terms of early
compressive strength development) was selected to assess the impacts of
natural Finnish winter conditions (with and without the 2 h pre-curing
period at room temperature) on the strength development. The
average air temperature during the outdoor curing period 17" Dec.
2020 — 215 Jun. 2021 in Ouluy, Finland, 65°01’ N, 25°28' E) is shown in
Appendix A (see Fig. A2). During this period, the ambient temperature
fluctuated between —23 °C and 19 °C. To simulate construction site
conditions, we kept the molds for the freezer- and external-cured sam-
ples without the 2 h pre-curing in the freezer (—5 °C) and external
conditions for 24 h before casting, respectively; molds for samples
pre-cured for 2 h were kept at room temperature [25].

2.3. Test methods

2.3.1. Heat of hydration

An isothermal calorimeter (Thermometrics TAM air) was used at
23 °C to monitor the impacts of CSABF content on the very early
dissolution rate, as well as the heat evolution and reaction rate during
the pre-curing period. Given the difficulty of in-situ mixing with w/c of
0.27 due to the limited rotation speed of the InMixEr tool, the mixing
procedures were carried out as follows:

e For in-situ mixing (to monitor the dissolution peak): 2 g of dry
cement (PC or PC + CSABF cement) were filled in a glass ampule, and
1 g of water (w/c = 0.5) was sucked into the InMixer syringe.
Thereafter, the InMixer with the filled materials was placed in the
instrument and equilibrated at 23 °C for 24 h. The water was then
injected into dry ingredients, and both were mixed inside the
instrument.

normalized by the weight of the paste.

2.3.2. Setting time

The setting times of paste samples were determined using an auto-
mated Vicat apparatus (Matest E044 N, Italy) at 22 + 1 °C according to
EN196-3 standard [26]. The initial and final setting times were reported
when the distance from the needle to the bottom was 6 + 3 mm and
39.5 mm while using a cylindrical mold (inner diameter of 80 mm and
height of 40 mm), respectively.

2.3.3. Determination of freezing point and amount of freezable water

The effects of CSABF cement content and pre-curing on the freezing
point and amount of free freezable water of the binders were investigated
using the LT-DSC (NETZSCH DSC 214). Samples were prepared according
to the procedure listed in Section 2.2, and approximately 40-50 mg of
samples (exact weights recorded) were poured into an aluminum crucible.
For the paste without the 2 h pre-curing period, the crucible was placed
immediately in the machine, and the test was performed with the
following temperature program: at —30 °C for 5 min and then raised from
—30°Cto 25 °Cat arate of 5 °C/min (see Fig. 2 [a]) [7]. For the paste with
the 2 h pre-curing period, the crucible was sealed with an aluminum lid at
room temperature (22 + 1 °C) for 2 h and then tested following the
above-mentioned procedures. In cementitious materials, the only phase
change that occurs within the temperature range of —30 °C-25 °C is
related to the pore solution [27]. The endothermic peak (Fig. 2 [b]) rep-
resents the melting signal of the frozen pore solution. The intersection
point of the tangent line and baseline of the initial melting curve is the
melting point of the frozen pore solution (i.e., freezing point) [27].
Thereafter, Eq. (1) was used to estimate the percentage of FW using the
integral area of the melting peak (Fig. 2 [c]) [28,29].

Q

FW 0 = (e

) x 100 )

where Q is the enthalpy (J), Hy is the heat of fusion of water (333.5 J/g),
and m refers to the mass of the sample (g).
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Fig. 2. (a) Temperature program for freezing-thawing cycle in LT-DSC, (b) freezing point determination method, and (c) melting heat (i.e., amount of frozen water)

determination.

2.3.4. Compressive strength

The compression test was performed using 20 mm cubes. A cali-
brated Zwick/Roell (Z400) compressive test machine with a load cell of
100 kN was used. The average and standard deviation of six cubes were
reported for each data point. The samples were stored for approximately
30-40 min at room temperature before testing to eliminate the potential
impacts of any formed ice in the pore structure on compressive strength
measurements [30].

2.3.5. Hydration product evolution

The hydration products were assessed by XRD and TGA/DTG ana-
lyses. At the designated age, hydration was stopped by the solvent ex-
change technique using isopropanol, and the solution was changed
twice during the first 2 h and then kept for 48 h. The soaking time in
isopropanol was determined according to the Zhang and Scherer [31]
diffusion model, using samples size ranging between 1.5 and 2 mm and
isopropanol diffusion coefficient of 3 x 107'2 m2/s. Thereafter the
samples were removed from isopropanol and dried in a desiccator at
room temperature until the analysis date. Samples were crushed and
powdered for XRD and TGA/DTG analyses. XRD data were collected
using a Rigaku SmartLab 9 kW diffractometer. A CoKa radiation at 40 kV
and 135 mA, a step size of 0.02°, and a scanning rate of 4°26/min were
employed over a 26 range of 5°-130°. Phase identification was con-
ducted using Rigaku PDXL 2 software with PDF-4+ 2020 RDB database,
and whole powder pattern fit analysis using the Rietveld method was
employed to calculate the quantities of the main phases in the samples.
The Ryp values of the analyses were between 3% and 5%. Internal
standard TiO5 (20 wt%) was used to estimate the trend of amorphous
content in the hydrated samples. TGA/DTG data were collected using an
SDT-650 Thermal analyzer (TA® instruments, USA). The powder spec-
imens (~15 mg each) were heated from 25 °C to 500 °C at 10 °C/min in
an inert nitrogen atmosphere.

2.3.6. Morphology and porosity assessment

The morphology of selected pastes was assessed using field emission
SEM (Zeiss ULTRA plus FESEM, Germany). The samples were extracted
from the core of untested pastes and the hydration was stopped according
to the procedures mentioned in Section 2.3.5. Thereafter, the samples
were mounted in epoxy resin and then polished with diamond pastes. The
analysis was carried out using carbon-coated specimens under a back-
scatter electron (BSE) detector at an acceleration voltage of 15 kV. The
porosities of hardened paste samples were characterized by MIP using a
Micromeritics Autopore V. The samples were extracted from the core of
intact samples and were pre-dried and weighed 1.0 + 0.2 g. The pressure
was gradually reduced to 50 pmHg; mercury with a surface tension of
0.485 Nm ! was filled; and the intrusion was measured to 60,000 PSL A
contact angle of 130° was used for these measurements [32].

3. Results and discussion
3.1. Heat of hydration

In the cement hydration process, the initial exothermic peak (0
min-30 min), which is also known as the dissolution peak, is mainly
attributed to the cement wetting, ion dissolution, and initial precipitation
of AFt [7,33-35]. Fig. 3 (in-situ; w/c = 0.5) shows that the height of the
dissolution peak was enhanced with the addition and content of CSABF
cement, indicating the accelerated release of ions. The improved in-
tensities of dissolution peaks of the PC/CSABF binder can be attributed to
the increased amount of total available sulfate, rapid dissolution of the
ye’elimite (C4A39), tricalcium aluminate (C3A), and mayenite (Ci2A7)
phases from CSABF clinker, and accelerated precipitation of early-formed
AFt due to fast reaction rate between C4A3$, C3A,and C12Ay with gypsum
(Eq. [2-4]) [15,34,36,37]. As a result, the CO showed a dissolution peak
with no more than 13 mW/g, whereas 15, 23, 29, and 32 mW/g were
measured in C10, C20, C30, and C40, respectively.

In the ex-situ pastes (w/c = 0.27), the CSABF cement accelerated the
appearance of the acceleration peak (i.e., increased hydration rate) at
23 °C, especially when the replacement level was higher than 10%
(Fig. 4 [a]). The acceleration peak was observed for approximately 9 h
(7.9 mW/g) in CO. This peak in PC hydration corresponds to the rapid
dissolution of C3S and rapid precipitation of CH and C-S-H phases [7].
The acceleration peaks of PC/CSABF binders were found earlier (i.e.,
shorter induction period), narrower, and higher in amount compared
with that of C0. When PC was replaced with only 10 wt% CSABF cement,
the induction period was slightly shortened, and the acceleration peak

35

304

255

204

15 1

Heat flow (mW/g)

10

Time (minutes)

Fig. 3. Impacts of CSABF cement content on the dissolution peak and early
ettringite precipitation of in situ mixed pastes (w/c = 0.5) at 23 °C.
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was observed at approximately 6.7 h (8.4 mW/g). Once the replacement
level was >20%, the appearance of the acceleration peaks was signifi-
cantly accelerated and detected at approximately 2.3 h (11.9 mW/g),
0.6 h (18.4 mW/g), and 0.25 h (47.1 mW/g) in C20, C30, and C40,
respectively. The accelerated appearance and higher acceleration peak
intensities in the PC/CSABF binders are mainly attributed to the faster
and more intensive precipitation of AFt [38]. Moreover, the eco-CSABF
clinker contains 5.3 wt% of C3A and 2 wt% of mayenite (C12A7) (see
Table 1), which accelerates the early hydration process of PC-based
systems by accelerating the consumption of gypsum and the formation
of an additional AFt phase [33].

CiAs$ +2 C$H, +34 H — C¢A$:Hy +2 AH; @)
CsA +3 C$H, +26 H — CeA$;Hs, 3)
CipA; 4+ 12C$H, 4+ 137 H —4 C¢A$;Hs, +3 AH; (©)]

The cumulative released heats of hydration during the first 2 h of the
measurement period, representing the pre-curing period, are displayed
in Fig. 4 (b). The released heat during the first 2 h was increased
considerably with the addition and content of CSABF cement. The order
of cumulative released heat after 2 h was C30 (13.1 J/g) > C20 (9.9 J/g)
> C40 (9.4 J/g) > C10 (5.4 J/g) > CO (1.2 J/g). The higher released
heats during the first 2 h from the PC/CSABF compared with that from
CO indicate greater hydration progress and reaction products precipi-
tation in the presence of CSABF cement during the pre-curing period.
The heat of hydration measurements are in line with reaction product
evolution (as shown later in Section 3.5). Taylor [39] reported that the
cumulative heat of hydration indicates the hydration degree of the
binders and the amount of precipitated reaction products. Interestingly,
the C40 binder showed a lower 2 h cumulative released heat than C20
and C30; this result can be attributed to the early formation of imper-
meable (or semi-impermeable) rim around the anhydrous PC and CSABF
cement particles due to the rapid early precipitation of AFt and
aluminium hydroxide in the C40 binder. This rim densifies the paste
microstructure and hinders water diffusion into anhydrous cement
particles, hence suppressing the subsequent dissolution process and
deaccelerating the follow-up hydration reaction [2,33,40].

3.2. Setting time

In line with the heat of hydration observations, replacing PC with
CSABF significantly accelerated the initial and final setting times (22 +
1 °C) of the pastes (Fig. 5). The initial (220 min) and final (270 min)
setting times of the CO were decreased to 15 min and 20 min in the C40
binder, indicating the rapid early hydration and precipitation of reaction

C20 —-—-C30 ——C40

Precuring

period

Heat flow (mW/g)

01 02 03 04 05 06 07

Time (hours)

Time (hours)

(a)
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products in the blended binders, respectively. Moreover, the period
between the initial and final setting times was also shortened with the
incorporation of CSABF cement. The accelerated setting times of PC/
CSABF binders are mainly associated with the fast hydration rate of
C4A3$ in the presence of gypsum. The latter results in the rapid pre-
cipitation of overlapping needle-like AFt, forming an interconnected AFt
network that consumes a large amount of mixing water (Eq. [2]) and
dispersed residual mixing water into irregular micron-sized pores within
the AFt skeleton [2,6,35,38]. As a result, PC/CSABF pastes underwent a
rapid loss of plasticity and rapid hardening, which illustrates the
accelerated setting times even with low CSABF cement dosage (i.e.,
10%). Notably, accelerated setting times are preferable in
low-temperature construction activities, especially for winter infra-
structure and traffic maintenance works where rapid turnaround is
required. However, the short setting times are challenging, and thus
well-prepared casting areas and the availability of experienced workers
should be assured before mixing to insure finalizing the casting before
the setting times. Alternatively, a retarder (e.g., citric acid [41]) can
extend the setting time of the blends, thus broadening the application
range of these materials.

3.3. Freezing point and freezable water

The freezing points of the binder pore solutions were depressed using
CSABF cement content and the 2 h pre-curing period (Table 3 and
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Fig. A3). The freezing point of the control binder without pre-curing
[CO-(0 h)] was approximately —1.3 °C. This finding shows that the
liquid phase (i.e., pore solution) of CO will freeze when subjected to the
curing temperature of this study at —5 °C. When PC was replaced with
CSABF cement, the freezing points of the C10-(0 h), C20-(0 h), C30-(0
h), and C40-(0 h) binders were depressed to —2.9 °C, —3.5 °C, —5.3 °C,
and —5.5 °C, respectively. The latter indicates that replacing PC with
CSABF cement can protect the binders against freezing at a —5 °C curing
temperature when the replacement level is > 30%. The lower freezing
points of CSABF-containing binders (without pre-curing) compared with
that of PC-binder (CO-[0 h]) can be attributed to the higher early ion
concentration in the pore solution due to the faster ion dissolution and
hydration rates, as shown in Fig. 3 in Section 3.1 [7,42,43].

The freezing points of the binders were further decreased with the 2
h pre-curing period. The impacts of the pre-curing on the freezing point
depression extent were more evident in the PC/CSABF binders
compared that in the CO. Therefore, the freezing point of C0O-(2 h) was
negligibly depressed with the pre-curing to approximately —1.4 °C due
to its limited hydration progress during the first 2 h of the curing period
(see Fig. 4 [b]). This result shows that the short pre-curing period was
unable to protect the CO against freezing at —5 °C curing temperature
(compressive strength results in Section 3.4.1 confirm this observation).
Due to the 2 h pre-curing period, the freezing points of C10-(2 h), C20-(2
h), C30-(2 h), and C40-(2 h) were considerably depressed to approxi-
mately —4.1 °C, —5.7 °C, —6.2 °C, and —6.7 °C, respectively. As shown
earlier (Section 3.1), the addition of CSABF cement significantly accel-
erated early dissolution (Fig. 3) and enhanced the hydration degree
(Fig. 4 [b]). This method increases the ion concentration in the pore
solution, consumes a considerable amount of free water, and decreases
the pore size. The freezing point of the pore solution in porous materials
is depressed with increased ion concentration “concentration effect”
[42,43] and decreased pore radius “network effect” [44-48]; therefore,
the additional depression in the freezing points of the PC/CSABF binders
after the 2 h pre-curing period may be attributed to the mutual impacts
of concentration and network effects.

In addition, increasing the CSABF cement content and the 2 h pre-
curing period decreased the melting heat (i.e., amount of FW), indi-
cating the accelerated consumption of free water (Fig. 6). Regarding the
results, CO-(0 h) exhibited the highest amount of FW, whereas a 3.7%,
17.6%, 22.5%, and 24.4% decrease in the amounts of FW were calculated
in the C10-(0 h), C20-(0 h), C30-(0 h), and C40-(0 h) compared with that
of CO-(0 h), respectively. Promisingly, the impacts of the 2 h pre-curing
period on the amount of FW were significant in the CSABF cement-
containing binders. Therefore, only an 8.2% decrease in the amount of
FW was calculated in C0-(2 h) compared with that in CO-(0 h). By contrast,
approximately 17.8%, 23.2%, 36.1%, and 34.9% reductions in the
amounts of FW were reported in C10-(2 h), C20-(2 h), C30-(2 h), and C40-
(2 h) compared with their pairs without pre-curing, respectively.

3.4. Compressive strength

3.4.1. Effects of CSABF cement content on the strength development of
freezer-cured pastes

Replacing PC with CSABF cement enhanced the early and late
compressive strengths of the freezer-cured pastes (—5 °C) (Fig. 7). A
negligible strength development was reported in the C0-(0 h) paste. This
finding is mainly caused by the freezing of pore solution (see Table 3),
which suppresses the hydration process and formation of strength-

Table 3
Freezing points (°C) of the binders with and without the 2 h pre-curing interval.

Pre-curing period (h) Mix composition

Cco C10 C20 C30 C40
0 -1.3 -2.9 -3.5 -5.3 -5.5
2 -1.4 —-4.1 -5.7 —6.2 —6.7
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Fig. 6. Effects of CSABF content and 2 h pre-curing period at room temperature
on the amount of freezable water (i.e., the melting heat) of the binders.

bearing reaction products. Therefore, no compressive strength could
be measured in the 1d-old CO-(0 h) paste, and only 8 MPa were reported
after 90 days. Early strength development was significantly enhanced
when the CSABF cement content was >30 wt%. Thus, both the one-day-
old C30-(0 h) and C40-(0 h) gained approximately 11.4 MPa. Thereafter,
a very limited strength gain was noticed between 1 and 28 days of the
curing period when the CSABF cement content was >30 wt%. This result
can be attributed to the deaccelerating effects of high CSABF cement
content (increased amount of released aluminum ions) on the hydration
of alite and belite phases in the PC fraction, as described later in Section
3.5. Nevertheless, the compressive strengths of the 90-day-old freeze-
cured pastes increased to 15.3, 20.6, 76.5, and 40.6 MPa in C10-(0 h),
C20-(0 h), C30-(0 h), and C40-(0 h), respectively. The significant in-
crease in the compressive strength of the C30 binder after 28 days is
attributed to the enhanced precipitation of pore-filling amorphous
phases (C-S-H, AH3, and AFm) due to the ongoing hydration of alite and
ye’elimite (see Fig. 10[a, d, and g] in Section 3.5) [7,49,50]. When
CSABF cement content increased up to 40% in C40-(0 h), lower
compressive strengths were reported from 7 days onwards compared
with that in C30-(0 h). This finding is mainly associated with the
porosity of the microstructure, as shown later in Section 3.6.1. There-
fore, 30 wt% CSABF cement content is the optimal replacement level for
the materials used in this study.
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Fig. 7. The impacts of CSABF content and pre-curing treatment on the
compressive strength of freezer-cured pastes (—5 °C).
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The frozen CO-(0 h), C10-(0 h), and C20-(0 h) showed strength
development with time, which can be assigned to the ongoing hydration
reaction by unfrozen pore solution trapped in nano-sized pores. Previ-
ously, Liu et al. [51] and Beddoe and Setzer [52] proved that the
freezing point of pore solution in gel nano-sized can be depressed from
—23 °C to —38 °C, depending on pore size. Subsequently, this super-
cooled pore solution can further dissolve cement particles and react with
them in the small pores; however, at a slow rate, precipitation of hy-
dration products is increased. In addition, the ongoing dissolution of
anhydrous cement particles increased the ion concentration in the small
pores, which created a concentration gradient between pores. As a
result, the unfrozen highly concentrated pore solutions in the small
pores begin to migrate to ice-bodies in large capillary pores until equi-
librium is reached [53-55]. Consequently, ice in large pores starts to
melt due to increased ion concentration [42,43]. The latter provides the
needed liquid-state pore solution for the subsequent hydration process
and reaction product formation, which illustrates the detected
compressive strength development in the frozen pastes.

When the 2 h pre-curing period was provided, the strength devel-
opment of PC/CSABF pastes was significantly accelerated, while limited
enhancements were observed in CO-(2 h). According to the results, the
impacts of the 2 h pre-curing interval on compressive strength are highly
dependent on CSABF cement content and curing time. For instance, with
low CSABF cement content (i.e., 10 and 20 wt%), both early and late
compressive strengths were enhanced with the 2 h pre-curing period.
Therefore, 1- and 90-day-old compressive strengths of C10-(2 h) were
increased by approximately 279% (6.7 MPa) and 52.9% (23.7 MPa)
compared with their counterparts without pre-curing. Similarly, with
the 20 wt% CSABF content, both the 1 day and 90 days compressive
strengths of C20-(2 h) were increased to approximately 15.3 and 55.8
MPa, which are 4.3 and 2.7 times higher than those measured in the 1
day- and 90-day-old C20-(0 h) samples, respectively. This finding can be
explained by the decreased freezing point of the C10 and C20 binders
with the 2 h pre-curing period (see Table 3), which reduces the freezing
cracking risk and assures the availability of the needed liquid-state pore
solution for the follow-up hydration process. When the CSABF content
was increased to 30 and 40 wt%, the 2 h pre-curing interval improved
the strength development during the first 7 days and diminished
thereafter in comparison with their pairs cured without pre-curing. For
instance, the 1-day-old C30-(2 h) (22.3 MPa) and C40-(2 h) (16.2 MPa)
gained 2.2 and 1.6 times higher compressive strengths than C30-(0 h)
and C40-(0), respectively. By contrast, the 90-day-old compressive
strengths of C30-(2 h) (65.8 MPa) and C40-(2 h) (35.3 MPa) were 14%
and 18% lower than those of C30-(0 h) and C40-(0 h), respectively. The
latter can be assigned to the rapid early AFt precipitation, which
increased the loose and porous microstructure at a late age, as shown
later in Section 3.6.2.

3.4.2. Effects of natural winter conditions on strength development of the
C30 paste

The best performing binder (i.e., C30), in terms of compressive
strength measurements, was selected to assess the impacts of natural
Finnish winter conditions on strength development up to 12 months
(Fig. 8). Notably, no special precautions or thermal systems were used
during the outdoor curing period. Promisingly, the externally cured C30
binder gained compressive strength with time despite the severe drop in
the ambient temperature up to —23 °C (see Fig. A2 in Appendix A) and
regardless of the pre-curing conditions. However, the compressive
strength gain rate was slower in the externally cured samples than that
in the freezer-cured samples (-5 °C) during the first 90 days, regardless
of the pre-curing treatment (Fig. 9). Therefore, lower compressive
strengths were gained in the externally cured C30 samples compared
with those in the freezer-cured pairs during the first 90 days of the
curing period. The latter can be attributed to the lower ambient tem-
peratures (Fig. A2) than the freezer temperature (—5 °C), which decel-
erate the hydration rate of the precursors and may also freeze a portion
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of pore solution, thus further slowing down the hydration process rate,
diminishing the rate and amount of precipitated strength-giving phases.
Promisingly, with increased ambient temperature from 120 days on-
wards, the strength development rate was considerably accelerated. As a
result, the externally cured 360-day-old C30-(0 h) (=93 MPa) and C30-
(2 h) (=81 MPa) gained higher compressive strengths than those
measured in their 90-day-old freezer-cured pairs. The compressive
strength development of the externally cured samples indicates that the
C30 binder, regardless of the pre-curing period, rapidly developed a
strong microstructure at an early age, which can withstand any potential
increase in internal hydraulic stress due to the freezing of capillary pore
solution because of the severe drop in ambient temperatures. The
American Concrete Institute [56] recommends that fresh concrete ele-
ments must be protected against freezing until a compressive strength of
5 MPa was gained to be able to withstand a subsequent early freezing
risk. According to the results, 8 and 17 MPa were gained in the 1-day-old
externally cured C30-(0 h) and C30-(2 h) samples.

3.5. Reaction product evolution

The mineralogical composition was assessed by Q-XRD (Fig. 10) and
TGA/DTG analysis (Fig. 11). The XRD analysis (see Fig. A4) shows that
alite (C3S), belite (C,S), ye’elimite (C4A3$), portlandite (CH), and AFt
are the main crystalline phases in the C10 and C30 binders, and their
quantities, as well as the content of amorphous phases, were then
calculated by the Rietveld refinement analysis. The amounts of ferrite
phase were under the reliable detection limit of XRD and were excluded
from the analysis. Moreover, the TGA/DTG analysis was used to
differentiate between the precipitated amorphous hydrates and to
further confirm the Q-XRD results.

In the low CSABF content binder (i.e., C10), ye’elimite was
consumed with time (Fig. 10 [a]). With the hydration of ye’elimite in the
presence of gypsum, AFt was formed and reached its maximum content
at 28 and 7 days in C10-(0 h) and C10-(2 h), respectively (Fig. 10 [c]).
The latter indicates that the precuring period accelerated the reaction
between ye’elimite and gypsum in the C10 binder. Therefore, gypsum
still existed up to 28 days in C10-(0 h), whereas it was entirely consumed
within 7 days in C10-(2 h) (Fig. 10 [b]). Moreover, the amount of AFt in
1-day-old C10-(2 h) was 43% higher than that in C10-(0 h). When the
content of CSABF was increased to 30 wt%, the amount of ye’elimite was
sharply decreased during the first 2 h. Meanwhile, the AFt phase was
rapidly generated and reached its maximum content at 2 h, regardless of
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Fig. 11. TGA/DTG curves of C10 and C30 pastes.

the pre-curing period. Thus, the 2 h old C30 binder formed 2.5 times
higher amounts of AFt than the C10 binder, regardless of the precuring
period. This result shows that the early hydration and precipitation of
early strength-source AFt are more violent with increasing CSABF
cement content. The latter is in line with the compressive strength re-
sults, as shown in Fig. 7 in Section 3.4.1.

The hydration of alite and belite phases was retarded in the PC/
CSABF binders and more significantly in the binder with a high content
of BCSA cement (i.e., C30). Regarding the alite phase, the hydration
process started after the first curing day in the C10 binder (Fig. 10 [d]).
As a result, the portlandite phase started to form and increased from 1
day onwards in the C10 binder, indicating the formation of C-S-H and
continuous hydration of the alite phase (Fig. 10 [f] and Fig. 11 [a and
c]). In comparison with the C10 binder, the hydration of the alite phase
in C30 was considerably slower and only started after 28 days, regard-
less of the pre-curing period. This result is consistent with the early
absence of the portlandite phase in the C30 binders and its appearance
after 28 days, regardless of the precuring period. Similarly, the reactivity
of the belite phase was low at all hydration times and slower in rate than
the alite phase (Fig. 10 [e]).

Furthermore, the short precuring period has no impact on the hy-
dration rate of calcium silicate phases (i.e., alite and belite), regardless
of the CSABF cement content. Nevertheless, the delayed hydration rate
of alite and belite phases can be attributed to the inhibiting impact of the
rapid early hydration of CSABF cement and consumption of a large
amount of water by AFt formation, as shown in Egs. (2)-(4) [57]. In
addition, Damidot and Rettel [58] and Ben Haha et al. [59] previously
investigated the impacts of aluminates on the hydration of alite and
belite phases. They showed that the hydration and dissolution of cal-
cium silicate phases were inhibited by the high alumina concentration in
the pore solution due to the “poison effect” of [Al] on the nucleation of
C-S-H. Moreover, the low w/c ratio (i.e., 0.27) used in this study, along

with the extensive consumption of water by the hydration of the rapid
reactive phases (i.e., C4A3$, C3A, C12A7, and C3S), have further dimin-
ished the reactivity of C,S phase, especially in the C30 binder. There-
fore, expectedly, the precipitated C-S-H gel and portlandite in the C30
blend are a result of alite hydration only; however, their formation in the
C10 blend can be attributed to the hydration of alite and belite phases.
Based on the abovementioned observations, the initial and early hy-
dration processes and strength development in the PC/CSABF paste are
mainly controlled by the reactivity of the calcium aluminate phases (i.e.,
C4A3$, C3A, and Cj2A7), and the late hydration and strength gain are
attributed to the hydration of calcium silicate phases (i.e., C3S and C,S).

Furthermore, the X-ray amorphous phases (i.e., AFm, AHs, and
C-S-H) show an increasing trend with time (Fig. 10 [g]). Fig. 11 shows
that the content of the AFm phase was increased with time as a result of
ongoing hydration of ye’elimite in the absence of gypsum (Eq. (6)) and
partial destabilization of AFt with depletion of available sulfate. In
addition, as shown in Egs. (2) and (5), the second hydration product of
the ye’elimite phase is microcrystalline AHj3 that is generally X-ray
amorphous [59,60]. The AH3 hydration product was detected in the C10
and C30 samples, and its amount was increased with time, as demon-
strated by TGA/DTG results. The latter can be attributed to the ongoing
hydration of unreacted ye’elimite in the absence of gypsum. Moreover,
the detected increase in the amorphous content can also be attributed to
the increased amount of precipitated C-S-H as a result of the hydration
progress of calcium silicate phases with time.

CiAs$ +18 H — C,A$H, +2 AH; 5)

3.6. Microstructural characterization

3.6.1. SEM
The microstructures of the 90-day-old freezer-cured C10, C30, and
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C40 pastes without pre-curing are shown in Fig. 12. The matrices consist
of voids, hydration products, and residual PC and CSABF clinker parti-
cles (in order of lowest brightness to highest brightness in BSE images).
Attributing to the high freezing point (—2.9 °C, see Table 3) of C10-(0 h),
its microstructure was fractured, and large and connected voids were
detected as a result of frost damage. When the CSABF cement content
was increased to 30%, the microstructure of C30-(0 h) looked intact,
dense, and filled with a considerable amount of hydration products.
Nevertheless, large voids and cracks were observed in the microstruc-
ture of the C40-(0 h) as a result of very rapid crystallization and pre-
cipitation of AFt. The latter can explain the lower compressive strength
of the 90-day-old C40-(0 h) sample compared with that of the 90-day-old
C30-(0 h) sample, as shown earlier in Section 3.4.1.

3.6.2. MIP

The total porosity of the binder decreased with an increase in curing
time and CSABF cement content (Fig. 13). The highest porosity was
detected in the C10-(0 h) sample cured for 1 day and is mainly attributed
to frost damage and a low amount of precipitated pore-filling hydration
products. With increasing CSABF cement content in the C30-(0 h)
sample, at 1 day of curing, the porosity was decreased as a result of the
enhanced precipitation of AFt and amorphous phases that fill the paste
matrix. Moreover, the impacts of the 2 h pre-curing period on the
porosity of the PC/CSABF samples are dependent on CSABF cement
content and sample age. At low CSABF cement content (i.e., 10 wt), the
2 h pre-curing period decreased the 1- and 90-day porosities due to the
increased precipitation of the hydration products, as shown earlier in
Section 3.5. Similarly, the 2 h pre-curing period decreased the 1-day
porosity in the C30 paste. However, in the 90-day-old C30 paste,
porosity increased with the pre-curing period. This finding is consistent
with the compressive strength results (Fig. 7) and is likely due to the
rapid AFt precipitation during the precuring that covers the cement
particles, thus limiting the late hydration process and reducing the
amount of pore-filling hydration products (see Fig. 11 [b] and [d]).

4. Conclusion

This work aims to develop an environmentally friendly binder that
can harden at subzero curing conditions, extend the construction season
in cold regions, and decrease the environmental load of cold weather
concreting works. An eco-friendly CSABF cement manufactured using
industrial side streams (i.e., ladle slag, iron-slag, and phosphogypsum)
was used to accelerate the strength development of PC-based paste cured
in a freezer at —5 °C or under natural winter conditions, with and
without the 2 h pre-curing period at room temperature.

The use of the CSABF cement accelerates the hydration rate and
setting time of the paste, and the acceleration rate is directly propor-
tional to the CSABF cement content. The incorporation of CSABF cement
(>30 wt%) reduces the paste’s freezing point to below —5 °C as a result
of concentration and network effects, regardless of the pre-curing
period. Simultaneously, the amount of freezable water (FW) in the
PC/CSABF paste is decreased because of the accelerated hydration rate
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and consumption of free water on the part of the precipitated hydration
products. The freezing point and FW amount of binders are further
decreased with the 2 h pre-curing period at room temperature, regard-
less of the CSABF content.

The incorporation of CSABF cement enhances the compressive
strength of pastes cured at —5 °C. In the presence of the optimal dosage
(i.e., 30 wt%) of CSABF cement, the 90-day-old PC/CSABF paste can
gain 5 times higher compressive strength than the 100% PC-based
binder. A further increase in the content of CSABF cement (>30 wt%)
leads to a porous microstructure and a reduction in compressive
strength. The impacts of pre-curing at room temperature on the early
and late compressive strengths and microstructure porosity are depen-
dent on the CSABF cement content and curing period. The early gained
compressive strengths in the PC/CSABF pastes are attributed to the rapid
precipitation of AFt, whereas the late strength development is controlled
by the hydration of alite and belite phases. The 180-day-old outdoor-
cured 70%PC/30CSABF binder gains a comparable compressive
strength, similar to that measured in the 90-day-old freezer-cured pair,
despite the severe drop in ambient temperature to below —20 °C. The
findings of this study exhibit the potential use of CSABF cement as an
eco-friendly accelerator in cold-weather construction works.

Author contribution

Ahmad Alzaza: Conceptualization, data curation, formal analysis,
investigation, methodology, validation, visualization, writing—original
draft, and writing—review, and editing. Katja Ohenoja: Conceptuali-
zation, methodology, formal analysis, validation, visualization, wri-
ting—review, and editing, supervision, and funding acquisition. Visa
Isteri: Data curation, formal analysis, investigation, methodology,
validation, visualization, and writing—review, and editing. Theodore
Hanein: validation and writing—review, and editing. Daniel Geddes:

(a) C10-(0h)

(b) C30-(0h)

(c) C40-(0h)

Fig. 12. Microstructures of the 90-day-old freezer-cured pastes (5000 x magnification).

10



A. Alzaza et al.

Investigation, methodology, validation, visualization, and writing—re-
view, and editing. Minna Poikelispaa: Validation and writing—review,
and editing. Mirja Illikainen: Conceptualization, resources, visualiza-
tion, writing—review, editing, supervision, and funding acquisition.

Funding

This work was conducted under the auspices of the ARCTIC-ecocrete
project, which was supported by the Interreg Nord EU program and the
Regional Council of Lapland, and the CECIRE project, which was funded
by Business Finland and the Finnish companies Boliden Harjavalta,
Boliden Kokkola, Outokumpu Stainless, and Yara and Fortum Waste
Solutions.

Cement and Concrete Composites 129 (2022) 104469

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Mr. Jarno Karvonen and Mr. Tun Nyo are acknowledged for their
contributions to the laboratory work. Mr. Petri Manninen (Sika, Finland)
and Mr. Esa Heikkila (Finnsementti, Finland) are acknowledged for
providing materials for this study. The authors thank the Center for
Material Analysis, University of Oulu, Finland. We also thank Tauno
Tonning Foundation for the financial support of the work. Participation
of Theodore Hanein was funded by UKRI FLF (MR/V023829/1).

Appendix A
—— Measured
Measured Calculated
Calculated Background
Background Ye'elimite
— Alite Belite
. Brownmillerite
Belite Periclase
Gypsum Gehlenite
Calcio-olivine —— Anhydrite
Bassanite ——— Shulamitite
C3A Mayenite
—— Quartz
Maghemite
C3A
Arcanite
Merwinite
C2F
Spinel TF
Il
o i o BT i b el o 4
T T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
°20 2-theta (deg)
(@) (b)

Fig. A1. QXRD of (a) PC and (b) CSABF clinker with phase identification and intensities calculated with the Rietveld method. Blackline represents the measured
diffractogram, redline refers to the measured intensities, and identified phases are listed in (Table 1).
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