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A B S T R A C T   

The use of high-volume ground granulated blast furnace slag (GGBFS) in cement-based materials significantly 
reduces CO2 emissions. Nevertheless, low curing temperatures are barriers to using environmentally friendly 
materials in winter construction works. This is mainly attributed to slow GGBFS’s reactivity and blends’ strength 
development due to the low alkalinity offered by the slow hydration rate of Portland cement (PC) at low tem-
peratures. In this study, sodium hydroxide was employed to produce dry reactive pre-alkali-activated GGBFS (A- 
GGBFS), with an intention to increase the system’s alkalinity and reactivity. The blended cement paste was 
prepared with 50% PC replacement with untreated and treated GGBFS, and cured constantly at 0 ◦C for 28 days. 
The A-GGBFS accelerated the hydration rate and enhanced the precipitation of hydration products. By adding an 
optimal NaOH content during the pre-alkali-activation process, the 3 and 28 days compressive strengths of paste 
increased by 41% and 37%, respectively, gaining a comparable 28 days compressive strength to that measured in 
a 100% PC-based binder. The microstructural assessments are consistent with compressive strength 
measurements.   

1. Introduction 

Harsh weather conditions in the long winter season in northern re-
gions are among the main challenges to their construction industry and 
development. According to the American Concrete Institute (ACI), cold 
weather is the ambient condition when the air temperature is below 4 ◦C 
for more than three consecutive days and is not higher than 10 ◦C for 12 
h, which is typical for at least six months in northern regions [1,2]. The 
cold weather conditions prolong construction schedules by slowing 
down the hydration rate and strength development of cementitious 
materials, thereby delaying the framework removals [2,3]. The latter 
limits the construction and infrastructure renovation works during the 
winter season, thus decelerating the development of northern areas. To 
overcome the decelerating and detrimental impacts of low ambient 
temperatures on the quality of cementitious materials, costly solutions 
and precautions, such as using thermal insulation of frameworks, heat-
ing the casting area, ultra-fine cement, rapid setting cement, and heated 
water and/or aggregates are employed. These methods aim to accelerate 
early strength development and extend the construction season in cold 
regions; however, these procedures significantly increase the cost and 
carbon footprint of construction works [4]. In addition, the use of 

supplementary cementitious materials (SCMs) is usually avoided in 
concreting works in cold weather due to their slow reactivity and early 
strength development [2,5]. 

Currently, the construction industry is urged to reduce its environ-
mental load by decreasing the portion of Portland cement (PC) in their 
cementitious materials by increasing the incorporation of SCMs. The 
latter represents a real challenge for the construction industry in 
northern regions because of the difficulty of using low reactive SCMs at 
low ambient temperatures [6]. However, several studies have attempted 
to enhance the reactivity, mechanical properties, and durability of 
cementitious materials cured at low temperatures, and increase the use 
of SCMs in cold weather construction works. These trials include the use 
of nanoparticles (NPs) as accelerator agents [2,7,8], rapid setting cal-
cium sulfoaluminate (CSA) cement [6,9–12], and alkali-activated ma-
terials (AAMs) [13–15]. The impacts of NPs on reactivity and 
mechanical properties at low curing temperatures were mainly assessed 
in 100% PC-binder [7,8]. Recently, Alzaza et al. [2] reported the pos-
sibility of replacing PC with 30% ground granulated blast furnace slag 
(GGBFS) in binary binder cured at 0 ◦C with calcium silicate hydrate 
(C–S–H) seeds, along with achieving a higher 28 d compressive strength 
and better frost resistance. Nevertheless, they showed that an increased 
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replacement level beyond 30 wt% of PC with GGBFS is detrimental in 
terms of strength development and frost resistance, regardless of the use 
and dosage of C–S–H seeds. Similarly, the CSA content in PC-binder is 
usually limited to 30% due to its high cost and rapid setting, which 
conflicts with the construction industry’s economic and applications 
interests in cold regions. Therefore, Alzaza et al. [6] reported an 
increased compressive strength in binder cured at − 5 ◦C with increasing 
the replacement level of PC with calcium sulfoaluminate belite ferrite 
cement–a cement produced from industrial side streams–up to 30%. 
Moreover, Wang et al. [15] and Alzaza et al. [14,16] proved the superior 
reactivity, strength development, and frost resistance of AAMs at 
low/freezing curing temperatures when compared to PC-based mate-
rials. However, despite the promising properties of AAMs at low curing 
temperatures, their adoption in construction sites remains in doubt due 
to the lack of standards, controversial long-term mechanical and dura-
bility properties, and leaching behavior [17–22]. 

Recently, a new promising cementitious material known as hybrid 
alkali-activated cement (HAAC) was proposed to increase the portion of 
SCMs in the blended cement to at least 50% SCMs [17,23]. Many re-
searchers have demonstrated the enhanced reactivity of GGBFS in HAAC 
with the addition of alkaline activators (i.e., NaOH, NaOH + Na2SiO3, or 
Na2SO4), along with accelerated and improved strength development, 
especially at early ages [13,17,24–28]. Angulo-Ramírez et al. [25] 
showed a faster hydration rate of HAAC comprising 80% GGBFS and 
20% PC with the addition of NaOH or a solution of NaOH and Na2SiO3, 
gaining significantly higher compressive strength and denser micro-
structure at room temperature than the 100% PC binder. Similarly, 
Puertas et al. [26] registered comparable early and late compressive 
strengths in the binder made with 90% GGBFS and 10% PC and acti-
vated by NaOH + Na2SiO3 solution (5% Na2O) at room temperature, like 
those measured in the 100% PC binder. The latter was assigned to the 
enhanced dissolution and reactivity of GGBFS in the presence of the 
alkali activator, resulting in the formation of intensely polymerized and 
cross-linked calcium-alumino-silicate hydrate (C-A-S-H) gel. Interest-
ingly, they reported a lower compressive strength in HAAC when the 
GGBFS content was reduced from 90% to 50% or 70% and attributed 
this to the diminished hydration of PC in the presence of a Na2SiO3 
activator [26]. Recently, Xue et al. [17] reported faster initial and final 
setting times of HAAC (75% GGBFS and 25% PC) prepared using a 
NaOH + Na2SiO3 activator than those in the 100% PC-based binder. 
Promisingly, they recorded a higher 1 d compressive strength in the 
HAAC binder at room temperature, compared to the 100% PC-based 
binder. These properties are beneficial for accelerating cold weather 
concreting works. However, Xue et al. [17] reported a slowed-down 
strength development in the HAAC binder after the first curing day, 
gaining lower 7 d and 28 d compressive strengths than the 100% 
PC-based binder. Similarly, Fu et al. [28] reported a higher 1 
d compressive strength in HAAC cement (50% GGBFS and 50% PC) than 
100% PC-based binder, regardless of the used alkali activator (i.e., 
NaOH, Na2SiO3, or Na2SO4), while lower compressive strengths were 
reported in the former from 7 d onwards. The lower late compressive 
strength in HAAC cement binder was attributed to the diminished late 
hydration of the PC portion in the alkaline environment and the rapid 
formation of the inner products’ shells around the unreacted precursors’ 
particles that negatively affected the following dissolution process and 
hydration progress [17,24,28]. On the contrary, Zhang et al. [13] re-
ported higher compressive strengths in HAAC binders (with GGBFS 
content up to 90%) activated with waterglass than those measured in the 
100% PC binder at room temperature, regardless of the curing period. In 
addition, they showed that HAAC binders have a faster hydration rate 
and strength development at − 5 ◦C and − 20 ◦C curing conditions, 
gaining three and two times higher 28 d compressive strength than 
100% PC-based binder, respectively [13]. Despite the superior proper-
ties of HAAC binder compared to PC binder, its wide-scale application is 
limited due to diminished late strength development and the use of 
alkali-activators which are costly, corrosive, hazardous (i.e., causing 

occupational hazards), and have a high carbon footprint [17,29,30]. In 
addition, the hardened properties of HAAC were mainly assessed at 
room temperature and their performance at low curing temperatures is 
limitedly investigated. 

Therefore, this study seeks to assess the impacts of the pre-alkali- 
activation process of GGBFS with low NaOH dosage (i.e., 1–4 wt% of 
GGBFS) on the properties of binary binder cured at 0 ◦C. The pre-alkali- 
activation process aims to develop a dry active precursor to limit the 
contact with high alkaline and corrosive solutions at construction sites 
and provide an environmental- and user-friendly cement alternative for 
northern regions. The impacts that pre-alkali-activated GGBFS has on 
the reactivity and compressive strength development of 0 ◦C cured bi-
nary binder were assessed. The hydration process was investigated using 
isothermal calorimetry, X-ray diffraction (XRD), thermogravimetric/ 
differential thermogravimetry analyses (TGA/DTG), and a selective 
dissolution test. The microstructural assessment was performed using 
scanning electron microscopy (SEM). 

2. Experimental 

2.1. Materials 

Finnsementti (Finland) supplied commercially available PC (CEM I 
52.5R) and GGBFS. Specific gravity and Blaine surface area of PC and 
GGBFS were around 3.05 g/cm3 and 400 m2/kg, and 2.95 g/cm3 and 
380 m2/kg, respectively. The chemical compositions of PC and GGBFS, 
as shown in Table 1, were analyzed using X-ray fluorescence (XRF) 
(PANalytical Omnian Axiosmax at 4 kV). The main mineralogical phases 
in PC were measured by quantitative XRD (Q-XRD) and the phase 
identification was conducted using Rigaku PDXL 2 software with PDF- 
4+ 2020 RDB database, and the Rietveld method was employed to 
calculate the quantities of the main phases in the samples (Table 1). 
Sodium hydroxide powder (Honeywell, Czech Republic) with a grade of 
97% was used. A polycarboxylate-based superplasticizer (SP, Sika® 
Viscocrete-5800) with a solid content of approximately 35.5% and 
without retarding effects was used [6,31]. Deionized water was used in 
preparing the pastes. All raw materials were sealed and stored at lab 
conditions (22 ± 1 ◦C) before use. 

2.2. Preparation and characterization of partially alkali-activated GGBFS 

The pre-alkali-activated GGBFS (A-GGBFS) was prepared using 1, 2, 
and 4% (wt.%, by the mass of GGBFS) sodium hydroxide (NaOH) and 
named with A1, A2, and A4, respectively. As-received GGBFS was 

Table 1 
Chemical composition of PC and GGBFS and mineralogy (wt.%) of PC.  

XRF Q-XRD 

Oxide PC GGBFS Phase PC 

CaO 69.0 39.4 C3S 61.0 
SiO2 24.0 32.3 C2S 25.3 
Al2O3 2.1 9.6 C3A 4.2 
Fe2O3 0.3 1.2 Bassanite; hemihydrate 1.5 
MgO 0.7 10.2 C$ ⋅2H 3.4 
SO3 2.0 4.0 C4A3$ – 
Na2O 0.2 0.6 C2(A,F) – 
K2O 0.1 0.7 C12A7 2.0 
TiO2 0.1 2.2 M 0.1    

S 0.4    
C2AS –    
C S –    
C3T(F,A) –    
F –    
CaMg(CO3)2 1    
Lime 1    
Portlandite 1.2    
Amorphous 0  
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labeled with A0 in this work. In the beginning, mixing water needed to 
achieve water (w)/GGBFS ratio of 0.1 was measured, and then the 
required NaOH powder dosage was dissolved in it to ensure full disso-
lution. The low w/GGBFS ratio in the preparation process of A-GGBFS 
was adopted based on the literature [27,32] to limit the depolymer-
ization/polycondensation rates and produce precursors capable of 
reacting when in contact with water. The solution’s temperature was 
monitored and used when it cooled to room temperature. Thereafter, the 
solution was added to GGBFS and mixed for 5 min. The prepared mixed 
materials were then covered and dried in the oven at 60 ◦C until a 
constant mass was reported or the difference between the two sequence 
readings was less than 0.1%. The low drying temperature was used to 
avoid the potential decomposition of precipitated products during the 
pre-activation process. Thereafter, the dried treated GGBFS were cooled 
down while covered at room temperature for 24 h. Then, it was milled 
using a vibratory desk mill (Retsch RS200, Germany) for 2 min at 700 
rpm with a sample size of 80 g and stored while covered at lab conditions 
(22 ± 1 ◦C). The milling program was optimized during the preliminary 
works to break down any formed agglomerates [33] and to achieve 
comparable particle distribution and median particle size (D50) to those 
of A0. The latter was done to eliminate the impacts of particle size dis-
tribution on the reactivity of the materials and the strength development 
of hardened pastes. The particle size distribution of the powder raw 
materials (PC, A0, A1, A2, and A4) was measured in isopropanol using a 
particle size analyzer (LS 13320 from Beckman Coulter, USA) and pre-
sented in Fig. 1. The median particle sizes (D50) of PC, A0, A1, A2, and 
A4 were approximately 8.5 μm, 9.4 μm, 10.2 μm, 9.7 μm, and 10.5 μm, 
respectively. 

Fig. 2 presents the micrographs and elemental composition of A0, 
A1, and A4 powders obtained by scanning electron microscopy equip-
ped with an electron dispersive spectroscopy (see Section 2.4 for sample 
preparation and testing procedures). The elemental compositions indi-
cate the precipitation of sodium-modified calcium-alumino-silicate hy-
drate (C-(N)-A-S-H) on the boundaries of slag particles in A1 and A4 
powders (Fig. 2 (b) and (c)) [34–36]. Moreover, micrographs show that 
more intense precipitation of phases with thicker and denser rim was 
formed around A4 slag particles than A1, indicating accelerated depo-
lymerization/polycondensation rates in the former with the increased 
dosage of NaOH. 

To assess the alkalinity of the different GGBFS powders (i.e., A0, A1, 
A2, and A4), the pH of extracts was measured after obtaining them via 
suction filtration. The extract was prepared by mixing 50 g of A0, A1, 
A2, or A4 powder with 50 mL pure water for 4 min (simulating the 

mixing period in Section 2.3) using a magnetic force mixer at a stirring 
speed of 500 rpm at room temperature [37]. Thereafter, calibrated 
Denver Instrument AP10 pH/mV Meter (Masterflex, Germany) was used 
to measure the pH of the extracts. In addition, the concentration of 
leached sodium ions in the extract was determined using an inductively 
coupled plasma optical emission spectrometer (ICP-MS) (Thermo Fisher 
Scientific’s iCAP-Q). Fig. 3 exhibits the increased alkalinity of the extract 
with the use of A-GGBFS. The increase in the pH is directly proportional 
to the NaOH dosage used in the preparation process. The increased pH of 
the A-GGBFS extract, compared to that of A0, is mainly due to the 
increased leaching of free mobilized Na+ from alkali-activated species in 
the former due to the weak bond of sodium in the gel [19,20], and as 
Davidovits [38] described, which forms NaOH when reacting with water 
and thus increasing the system’s pH [27,39]. 

2.3. Paste sample preparation and curing conditions 

Four blended binders were developed in this study to assess the 
impacts of A-GGBFS on the reactivity and strength development of the 
blends cured at 0 ◦C (Table 2). To prepare the binders, the PC was 
replaced with 50 wt% A1, A2, or A4 powder and the prepared binders 
were labeled as SH1, SH2, and SH4, respectively. For comparison pur-
poses, a reference binder (i.e., SH0) was prepared, consisting of 50% PC 
and 50% A0. For all binders, the water-to-binder (PC + A0, A1, A2, or 
A4) ratio (w/b) was kept constant at 0.27, considering the water content 
in SP [40]. The dosage of SP was adjusted (through preliminary exper-
iments) and varied between 0.5 and 3.5% by the binder’s total mass. The 
superplasticizer optimization program and methods were reported in 
the authors’ earlier published work [2]. 

For mixing, the dry materials were first mixed using the Hobart 
mixer for 3 min to achieve good homogeneity. Meanwhile, SP was added 
to the mixing deionized water and maintained in an ultrasonic bath 
(Elmasonic P, Germany) for 5 min [40]. Thereafter, the deionized water, 
including SP, was added gradually to the mixed dry cementitious ma-
terials and mixed thoroughly for 4 min under lab-controlled conditions 
(22 ± 1 ◦C). The fresh pastes were then cast into 20 × 20 × 20 mm3 

molds, compacted using a jolting table (120 shocks, one shock/s), and 
sealed with a plastic bag to avoid moisture loss [14]. The pastes in the 
molds were then cured at 0 ◦C in a pre-set climatic test chamber 
(WK3-180/40, Weiss Technik, Grand Rapids, Michigan). To simulate 
construction site conditions and the temperature of frameworks sides, 
the molds were kept in the climatic test chamber (0 ◦C) and taken out of 
the chamber just before the casting step. 

2.4. Analytical methods 

An isothermal calorimeter (Thermometrics TAM air) was used to 
monitor the impacts of A-GGBFS on the reaction rate and hydration heat 
evolution. Since the lowest calorimeter’s internal temperature is 5 ◦C, 
the heat evolutions and reaction rate of the binders were followed at that 
temperature, which is higher than the curing temperature of this study. 
However, the analysis can still provide information about the effects of 
the A-GGBFS on the binary binders’ reactivity at low curing tempera-
tures [2]. The calorimeter was set at 5 ◦C and equilibrated for 1 d. The 
samples were then prepared according to Section 2.3, and around 5 g of 
the pastes was poured into glass ampules and immediately placed in the 
calorimeter. In this work, water was used as a reference sample, and the 
measured heat flow and calculated cumulative released heat were 
normalized by the paste’s mass. 

Field emission scanning electron microscopy (Zeiss ULTRA plus 
FESEM, Germany) equipped with an electron dispersive spectroscopy 
(EDS) was used. At the designated age, hydration was stopped by the 
solvent exchange technique using isopropanol, and the solution was 
changed twice during the first 2 h and then kept for 48 h [6]. Then, the 
samples were dried in a desiccator at room temperature. The dried 
samples were mounted in epoxy resin and polished with diamond pastes. Fig. 1. Particle size distribution of the raw materials.  
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The analysis was carried out using carbon-coated specimens under a 
backscatter electron detector at an acceleration voltage of 15 kV. 

The hydration products were assessed by XRD and thermogravi-
metric analysis (TGA) using crushed and powdered samples. The XRD 
data were collected using a Rigaku SmartLab 9 kW diffractometer. A 
CoKα radiation at 40 kV and 135 mA, a step size of 0.02◦, and a scanning 
rate of 4◦ 2Ɵ/min were employed over a 2Ɵ range of 5◦–130◦. Phase 
identification was conducted using Rigaku PDXL 2 software with the 
PDF-4+ 2020 RDB database. The 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 1000 ◦C at 10 ◦C/min in 

Fig. 2. SEM micrographs (15000× magnification) and elemental composition of (a) A0, (b) A1, and (c) A4 powders.  

Fig. 3. The pH measurement and Na ion concentration of filtrates of A0, A1, 
A2, and A4 suspensions after 4 min of mixing. 

Table 2 
Mix proportions (wt.%) of prepared pastes.  

Sample ID PC GGBFSa SP w/b 

SH0 50 50 (A0b) 0.50 0.27 
SH1 50 (A1) 0.75 
SH2 50 (A2) 1.7 
SH4 50 (A4) 3.5  

a Equivalent to 50% of as-received GGBFS (i.e., A0). 
b The used GGBFS powder. 
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an inert nitrogen atmosphere. The amount of chemically bound water 
(CBW) was calculated according to earlier published work [40]. 

The ethylene diamine tetra-acetic acid (EDTA)/triethanolamine/ 
NaOH selective dissolution method developed by Luke and Glasser [41] 
was used to assess the impacts of the pre-activation process on the 
reactivity of the GGBFS particles at 0 ◦C. Using this test method enables 
the dissolution of the reaction products of the binary binders, as well as 
unreacted PC particles, leaving the unreacted GGBFS as residue. 
Therefore, the amount of reacted GGBFS can be determined. The 
detailed test procedures and solvent composition can be found else-
where [41]. The reacted fractions of GGBFS in the binary binders were 
calculated using Eq. (1), and the averages of the duplicates were re-
ported for each data point. Corrections were made for anhydrous PC and 
GGBFS.  

where CR is the PC mass ratio in the binders and SR is the GGBFS (or 
A-GGBFS) mass ratio in the binders. 

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 kept in a 0 ◦C chamber 
during the testing period to avoid the potential impacts of the lab’s 
ambient temperature. 

3. Results and discussion 

3.1. Hydration heat 

The hydration heat flow and cumulative released heat of the binders 
were monitored for 72 h (Fig. 4). In the cement hydration process, the 
initial exothermic peak—also known as the dissolution peak—is mainly 
attributed to the cement wetting, ion dissolution, and initial precipita-
tion of AFt [6,12]. This peak was not recorded in this study due to the 
ex-situ mixing of the pastes. According to the isothermal measurements, 
the use of A-GGBFS shortened the induction period, in comparison with 
that of the SH0 binder (Fig. 4(a)). In line with this work, Mota et al. [39] 
and Angulo-Ramírez et al. [25] reported a shortened induction period in 
PC-based and PC/GGBFS binders mixed with NaOH, respectively. In this 
work, a slower hydration rate was detected in all binders made with 
GGBFS (or A-GGBFS) than in the 100% PC binder. According to the 
hydration heat flow results, the binders containing A-GGBFS showed a 

higher hydration heat during the induction period than the SH0 binder, 
and the increase is directly proportional to the alkalinity of A-GGBFS 
(see Fig. 3). The latter implies the enhanced very early dissolution of 
precursors along with the accelerated early nucleation/growth rate of 
C–S–H in the binders made with A-GGBFS. Huang et al. [42] proved that 
the heat release rate during the induction period in PC-based systems is 
mainly due to the early dissolution of the C3S and growth of C–S–H. 
Therefore, the highest released 8 h cumulative hydration heat from 
GGBFS (or A-GGBFS)-containing binders was detected in the SH4 (2.1 
j/g) (zoomed-in Fig. 4(b)); however, its hydration rate slowed down 
thereafter, compared to the SH1 and SH2 binders due to the rapid pre-
cipitation of hydration products on the surface of the anhydrous parti-
cles (see Fig. 8(e and f)) which affects the following hydration as will 
later be described further. Thus, two turning points at 15 h and 20 h 

were detected in the cumulative hydration heat curves at which the 
hydration rate of the SH4 and SH2 binders started to slow down (i.e., 
lower slope), in comparison to the SH1 binder, respectively (Fig. 4(b)). 

Furthermore, the incorporation of A-GGBFS changed the shape of the 
hydration heat flow curves and accelerated the appearance of the C3S 
hydration peak (2nd peak) and C3A hydration peak (3rd peak), 
compared to SH0, resulting in one merged peak in the SH1, SH2, and 
SH4 binders. Similarly, Mota et al. [39] reported an accelerated reac-
tivity of C3A in the PC binder in the presence of NaOH, and thus the 
hydration of C3A and C3S were very close in time, showing one merged 
hydration peak in the isothermal measurements. In addition, Huang 
et al. [42] reported an accelerated early hydration rate of the C3S-based 
system by increasing the system’s pH due to the addition of potassium 
hydroxide. In line with this work, Andrade Neto et al. [43] also reported 
an accelerated hydration rate of C3A with the increased pH due to the 
use of NaOH solution, and attributed it to the enhanced dissolution of 
gypsum and accelerated consumption of sulfate which accelerate the 
occurrence of a sulfate depletion point in the system. Fu et al. [28] and 
Clark and Brown [44] previously detected accelerated gypsum dissolu-
tion in alkaline media. Recently, Xue et al. [17] reported an enhanced 
intensity and accelerated appearance of the merged silicate and alumi-
nate peak in 25% PC/75% GGBFS binder mixed with (NaOH + water-
glass) solution and cured at room temperature when compared to the 
pair mixed with water. However, consistent with this work, they re-
ported a delayed occurrence of the merged peak in the hybrid 
alkali-activated binder with increased Na2O content in the system [17]. 

The accelerated hydration rate in the binders containing A-GGBFS 

Fig. 4. (a) Heat flow evolution and (b) cumulative 
heat of hydration of binders at +5 ◦C. The first peak 
was not recorded in this study due to the ex-situ 
mixing of the paste samples. The 100% PC-based 
binder was prepared with the same water/cement 
(w/c) ratio (0.27) and assessed by the authors earlier 
[2]. The cumulative released heat was calculated by 
the integration of measured heat flow after 20 min of 
ampoules inserting time into the calorimeter slot to 
exclude the peak caused by the chamber’s environ-
ment disturbance.   

Reacted GGBFS (%) =

(

1 −
insoluble  residue  of  sample − (CR  × insoluble  residue  of  anhydrous  PC)

SR  ×  insoluble  residue  of  anhydrous  GGBFS

)

× 100 (1)   
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can be attributed to the increased alkalinity of the system, as a result of 
increased leaching of Na+ from alkali-activated species in A-GGBFS 
forming NaOH when reacting with water (see Fig. 3). The latter 
enhanced and accelerated the early hydration rate of the C3S phase 
(proved later by the Q-XRD) in Section 3.2) and reactivity of GGBFS 
(supported by the selective dissolution test results in Section 3.2) by 
accelerating the precipitation of hydration products (i.e., C-(N)-A-S-H, 
AFt, and portlandite, see Fig. 5 and Fig. 6), which decreased the Ca, Si, 
and Al concentrations in pore solution and thus accelerated the early 
dissolution of C3S and GGBFS [28,39,45]. Furthermore, the enhanced 
dissolution and hydration rates of C3S increased the released hydration 
heat and pH of the pore solution [28]. These parameters are known to 
enhance the hydrolysis of bonds of an alumino-silicate network (i.e., 
improving GGBFS dissolution and reactivity) [28,46–48]. 

A higher 72-h cumulative hydration heat was detected in the binders 
containing A-GGBFS than in the SH0 binder; however, a decrease was 
reported with an increased NaOH dosage. Moreover, lower 72-h cu-
mulative hydration heats were released from the GGBFS (or A-GGBFS)- 
containing binders than that from 100% PC binder. Therefore, the order 
of the 72-h cumulative hydration heat was as follows: 100% PC (44 J/g) 
> SH1 (28.9 J/g) > SH2 (27.3 J/g) > SH4 (25.8 J/g) > SH0 (25.5 J/g) 
(Fig. 4(b)). Generally, the cumulative heat indicates the binders’ hy-
dration degree [49], so it can be stated that the use of A-GGBFS, espe-
cially A1, improved the hydration degree of the binary binders at low 
temperatures. The cumulative heat results are in good agreement with 
the amounts of precipitated reaction products, as will be shown later in 
the TGA/DTG results (Section 3.2). Nevertheless, the lower 72-h hy-
dration heat in SH4 than in SH1 can be assigned to the formation of a 

thick impermeable or semi-permeable rim around anhydrous grains in 
the former (see Fig. 8(e) in Section 3.3) due to the early rapid nucleation 
and growth of the hydration products. The quick hydration and inten-
sive precipitation of hydration products in NaOH-activated PC and slag 
systems, covering the anhydrous grains, were previously reported at 
25 ◦C [37,39,45,47]. This rim is known to hinder or decelerate the 
diffusivity of the solution toward anhydrous particles, thus decelerating 
the dissolution rate [50]. The slower dissolution rate results in a lower 
number of available nucleation sites and ions concentration in pore 
solution, thus diminishing the following hydration process [17,42,51, 
52]. The latter gives a reasonable explanation for the longer induction 
period, lower main hydration peak intensity, and lower 72-h cumulative 
released hydration heat in SH4, compared to SH1. Similarly, several 
studies reported that the early (4–10 h) hydration of PC was accelerated 
by increasing the pH and the presence of high alkali content in pore 
solution while the opposite was detected thereafter [26,45,53]. 

3.2. Hydration products evolution 

The XRD analysis showed a faster early (i.e., 3 d) hydration rate of 
the C3S phase in the SH1 and SH4 binders compared to the SH0 binder 
(Fig. 5). Therefore, the C3S content in 3 d-old SH0, SH1, and SH4 sam-
ples were 17.5, 12.7, and 13%, respectively, as measured by the Q-XRD 
analysis using the external standard method. This is in line with the 
higher portlandite contents in the 3 d-old SH1 and SH4 binders than in 
the SH0 binder, as shown in the TGA/DTG results (Fig. 6(a)). With 
curing time, the C3S content decreased to 3.5, 3.1, and 5% in the 28 d- 
old SH0, SH1, and SH4 binders, respectively. The latter indicates the 

Fig. 5. XRD patterns of the (a) 3-d and (b) 28-d binders.  

Fig. 6. The TGA/DTG curves of (a) 3-d and (b) 28-d binders. Regarding the DTG curves, peaks 1 (60–240 ◦C): ettringite (AFt) and C–S–H/C-(A)-S-H/C-(N)-A-S-H 
phases; peak 2 (250–330 ◦C): AFm; peak 3 (330–375 ◦C): hydrotalcite phase; peak 4 (375–450 ◦C): Ca(OH)2; peak 5 (and 550–750 ◦C): C–S–H/C-(A)-S-H/C-(N)-A-S-H 
phases; and peak 6 (750–1000 ◦C): calcite. 
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slowed-down hydration rate of the C3S phase in the SH4 binders with 
time, in comparison to the SH0 and SH1 binders. Therefore, the re-
ductions in the C3S content between 3 d and 28 d were around 80.0%, 
75.6%, and 61.5% in the SH0, SH1, and SH4 binders, respectively. 
Martinez-Ramirez and Palomo [45] and Xue et al. [17] reported com-
parable findings. The decelerated long-term hydration of C3S in the 
presence of alkali can be attributed to the diminished late dissolution 
rate of calcium with an increased system pH [17,39,42,45]. 

In addition, the XRD analysis exhibited that ettringite, portlandite, 
calcium-silicate hydrate, and calcite are the main hydration products in 
the SH0 binder, regardless of the curing period. With the use of A1 and 
A4, the hydrotalcite phase appeared in the 3 d and 28 d-old SH1 and SH4 
binders. The precipitation of hydrotalcite can be attributed to the 
enhanced dissolution of GGBFS (as discussed in Section 3.1), increasing 
the released amount of Mg and Al in the SH1 and SH4 binders [54]. The 
thermal decomposition peak between 330 and 375 ◦C in TGA/DTG re-
sults (peak 3 in Fig. 6) confirms the precipitation of hydrotalcite 
[55–57]. The precipitation of hydrotalcite was reported earlier in the 
PC/GGBFS binders manufactured in the presence of NaOH and with a 
high content (≥50 wt%) of GGBFS that contained high Mg and Al con-
tents (≥10%), comparable to the GGBFS used in this study (see Table 1) 
[17,25,48,58]. Furthermore, the EDS analysis indicated the precipita-
tion of C-(N)-A-S-H in the SH1 and SH4 binders (see Fig. A1 in the Ap-
pendix). The precipitation of C-(N)-A-S-H is mainly attributed to the 
increased Na+ ion uptake in the C-A-S-H structure, because of its 
increased leaching into the pore solution from A1 and A4, which 
increased its concentration in the pore solution (see Fig. 3) [17,39,59]. 

Furthermore, the formation of ettringite was impeded in the SH4 
binder. This can be assigned to the increased pH of the system (see 
Fig. 3) which suppressed the precipitation of AFt, favoring the precipi-
tation of mono-sulfoaluminate (AFm) [60]. The hump between 12 and 
14 ◦2Ɵ in the SH4 binder indicates the formation of AFm (Fig. 5) [61]. 
The presence of the AFm phase was further confirmed by the dehydra-
tion peak being present between 250 and 330 ◦C in the TGA/DTG 
analysis of the SH4 binder (peak 2 in Fig. 6) [43,62]. In line with this 
work, Mota et al. [39] and Ye et al. [63] previously reported the 
impeded formation of ettringite in PC-based systems when in the pres-
ence of NaOH. Similarly, Fu et al. [28] reported the absence of the 
ettringite phase in 50% PC/50% GGBFS binder when in the presence of 
NaOH. 

According to the TGA/DTG results (Fig. 6), a higher amount of 
precipitated hydration products (i.e., higher mass loss in the TGA 
curves) was reported in the SH1 and SH4 binders, compared to the SH0 
binder, regardless of the curing period. The enhanced precipitation of 
C–S–H/C-A-S-H/C-(N)-A-S-H gels (peaks 1 and 5) and Ca(OH)2 (peak 4) 
in the SH1 and SH4 binders, compared to SH0, can be attributed to the 
accelerated hydration rate of PC and GGBFS with the increased system 
pH, as discussed earlier. Similarly, Mota et al. [39] reported a higher 

amount of early precipitated Ca(OH)2 in a PC-based binder mixed with 
1.45 M NaOH, compared to that mixed with water. Promisingly, the 
enhanced early precipitation of Ca(OH)2 in SH1 and SH4 can further 
increase the system’s pH [2,47,64–66]. As a result, the dissolution rate 
of GGBFS at this stage was additionally enhanced. This accelerated the 
release of ions from GGBFS into pore solution, increasing their con-
centrations and enhancing the hydration products’ precipitation rate 
[17]. Therefore, an increased amount of chemically bound water (CBW) 
was measured in the SH1 and SH4 binders, in comparison with the SH0 
binder, regardless of the curing period (Fig. 7(a)). In addition, the 
enhanced reactivity of GGBFS in SH1 and SH4, compared to SH0, was 
further confirmed by the higher reacted portion in the formers, as 
measured by selective dissolution analysis (Fig. 7(b)). However, a 
limited increase in the amount of reacted GGBFS was detected in SH4 
with time. The diminished reactivity of GGBFS in the SH4 binder with 
time can be assigned to the early formation of an impermeable rim of 
hydration products around anhydrous grains due to the early rapid 
hydration products’ precipitation, as discussed earlier in Section 3.1 and 
proved later by SEM micrographs in Section 3.3. As a result, the hy-
dration rate of the SH4 binder was slowed down from 3 d thereafter, 
compared to SH1. Therefore, a lower amount of CBW was measured in 
the 7 d and 28 d SH4 binders than in the SH1 binder. This is in line with 
the microstructure observations and compressive strength results, as 
shown later in Sections 3.3 and 3.4, respectively. 

3.3. Microstructure 

Denser and less porous microstructures were captured in the 3 d-old 
SH1 and SH4 binders, compared to the SH0 binder, indicating the faster 
hydration rate and increased pore-filling hydrates in the formers (Fig. 8). 
In addition, abundant unreacted PC and GGBFS particles were observed 
in the 3 d-old SH0, when compared to the 3 d-old SH1 and SH4 samples, 
showing the limited hydration degree in the former. These observations 
are in line with the XRD results (Fig. 5(a)), CBW (Fig. 7(a)), and selective 
dissolution analysis (Fig. 7(b)). According to the SEM micrographs, the 
SH1 binder exhibited the densest microstructure, regardless of the 
curing period. This is consistent with compressive strength results (as 
shown later in Section 3.4). A dense inner-products rim was observed 
around unreacted precursor particles in the 3 d-old SH4 binder. This 
indicates that the topochemical hydration was dominant at an early age 
in the SH4 binder, precipitating the hydration products at the solution 
precursors particles interface [16]. The latter limits the subsequent 
dissolution process and the precipitation process of outer pore-filling 
hydration products with time [67]. This illustrates the more porous 
microstructure of the 28 d-old SH4 sample, compared to SH0 and SH1. 
In addition, the impeded formation of ettringite in the SH4 binder (as 
shown earlier in the XRD analysis in Fig. 5) decreased the volume of 
precipitated pore filling hydrates, which also increase the porosity of the 

Fig. 7. The change in (a) chemically-bound water (CBW) and (b) reacted amount of GGBFS with time in the selected binders.  
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microstructure [39]. Furthermore, small cracks were observed in the 
SH4 sample, which can be attributed to the high shrinkage that occurs 
with increased alkali content. Similarly, Xue et al. [17] reported 
increased shrinkage in the PC/GGBFS binder by increasing the Na2O 
content in the alkaline activator. 

3.4. Strength development 

The 3 d compressive strength of the binders increased with the use of 
the A-GGBFS, regardless of the NaOH dosage (Fig. 9). From 7 d onwards, 
the impacts of A-GGBFS on the compressive strength of the binders are 
dependent on the used NaOH dosage during the pre-activation process. 
Promisingly, the SH1 binder showed around 41% (24 MPa), 22% (39 
MPa), and 37% (56 MPa) higher compressive strengths after the 3 d, 7 d, 
and 28 d of the curing period, compared to those measured in SH0 
binder, respectively. The latter is consistent with the higher cumulative 
hydration heat (Fig. 4(b)), amount of precipitated hydration products 
(Fig. 6), reacted portion of GGBFS (Fig. 7(b)), and a denser micro-
structure of SH1 binder than that of the SH0 binder (Fig. 8). Similarly, 
Zhang et al. [13] showed that the strength development of PC/GGBFS 
binder were enhanced and accelerated at subzero temperatures with the 
use of the NaOH + Na2SiO3 mixing solution. In addition, Garcia-Lodeiro 
et al. [53] reported an enhanced strength gain in 30% PC/70% fly ash 
hybrid binder activated with the NaOH + Na2SiO3 solution at room 
temperature. 

Nevertheless, with increased NaOH dosage in A2 and A4, a reduction 

trend in compressive strength was detected compared to SH1. Therefore, 
the SH2 binder exhibited 8%, 10%, and 18% lower 3 d, 7 d, and 28 
d compressive strengths than those recorded in SH1 samples. However, 
the measured compressive strengths in the SH2 samples were still higher 
than those measured in the SH0 samples, regardless of the curing period. 
The lowest mechanical performance and compressive strength gain were 
observed with the use of A4 in the SH4 binder. Therefore, 6% reductions 
were measured in the 7 d and 28 d compressive strength measurements 
in the SH4 samples, in comparison with those measured in the SH0 
samples. The poor late mechanical performance of the SH4 binder is 
attributed to the diminished hydration degree of the precursors (as 
discussed earlier in Section 3.2), along with its porous microstructure 
(see Fig. 8(f)), and impeded precipitation of the strength-source ettrin-
gite phase [68] (see Fig. 5). 

Furthermore, the authors previously assessed the strength develop-
ment of a binder made of 100% PC (CEM I 52.5R) with a similar w/c 
ratio (i.e., 0.27) and curing condition (i.e., 0 ◦C) of this work [2]. This 
binder gained compressive strengths of 38 MPa, 48 MPa, and 57 MPa 
after the 3 d, 7 d, and 28 d curing periods, respectively. Compared to the 
compressive strengths of the 100% PC-based binder, 55%, 34%, and 
28% lower 3 d, 7 d, and 28 d compressive strengths were measured in 
the SH0 binder, while the reductions in the SH1 binder decreased to 
around 37%, 19%, and 2%, respectively. This is in line with hydration 
heat measurements (see Fig. 4(b) in Section 3.1). Moreover, the 
compressive strength results indicate that the use of A-GGBFS prepared 
with the optimal NaOH-dosage (i.e., 1% in this study) can significantly 

Fig. 8. The SEM micrographs of hardened pastes (2000× magnification): smooth gray areas (unreacted GGBFS particles), light gray areas (unreacted PC particles), 
textured gray area (gel matrix), and black area (cracks and voids). 
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limit the strength reduction due to the high PC replacement with GGBFS 
at low temperature curing conditions. Promisingly, the SH1 binder was 
able to gain a comparable 28 d compressive strength to that measured in 
the 100% PC-based binder. 

4. Conclusion 

This work aims to increase the utilization of GGBFS in winter con-
struction works. Additionally, the study seeks to provide 
environmentally-friendly, easily applicable, and user-friendly (just add 
water) cementitious materials for northern regions. Therefore, the work 
investigates the impacts of the pre-alkali-activation of GGBFS with low 
NaOH dosage (1–4 wt.%) on the reactivity, hydration products’ pre-
cipitation, microstructure evolution, and strength development of a bi-
nary binder made with 50% PC and 50% GGBFS and cured constantly at 
0 ◦C. 

The results show an accelerated early hydration rate and strength 
development in the binders made with the A-GGBFS, regardless of the 
NaOH dosage. The impacts of A-GGBFS on the hydration progress, 
compressive strength gain, and microstructure development with time 
are dependent on the NaOH dosage. The pre-alkali-activation process 
enhances the reactivity of GGBFS at low temperatures, regardless of the 
NaOH dosage and curing period. The incorporation of A-GGBFS accel-
erates the hydration of the alite phase during the first three curing days, 
while its hydration rate slowed down thereafter. In the presence of A- 
GGBFS prepared with the optimal NaOH dosage (i.e., 1%), the 
compressive strength and microstructure were higher and denser, 

respectively, than those detected in the binder made with as-received 
GGBFS, regardless of the curing period, due to the higher amount of 
precipitated pore-filling and strength-source reaction products in the 
former. Promisingly, the blend made with A-GGBFS prepared with the 
optimal NaOH dosage can gain comparable 28 d compressive strength to 
that measured in a 100% PC binder. Nevertheless, a further increase in 
the NaOH dosage (>2%) leads to a porous microstructure and a signif-
icant reduction in the compressive strength. 

This study demonstrates the potential of producing dry reactive A- 
GGBFS with a low alkali dosage to enhance the hardened properties of 
high-volume GGBFS blended cement at low curing temperatures. The 
outcome of this work can accelerate and facilitate the adoption of hybrid 
alkali-activated binders in construction works at low ambient temper-
atures due to the eliminated use of high quantities of costly, corrosive, 
viscous, and hazardous alkaline solutions, and avoided contact between 
labors and these solutions. 
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Fig. 9. The impact of the pre-activation process and activator dosage on the 
compressive strength development of the studied pastes at 0 ◦C. The star-shaped 
data points represent the compressive strength of 100% PC-based binder pre-
pared with the same water/cement (w/c) ratio (0.27) cured at 0 ◦C assessed by 
the authors earlier [2]. 
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Appendix

Fig. A.1. The SEM images and EDS analysis of 28 d-old hardened samples.  
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Blending eco-efficient calcium sulfoaluminate belite ferrite cement to enhance the 
physico–mechanical properties of Portland cement paste cured in refrigerated and 
natural winter conditions, Cem. Concr. Compos. 129 (2022), 104469, https://doi. 
org/10.1016/j.cemconcomp.2022.104469. 

[7] G. Zhang, Y. Yang, H. Li, Calcium-silicate-hydrate seeds as an accelerator for saving 
energy in cold weather concreting, Construct. Build. Mater. 264 (2020), 120191, 
https://doi.org/10.1016/j.conbuildmat.2020.120191. 

[8] Y. Sargam, K. Wang, Hydration kinetics and activation energy of cement pastes 
containing various nanoparticles, Compos. B Eng. 216 (2021), 108836, https://doi. 
org/10.1016/j.compositesb.2021.108836. 

[9] G. Huang, D. Pudasainee, R. Gupta, W. Victor Liu, Hydration reaction and strength 
development of calcium sulfoaluminate cement-based mortar cured at cold 
temperatures, Construct. Build. Mater. 224 (2019) 493–503, https://doi.org/ 
10.1016/j.conbuildmat.2019.07.085. 

[10] P. Li, X. Gao, K. Wang, V.W.Y. Tam, W. Li, Hydration mechanism and early frost 
resistance of calcium sulfoaluminate cement concrete, Construct. Build. Mater. 239 
(2020), 117862, https://doi.org/10.1016/j.conbuildmat.2019.117862. 

[11] L. Qin, X. Gao, A. Zhang, Potential application of Portland cement-calcium 
sulfoaluminate cement blends to avoid early age frost damage, Construct. Build. 
Mater. 190 (2018) 363–372, https://doi.org/10.1016/j.conbuildmat.2018.09.136. 

[12] G. Zhang, Y. Yang, H. Yang, H. Li, Calcium sulphoaluminate cement used as 
mineral accelerator to improve the property of Portland cement at sub-zero 
temperature, Cem. Concr. Compos. 106 (2020), 103452, https://doi.org/10.1016/ 
j.cemconcomp.2019.103452. 

[13] G. Zhang, H. Yang, C. Ju, Y. Yang, Novel selection of environment-friendly 
cementitious materials for winter construction: alkali-activated slag/Portland 
cement, J. Clean. Prod. 258 (2020), 120592, https://doi.org/10.1016/j. 
jclepro.2020.120592. 

[14] A. Alzaza, K. Ohenoja, M. Illikainen, One-part alkali-activated blast furnace slag for 
sustainable construction at subzero temperatures, Construct. Build. Mater. 276 
(2021), 122026, https://doi.org/10.1016/j.conbuildmat.2020.122026. 

[15] K. Wang, P.N. Lemougna, Q. Tang, W. Li, Y. He, X. Cui, Low temperature 
depolymerization and polycondensation of a slag-based inorganic polymer, Ceram. 
Int. 43 (2017) 9067–9076, https://doi.org/10.1016/j.ceramint.2017.04.052. 

A. Alzaza et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0958-9465(22)00350-X/sref1
http://refhub.elsevier.com/S0958-9465(22)00350-X/sref1
https://doi.org/10.1016/j.jobe.2021.103904
https://doi.org/10.1007/s11595-014-0870-2
https://apps.dtic.mil/dtic/tr/fulltext/u2/a401312.pdf
https://apps.dtic.mil/dtic/tr/fulltext/u2/a401312.pdf
https://doi.org/10.1680/jmacr.16.00268
https://doi.org/10.1016/j.cemconcomp.2022.104469
https://doi.org/10.1016/j.cemconcomp.2022.104469
https://doi.org/10.1016/j.conbuildmat.2020.120191
https://doi.org/10.1016/j.compositesb.2021.108836
https://doi.org/10.1016/j.compositesb.2021.108836
https://doi.org/10.1016/j.conbuildmat.2019.07.085
https://doi.org/10.1016/j.conbuildmat.2019.07.085
https://doi.org/10.1016/j.conbuildmat.2019.117862
https://doi.org/10.1016/j.conbuildmat.2018.09.136
https://doi.org/10.1016/j.cemconcomp.2019.103452
https://doi.org/10.1016/j.cemconcomp.2019.103452
https://doi.org/10.1016/j.jclepro.2020.120592
https://doi.org/10.1016/j.jclepro.2020.120592
https://doi.org/10.1016/j.conbuildmat.2020.122026
https://doi.org/10.1016/j.ceramint.2017.04.052


Cement and Concrete Composites 134 (2022) 104757

11

[16] A. Alzaza, K. Ohenoja, M. Illikainen, Enhancing the mechanical and durability 
properties of subzero-cured one-part alkali-activated blast furnace slag mortar by 
using submicron metallurgical residue as an additive, Cem. Concr. Compos. (2021), 
104128, https://doi.org/10.1016/j.cemconcomp.2021.104128. 

[17] L. Xue, Z. Zhang, H. Wang, Early hydration kinetics and microstructure 
development of hybrid alkali activated cements (HAACs) at room temperature, 
Cem. Concr. Compos. 123 (2021), 104200, https://doi.org/10.1016/j. 
cemconcomp.2021.104200. 

[18] A. Palomo, P. Monteiro, P. Martauz, V. Bilek, A. Fernandez-Jimenez, Hybrid 
binders: a journey from the past to a sustainable future (opus caementicium 
futurum), Cement Concr. Res. 124 (2019), 105829, https://doi.org/10.1016/j. 
cemconres.2019.105829. 

[19] A. Saludung, T. Azeyanagi, Y. Ogawa, K. Kawai, Effect of silica fume on 
efflorescence formation and alkali leaching of alkali-activated slag, J. Clean. Prod. 
315 (2021), 128210, https://doi.org/10.1016/j.jclepro.2021.128210. 

[20] Y. Zhu, M.A. Longhi, A. Wang, D. Hou, H. Wang, Z. Zhang, Alkali leaching features 
of 3-year-old alkali activated fly ash-slag-silica fume: for a better understanding of 
stability, Compos. B Eng. 230 (2022), https://doi.org/10.1016/j. 
compositesb.2021.109469, 109469. 

[21] T. Luukkonen, Z. Abdollahnejad, J. Yliniemi, P. Kinnunen, M. Illikainen, One-part 
alkali-activated materials: a review, Cement Concr. Res. 103 (2018) 21–34, 
https://doi.org/10.1016/j.cemconres.2017.10.001. 

[22] D. Tang, C. Yang, X. Li, X. Zhu, K. Yang, L. Yu, Mitigation of efflorescence of alkali- 
activated slag mortars by incorporating calcium hydroxide, Construct. Build. 
Mater. 298 (2021), 123873, https://doi.org/10.1016/j.conbuildmat.2021.123873. 
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