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A B S T R A C T   

Low ambient temperatures drastically decelerate the strength development of cementitious ma-
terials, which shortens the construction season in cold regions. The use of ground-granulated blast 
furnace slag (GGBFS) in concreting works is usually avoided in winter because of its slower hy-
dration rate relative to Portland cement (PC). In this study, the impacts of calcium silicate hydrate 
(C-S-H) seeds on the strength development and reaction rate of PC/GGBFS binders cured at 0 ◦C 
were investigated. The results showed that the addition of C-S-H seeds can efficiently compensate 
for the strength loss caused by replacing PC with GGBFS, and this effect is more obvious at a lower 
GGBFS content (30%) than at a high content (50%). Better frost resistance was gained in the 
seeded binder containing 30% GGBFS than in the pure PC binder. The enhanced compressive 
strength and frost resistance in the seeded binary binder were attributed to the accelerated PC 
reaction rate, enhanced pozzolanic reaction rate and degree of GGBFS, and increased amount of 
pore-filling hydration products due to the nucleation effect of the C-S-H seeds.   

1. Introduction 

Cold weather is among the main challenges facing the construction industry in cold regions. Low ambient temperatures retard the 
early reaction process and strength gain of cementitious materials, thereby increasing the need for heating systems, delaying 
framework removal, and extending construction schedules. The American Concrete Institute (ACI) defines weather as “cold weather” 
when the air temperature is below 4 ◦C for more than three consecutive days and is not higher than 10 ◦C for 12 h [1]. These weather 
conditions last for at least six months in cold regions, drastically shortening the construction and infrastructure renovation season. This 
slows down infrastructure and urban development in cold areas considerably. 

The curing temperature is a critical factor in the hydration process of Portland cement (PC) and supplementary cementitious 
materials (SCMs) [2,3]. As the curing temperature rises, the hydration of PC and SCMs proceed at a faster rate and vice versa. The 
curing temperature especially affects early-age strength development. Nmai [4] and Soutsos et al. [5] showed that despite the 
negligible impacts of low curing temperatures (0–10 ◦C) on the late (>28 d) compressive strength of PC-based binder, they signifi-
cantly slowed down the early strength development rate and prolonged setting time. However, when winter construction works are 
unavoidable, rapid setting and hardening of PC are usually used to boost early strength development and accelerate the construction 
schedule. Unfortunately, these special PC types are known for their high prices, embodied energy, and carbon dioxide (CO2) emissions 
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[6,7]. These conflict with the economic interests of the construction industry in cold regions, resulting in a reluctance of contractors to 
undertake winter construction works. 

The environmental impact and cost of concrete production can be considerably reduced by decreasing the PC content in concrete by 
increasing the fraction of environmentally friendly SCMs [8,9]. The PC/SCMs blends offer several benefits, such as better durability 
properties (e.g., frost resistance, carbonation, and acid/sulphate attacks) and higher late compressive strength in comparison with 
PC-based binders [9–14]. However, their low early reaction rate delays early strength gain, which conflicts with winter concreting 
requirements. Soutsos et al. [5] showed that the reaction of ground-granulated blast furnace slag (GGBFS) is more sensitive to the 
curing temperature than PC and the deceleration effects of low temperature are severer on the reaction rate between GGBFS and 
calcium hydroxide liberated from the hydration of PC fraction (i.e., slower pozzolanic reaction rate). They reported a 64% reduction in 
the compressive strength of the 3 d-old mortar prepared with 50% PC and 50% GGBFS (wt.% of binder) when the curing temperature 
dropped from 20 ◦C to 10 ◦C, while only a 19% reduction was calculated in the 100% PC-based mortar. Therefore, the wide-scale use of 
SCMs in cold weather conditions has been restricted. 

Recently, several studies have aimed to enhance the reactivity of PC/GGBFS binders with different nanoparticles (NPs), such as 
SiO2, Al2O3, Fe3O4, and TiO2 [15,16]. This technique has attracted attention, as it produces notable acceleration effects on the cement 
hydration process and requires no special arrangements or instruments in construction sites. Promisingly, Sargam and Wang [17] 
proved that the acceleration impacts of nano-SiO2, nano-Al2O3, and nano-CaCO3 particles were more prominent at low curing tem-
peratures (i.e., 10 ◦C) when compared to ≥ 20 ◦C. This shows that the employment of NPs can be an easily applicable and efficient 
solution for enhancing the hardened properties of low-temperature cured cementitious materials in cold regions. More recently, 
calcium silicate hydrate (C-S-H) seeds with nucleation effects exhibited the highest acceleration impacts on the hydration rate of the 
silicate and aluminate phases in PC compared to other NPs [18–20]. Wang et al. [19] attributed the superiority of C-S-H seeds to their 
higher surface area and the lower interfacial energy between seeds and hydration products (i.e., C-S-H) relative to other NPs. With the 
incorporation of C-S-H seeds, additional nucleation sites and growth templates are being introduced into pore solution for early hy-
dration product precipitation, shortening the induction period, accelerating the hydration rate, increasing the released heat of hy-
dration, and improving the mechanical and durability properties of cementitious materials [12,19,21–23]. Promisingly, Zhang et al. 
[23] reported that the addition of C-S-H seeds was also efficient in enhancing the strength development of PC-binder cured at − 5 ◦C, 
with a decreased need for heating systems. 

To date, the literature has provided no investigation into the efficiency of C-S-H seeds in boosting the reactivity and strength 
development of SCMs containing binders cured at very low curing temperatures. To fill this gap, this experimental work aims to 
decrease the PC content in low-temperature cured binders by increasing the fraction of environmentally and economically friendly 
GGBFS through the employment of C-S-H seeds. The reactivity, compressive strength development, and frost resistance of 0 ◦C cured 
PC/GGBFS binary binders manufactured with GGBFS replacement levels up to 50% and different C-S-H seed contents were investi-
gated and compared to PC-based binder. The hydration process was investigated using isothermal calorimetry, X-ray diffraction (XRD), 
thermogravimetric/differential thermogravimetry analyses (TGA/DTG), and a selective dissolution test. 

2. Materials and experimental methods 

Commercially available Portland cement (CEM I 52.5 R) and GGBFS were provided by Finnsementti (Finland). The chemical 
compositions of PC and GGBFS, as shown in Table 1, were analyzed using X-ray fluorescence (XRF) (PANalytical Omnian Axiosmax). A 
commercial C-S-H seed admixture (X130-seeds®) was supplied by MBCC (Sweden) with a solid content of ≈23.7% (measured by 
drying at 105 ◦C until there was a constant mass). The particle size distributions of PC and GGBFS were measured using a laser 
diffraction particle size analyzer (LS13320, Beckman coulter, USA), and Malvern Zetasizer Pro (Malvern Instruments, UK) was used for 
the C-S-H seed size distribution. The median particle sizes (D50) were around 8.5 μm, 9.4 μm, and 0.345 μm for PC, GGBFS, and C-S-H 
seeds, respectively (Fig. 1). Previously, the authors reported the foil-like amorphous morphology of the C–S–H seeds, as captured via 
transmission electron microscopy (TEM, JEM-2200FS, Japan) [24]. Detailed seed properties and characterization can be found in the 
producer-registered patent [25]. A polycarboxylate-based superplasticizer with no retarding effects called Viscocrete-5800 (provided 
by Sika®, Finland, in compliance with EN 934-2 requirements for water-reducing additives and superplasticizers) with a solid content 
of ≈35.5% was employed. Deionized water was used in the mixing phase of this study (Section 2.1). 

2.1. Binder preparation and curing conditions 

Seven binders were developed in this work to investigate the impacts of GGBFS replacement levels (30 and 50 wt% of PC) and C-S-H 
seed suspension content (2 and 5 wt% of the binder [PC + GGBFS]) on the reactivity and hardened properties of PC/GGBFS binders 
cured at 0 ◦C. The adopted dosages of C-S-H seed suspension in this work were based on the previously published work by the authors 
[24]. The proportions of the mix compositions are provided in Table 2. The water-to-binder (w/b) ratio was kept constant at 0.27 for all 

Table 1 
Chemical composition of PC and GGBFS.  

Material Oxides (%, w/w) 

CaO SiO2 Al2O3 Fe2O3 Na2O K2O MgO TiO2 SO3 

PC 69.0 24.0 2.1 0.3 – – 0.7 – 2.3 
GGBFS 38.5 32.3 9.6 1.2 0.5 0.5 10.2 2.2 4.0  
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binders, taking into account the water content in the superplasticizer and the C-S-H seed suspension. The superplasticizer dosage was 
optimized using the March cone test and mini-slump test [26,27]. All pastes (with a constant sample volume of 200 mL) have a 
flow-out time of 30 s through 11 mm nozzle opening. In addition, the flow diameter of the pastes was maintained at 130 mm when 
truncated cone mold, with height = 35 mm, bottom diameter = 43 mm, and top diameter = 22 mm, was used in the mini-slump test. 
The decreased dosage of the superplasticizer with the addition of C-S-H seed suspension can be attributed to the presence of 
nitrate-based dispersing agents [21,25]. 

First, the dry materials (PC and GGBFS) were mixed for 3 min. The superplasticizer and C-S-H seed solutions were added to the 
deionized water and kept in an ultrasonic bath (Elmasonic P, Germany) for 5 min [12,28]. The prepared mixing solution was then 
added to the dry mixed materials and mixed for an additional 3 min. The slurry was cast in 20 × 20 × 20 mm3 molds, vibrated, and 
sealed using a plastic sheet to avoid early moisture loss [29]. Thereafter, the pastes in molds were cured in the pre-set freezer at 0 ◦C for 
28 d, representing the average air temperature at the end of autumn season (i.e., November) in Oulu, Finland (65◦01′ N, 25◦28′ E) (see 
Fig. A1 in Appendix A). To mimic the frameworks’ sides’ temperature in construction sites, the molds used in this study were kept in 
the freezer (0 ◦C) for one day before casting. 

2.2. Analytical methods 

The heat release evolution was followed using an isothermal calorimeter (Thermometrics TAM air) to monitor the impacts of the C- 
S-H seeds and GGBFS replacement levels on the reaction rate of the binders. Since the lowest calorimeter’s internal temperature is 5 ◦C, 
the heat evolutions 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 seeds and GGBFS on the reactivity of the PC/GGBFS binary 
binders at low curing temperatures. The calorimeter was set at 5 ◦C and equilibrated for 1 d. The samples were then prepared according 
to Section 2.1, and around 5 g of the pastes was poured into glass ampules and kept immediately in the calorimeter. In this study, water 
was used as a reference sample, and the results were normalized using the pastes’ mass. 

The impacts of C-S-H seeds on the reaction products evolution and reaction between GGBFS and available calcium hydroxide (i.e., 
pozzolanic reaction) in the pastes were investigated by thermogravimetric/differential thermogravimetry analyses (TGA/DTG) and 
XRD analysis. First, the hydration of the samples was stopped by a solvent exchange using isopropanol. The samples were immersed in 
isopropanol, and the solution was changed twice during the first 2 h [30]. Afterward, the samples were kept in isopropanol for 48 h and 
then dried in the desiccator at room temperature until the analysis date. The samples were crushed and powdered before testing. The 
TGA/DTG analysis was performed using an SDT-650 Thermal Analyzer (TA® Instruments, USA). The powder samples (≈15 

Fig. 1. Particle size distribution of (a) PC and GGBFS, and (b) C-S-H seeds.  

Table 2 
Mix proportions of the study.   

PC 
(g) 

GGBFS 
(g) 

C-S-H seeds solution 
(g) 

SP(a) 

(g) 
w/b 

S0 100 0 0 0.50 0.27 

S30 70 30 0 0.50 
S30–2 2 0.35 
S30–5 5 0.25 

S50 50 50 0 0.50 
S50–2 2 0.35 
S50–5 5 0.25 

(a): Superplasticizer. 
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mg/sample) were heated from 25 ◦C to 1000 ◦C at 10 ◦C/min in an inert nitrogen atmosphere. The XRD analysis of the specimens was 
performed using a Rigaku SmartLab diffractometer (Tokyo, Japan) under the following conditions: a voltage of 40 kV, current of 135 
mA, step size of 0.02◦, scanning speed of 4◦2Ɵ/min, and scanning range of 2Ɵ = 5◦–130◦. Phase identification was performed using 
Rigaku PDXL 2 software with a PDF-4+ 2020 RDB database. 

The reactivity of the GGBFS particles was assessed through the ethylene diamine tetra-acetic acid (EDTA)/triethanolamine/NaOH 
selective dissolution method developed by Luke and Glasser [31]. They showed that unreacted GGBFS particles are acid-insoluble, 
while hydration products of PC/GGBFS binder and unreacted PC particles are acid-soluble. Therefore, it is possible to dissolve the 
reaction products of PC/GGBFS binders and unreacted PC particles, leaving the unreacted GGBFS as residue. The detailed test pro-
cedures and solvent composition can be found elsewhere [31]. The reacted fractions of GGBFS in the binary binders were calculated 
using Eq. (1), and the averages of the duplicates were reported for each data point. Corrections were made for anhydrous PC and 
GGBFS. 

Reacted  GGBFS  (%)=

(

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

SR  ×  insoluble  residue  of  anhydrous  GGBFS

)

× 100 (1)  

where CR: PC mass ratio in the binders and SR: GGBFS mass ratio in the binders. 
A compression test was performed using 20 mm3 cubic paste samples prepared according to Section 2.1. A compression test 

machine (Z400 Zwick/Roell) with a load cell of 100 kN was used. The average and standard deviation for the six cubes were reported 
for each data point. 

The frost resistance of the paste samples was assessed under rapid freezing and thawing (FT) cycles according to the ASTM C666/ 
C666M − 15 recommendations [32]. Five 28-d-old 20 mm3 cubic samples per mix composition were tested. Samples in plastic con-
tainers were placed in a climatic test chamber (WK3-180/40, Weiss Technik, Grand Rapids, USA), and water was added into the 
containers so that half (≈10 mm) of the samples were submerged in water and the other half were exposed to air. The water level was 
kept constant throughout the testing period. The samples were subjected to a total of 120 FT cycles with a chamber temperature 
ranging from − 18 ◦C to +4 ◦C. One cycle (8 h/cycle) consisted of 2 h at +4 ◦C, 2h for decreasing the chamber temperature to − 18 C, 2 h 
at − 18 ◦C, and 2 h for increasing the chamber temperature to +4 ◦C [30]. The visual appearance, mass change (%), and compressive 
strength of each sample were reported before the test and after the 120 FT cycles. 

3. Results and discussion 

3.1. Compressive strength development 

The compressive strengths of the pastes cured at 0 ◦C decreased as the GGBFS replacement level increased (Fig. 2). The highest early 
(i.e., 3 d) compressive strength (≈38 MPa) was measured in the control paste (S0), while the highest (28 d) compressive strength (60.6 
MPa) was achieved by the binder containing 30% GGBFS and 2% C-S-H seeds (S30-2). When the GGBFS replacement level was 
increased to 50 wt%, the lowest 3 d and 28 d compressive strengths of around 18.5 MPa and 40.1 MPa were measured in the S50 pastes, 
respectively. In this study, the 3 d compressive strengths of S30 and S50 were decreased by around 27.7% and 51.2% compared to the 

Fig. 2. The impact of GGBFS replacement level and the addition of C-S-H seeds on compressive strength development at 0 ◦C.  
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3-d-old S0. Over time, the losses in the 28 d compressive strengths of the S30 and S50 pastes were decreased to around 15.4% and 
29.5%, respectively, in comparison with the 28-d-old S0 (≈57 MPa). This indicates that the side impacts of GGBFS on the compressive 
strength of the 0 ◦C cured PC/GGBFS pastes diminished as time passed. The reported reductions in compressive strength with the 
GGBFS replacement level can be mainly attributed to the lower reaction rate of PC/GGBFS binders at 0 ◦C relative to S0 because of the 
lower PC content and slower reaction rate of the GGBFS fraction (as discussed later in Section 3.2). The lower strength loss at a late age 
than early age can be attributed to the ongoing reaction between GGBFS with liberated calcium hydroxide from the hydration of PC to 
form additional strength-source C-S-H phase (as shown later in Section 3.3). 

According to the results, the compressive strength loss in the PC/GGBFS pastes was diminished by the inclusion of the C-S-H seeds. 
The C-S-H seed dosage of 2 wt% can be considered the optimal dosage in these conditions, since no further strength enhancements 
were observed when increasing the seed amount up to 5 wt%, regardless of the curing period. In the presence of 2 wt% C-S-H seeds, the 
3 d compressive strength of S30-2 was increased by 24.9% (34.2 MPa) compared with S30 (27.4 MPa), while an increase of around 
16.2% (21.5 MPa) was achieved in S50-2 compared to S50 (18.5 MPa). Similar observations were noticed at a late age, where the 
compressive strengths of 28-d-old S30-2 and S50-2 were enhanced by 25.7% (60.6 MPa) and 18.5% (47.5 MPa), respectively, 
compared to their un-seeded pairs. The latter demonstrates the accelerative impacts of C-S-H seeds on the early and late compressive 
strength development of PC/GGBFS binders at 0 ◦C. The findings of this work are consistent with Xu et al. [14] and Zhou et al. [20], 
who reported enhancements in the strength development of PC/GGBFS and PC/fly ash binders cured at 20 ◦C in the presence of C-S-H 
seeds, respectively. Promisingly, the S30-2 binder was able to attain compressive strengths of around 90.2% and 106.5% after 3 d and 
28 d curing periods in comparison with those measured in the 3 d and 28-d-old S0 pastes, respectively. On the other hand, the 3 d and 
28-d-old compressive strengths of the S50–2 samples were only 66.1% and 83.5% of those reported in the 3 d and 28 d-old S0 samples, 
respectively. This shows that the improvements in compressive strength upon the addition of C-S-H seeds were more significant at the 
low GGBFS replacement level (i.e., 30%) than at the high replacement level (i.e., 50%) in this study. The enhanced compressive 
strengths of the seeded pastes can be attributed to the nucleation impacts of the C-S-H seeds, which improved the precursors’ (i.e., PC 
and GGBFS) reactivity and the precipitation of strength-source reaction products (as discussed later in Section 3.3). 

3.2. Rates of heat evolution and cumulative heat evolved 

The hydration heat flow and cumulative released heat of the binders were monitored for 72 h at +5 ◦C (Fig. 3). Regarding the 
results, the main peak (i.e., acceleration peak), which is mainly assigned to the hydration of the alite (C3S) phase in PC, appeared at 
around 22.6 h (3.2 mW/g) in the control binder (S0). A similar peak was previously reported after 9 h (6.6 mW/g) in type I Portland 
cement-based binder prepared with a similar w/c ratio of 0.27 at 23 ◦C [24]. This exhibits the significant decelerative impact of a low 
curing temperature on the hydration rate of PC-based binders. Furthermore, the appearance of the acceleration peak was further 
delayed as the GGBFS replacement level increased. Therefore, the acceleration peaks of S30 and S50 were observed 3.5 h and 12.9 h 
later than S0, respectively. Moreover, the acceleration peak values of S30 and S50 were decreased by 21.9% (2.5 mW/g) and 68.8% 
(1.0 mW/g) compared to S0. The latter can mainly be attributed to the lower alite content in PC/GGBFS binary binders due to the 
replacement of PC with GGBFS and to the lower reaction rate of GGBFS at a low curing temperature compared to PC [5,33,34]. A 
shoulder was also detected in S0 between 30 and 36 h, which is usually attributed to the renewed hydration of tricalcium aluminate 
(C3A) and promoted precipitation of ettringite (AFt) [23,33]. This shoulder was previously detected after 16 h in type I Portland 
cement-based binder prepared with a w/c ratio of 0.3 at 20 ◦C [23]. Matsushita et al. [35] previously reported that the hydration rate 

Fig. 3. (a) Heat flow evolution and (b) cumulative heat of hydration of paste samples at +5 ◦C.  
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of C3A and the consumption of gypsum are more negatively affected by low curing temperatures compared to reaction rates in the alite 
and belite phases. The latter was further confirmed by TGA/DTG results and XRD patterns in Section 3.3. 

Regarding the results, the addition of 2 wt% C-S-H seeds significantly shortened the induction period and enhanced the height of 
the acceleration peaks of the PC/GGBFS binary binders. The acceleration peaks of S30-2 and S50-2 appeared 7.4 h and 16.7 h earlier 
than those of S30 and S50, respectively. In addition, the acceleration peaks’ magnitudes of S30-2 and S50-2 were increased by 44% 
(3.6 mW/g) and 70% (1.7 mW/g) compared to their un-seeded counterparts, respectively. Interestingly, the seed-modified binary 
binders exhibited a faster appearance of acceleration peaks when compared to S0, regardless of the GGBFS replacement level. In 
addition, an increase of around 12.5% in the value of the acceleration peak was achieved in S30-2 in comparison with S0. However, the 
inclusion of 2% C-S-H was unable to fully compensate for the acceleration peak height drop caused by the 50% GGBFS replacement 
level in S50-2. Therefore, a reduction of around 40% in the acceleration peak value was calculated in S50-2 compared to S0. Moreover, 
the shoulder associated with the aluminate phase reaction with gypsum was enhanced in the PC/GGBFS binary binders in the presence 
of the C-S-H seeds, regardless of the GGBFS content. The latter proves that the reaction of the aluminate phase and the consumption of 
gypsum were accelerated and enhanced with the addition of the C-S-H seeds. Similar observations were recently reported in seeded PC- 
based binder [19]. 

The 72 h cumulative heat (Fig. 3(b)) indicates the hydration degree of the binders [36]. The order of cumulative released heat after 
72 h was as follows: S0 (44 J/g) > S30-2 (40 J/g) > S30-0 (37 J/g) > S50-2 (32 J/g) > S50-0 (26 J/g). This shows that the C-S-H seeds 
enhanced the hydration reaction of the PC/GGBFS binary binders and limited the deceleration impacts of GGBFS on the early reaction 
rate. The cumulative heat results are in good agreement with compressive strength measurements (Section 3.1) and the amounts of 
precipitated reaction products, as will be shown later in the TGA/DTG results (Section 3.3). 

The accelerated hydration process of the seeded PC/GGBFS binders can be attributed to the nucleation effects of the added C-S-H 
seeds [14,19]. The dissolution-precipitation theory suggests that the induction period during the hydration process of cementitious 
materials is mainly affected by the formation of stable nuclei for the following rapid hydration product precipitation during the ac-
celeration period [22]. In addition, Wang et al. [19] showed that the total growing surface area for hydration product precipitation and 
growth is defined by the number of nuclei formed during the induction period in PC-based binding systems. Therefore, the accelerated 
and enhanced availability of dispersed nucleation sites and increased total growing surface area in the pore solutions of the seeded 
binary binders because of the inclusion of the C-S-H seeds illustrates the boosted and enhanced reactivity of the seeded binders. In 

Fig. 4. TGA/DTG curves of (a) 3 d, (b) 7 d, (c) 28-d-old binders.  
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addition, the presence of additional stable C-S-H nuclei at an early age favors gel precipitation over dispersed C-S-H nuclei and away 
from the surfaces of the precursors’ (i.e., PC and GGBFS) particles [17,19,21–23]. This shifted gel precipitation location limits the early 
formation of a semi-impermeable hydrate layer over anhydrous precursor particles, thereby enhancing the subsequent dissolution 
process of the precursors and accelerating the follow-up hydration reaction [37,38]. 

3.3. Hydration evolution and products 

The precipitated gel content decreased with increasing GGBFS replacement levels and increased with curing time and the addition 
of C-S-H seeds (Fig. 4). Regarding the DTG curves, the first peak was identified between 60 and 115 ◦C, which is associated with the 
decomposition of the ettringite (AFt) phase and dehydration of the C-S-H reaction product [39]. The dehydration of residual gypsum 
(CaSO4⋅2H2O) involved an initial loss of 75% of the water molecules and thereby formed basanite (Ca2SO4⋅0.5H2O) between 115 and 
125 ◦C, followed by complete dehydration to anhydrite at 140–160 ◦C [40]. The endotherms at 380–450 ◦C are a result of the 
dehydroxylation of Ca(OH)2 [41,42]. 

The TGA/DTG results showed that the unseeded S30 and S50 binders provided lower AFt and C-S-H contents compared to S0, 
regardless of the curing period. This is mainly attributable to the lower PC fraction in the binary binders and the lower reaction rate of 
GGBFS at 0 ◦C relative to PC [5]. Nevertheless, the addition of the C-S-H seeds accelerated the reaction rate of the PC/GGBFS binders, 
and higher amounts of AFt and C-S-H were formed in the S30-2 and S50-2 binders when compared to their unseeded counterparts, 
regardless of the curing period. Promisingly, S30-2 exhibited higher AFt and C-S-H amounts compared to S0, regardless of the curing 
period. This proves that the inclusion of C-S-H seeds diminished the side impacts of GGBFS on the content of developed reaction 
products at 0 ◦C by accelerating the hydration of the PC fraction and thus fully compensating for the reduced AFt and C-S-H amounts 
caused by the 30% GGBFS replacement level. However, when the GGBSF replacement level was leveled up to 50% in the seed-modified 
S50-2 binder, lower AFt and C-S-H contents were measured in comparison with S0, regardless of the curing time. The enhanced early (i. 
e., 3 d) hydration products’ precipitation in the seeded binary binders was consistent with the isothermal calorimeter measurements 
(see Fig. 3 in Section 3.2). Furthermore, the XRD analysis showed that the reactivity and consumption of the silicate phases and 
gypsum were enhanced in the presence of the C-S-H seeds in the 28-d-old PC/GGBFS binders (Fig. 5). The latter illustrates the higher 
contents of the precipitated C-S-H and AFt reaction products in the 28 d-old seeded samples relative to the unseeded samples (Fig. 4 
(c)). The accelerated and enhanced gel precipitation in the seeded binary binders can mainly be assigned to the nucleation effects of 
C-S-H seeds, as discussed earlier in Section 3.2. Similar enhancements in gel content were recently reported in C-S-H seed-modified PC 
[21,23], PC/GGBFS [14], and PC/fly ash [20] binders cured at 20–25 ◦C. 

When considering the residual gypsum dehydration peaks (Fig. 4), it was observed that their intensities were continuously, but 
slowly, decreased with time due to the ongoing reaction between the alumina phases and gypsum, which forms ettringite. The lower 
gypsum dehydration peak intensity in the binary binders can be attributed to the lower total gypsum content, which is due to the 
partial replacement of PC by GGBFS. Furthermore, the intensities of the gypsum dehydration peaks in the binary binders were reduced 
in the presence of the C-S-H seeds. This can be attributed to the accelerated reaction between alumina phases and gypsum in the 

Fig. 5. XRD patterns of the selected 28-d-old binders.  
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presence of C-S-H seeds, which was demonstrated earlier in Section 3.2. Therefore, the gypsum dehydration peaks disappeared in the 
seeded PC/GGBFS binary binders (i.e., S30-2 and SS50-2) from 7 d onwards, while they were still detectable in the S0 and unseeded 
blends, even at 28 d. The XRD results of 28-d-old samples confirm these observations (Fig. 5). 

3.3.1. CH content 
The calcium hydroxide (CH, Ca(OH)2) contents (Fig. 6) were calculated using TGA mass loss curves (from Fig. 4) and a graphical 

technique [43,44]. The CH contents were calculated by the mass of anhydrous PC present in the ignited samples considering the loss of 
ignition (LOI) of the PC and GGBFS fractions. Expressing the CH content per unit mass of anhydrous PC, and not the total mass of 
ignited samples, permits a better estimation of the starting time and extent of pozzolanic reaction in the binary binders. 

Fig. 6 shows that the CH content in the reference binder (S0) was increased over time up to 28 d, reaching a maximum of ≈4.1%. 
However, the CH contents in the 3 d and 28 d-old S0 binder were ≈78.6% and 67.4% lower than those reported in PC-based binder 
prepared with w/c of 0.3 and cured at 27 ◦C [45]. The latter shows the significant decelerative impact of low curing temperature (i.e., 
0 ◦C) on the early and late hydration progress. It is known that the CH content in a PC-based binder indicates the hydration degree of 
PC. In addition, it was noticed that the detrimental impacts of 0 ◦C on the hydration degree of PC-based binder were slightly diminished 
with time when compared to that cured at 27 ◦C. Similarly, Yang et al. [46] reported a lower loss in the hydration degree of PC-based 
binder cured at 5 ◦C with time, when compared to that cured at 20 ◦C. 

Regarding the binary binders, the total amount of CH depends on the PC hydration that produces CH and the pozzolanic reaction of 
GGBFS that consumes CH. According to the results, the production of CH was a dominant process at an early age, and the pozzolanic 
reaction of GGBFS was then started consuming the available CH. Therefore, the CH amounts were initially increased during the first 
seven days of the curing period, and thereafter, CH contents started to decrease in the binary binders. At 3 d, higher CH contents (%/g 
of anhydrous PC) were measured in all PC/GGBFS binary binders in comparison with S0. Due to the low early hydration rate of GGBFS, 
the water-to-PC ratios in the binary binders were indirectly higher than those of S0 as a result of the lower water consumption by 
GGBFS [47,48]. Previously, Feldman [49] and Wang [44] proved that increasing the water-to-PC ratio is beneficial for the PC hy-
dration process, enhancing the degree of hydration and increasing the CH content. Moreover, the higher CH contents in the 3-d-old 
seeded binary binders, compared to their unseeded pairs, can be attributed to the acceleration impacts of C-S-H seeds on the reactivity 
of the PC fraction as a result of the nucleation effects of the seeds (as discussed earlier in Section 3.2). Furthermore, increases in the CH 
contents were observed in 7-d-old PC/GGBFS binders compared to their 3-d-old pairs. The increased CH content in the binary binders 
during the first seven days of the curing period indicates that the rate of CH liberation through the PC hydration process is faster and 
higher than the CH consumption rate through the pozzolanic reaction of GGBFS at 0 ◦C. Soutsos et al. [5] and Yang et al. [46] 
demonstrated that the reactivity of PC is significantly faster than that of GGBFS at low curing temperatures (i.e., 10 ◦C and 5 ◦C, 
respectively). However, from 7 d onwards, all PC/GGBFS binders showed lower CH contents than S0, regardless of the GGBFS 
replacement level and C-S-H seed addition, which can be attributed to the consumption of available CH by active silica from GGBFS to 
produce additional C-S-H phase [50–54]. Promisingly, it was observed that the pozzolanic reaction rate of GGBFS was enhanced with 
the addition of C-S-H seeds and the curing period. When compared with the CH in the S0 binder, higher CH consumption was observed 
in the seeded binary binders than in their unseeded counterparts. The enhanced reactivity GGBFS in the presence of C-S-H seeds 

Fig. 6. Change in CH content with time, GGBFS replacement level, and addition of C-S-H seeds.  

A. Alzaza et al.                                                                                                                                                                                                         



Journal of Building Engineering 48 (2022) 103904

9

illustrates the enhanced compressive strength development in the seeded samples (see Fig. 2 in Section 3.1). 

3.3.2. GGBFS reaction assessment 
Several studies have previously demonstrated the enhanced reactivity of PC-based binder in the presence of C-S-H seeds, showing 

that it results in a lower fraction of unreacted cement particles compared to its unseeded counterpart [12,17,21–23]. In this study, a 
selective dissolution test was performed to explore the impacts of the C-S-H seeds on the reactivity of the GGBFS fraction in the binary 
PC/GGBFS binder at 0 ◦C. The latter helps pose the question as to whether the enhanced mechanical properties (Section 3.1), 
accelerated reaction rates (Section 3.2), and improved reaction product formation (Section 3.3) of the seeded binders are only assigned 
to the enhanced reactivity of PC due to the addition of C-S-H seeds, or whether the pozzolanic reaction degree of GGBFS was also 
improved. 

Fig. 7 shows that the amounts of reacted GGBFS were increased with time and the addition of C-S-H seeds, indicating the enhanced 
reaction between GGBFS and available CH. In addition, the selective dissolution results showed that the degree of pozzolanic reaction 
of GGBFS was higher (i.e., there were more reacted GGBFS particles) at a replacement level of 30% than at 50%. Similarly, Esfahani 
et al. [55] showed that increasing the GGBFS content in PC/GGBFS concrete reduced the amount of reacted GGBFS particles. The 
higher reaction degree of GGBFS in PC/GGBFS binders with a lower replacement level (i.e., 30%) can be attributed to the higher 
availability of CH for GGBFS to react with (see Fig. 6). Saeki and Monteiro [56] proved that the degree of pozzolanic reaction of GGBFS 
is dependent on the amount of available CH. 

According to the results, limited GGBFS particles (<5%) were reacted in the 3-d-old PC/GGBFS binders, regardless of the GGBFS 
replacement level and the addition of C-S-H seeds. The latter confirms the low early reactivity of GGBFS at 0 ◦C, even in the presence of 
C-S-H seeds. This observation is in line with the early CH consumption rate (see Fig. 6 in Section 3.3.1). At 7 and 28 d, the amount of 
reacted GGBFS particles in the seeded S30-2 binder were 10.1% and 32.3%, which were 65.6% and 27.7% higher than those measured 
in the unseeded S30 binder. Similarly, the 7 d and 28-d-old S50-2 binder achieved 30.2% and 24.4% higher reacted amounts of GGBFS 
compared to S50. The results of the selective dissolution test indicate that the observed early (i.e., 3 d) strength enhancements (Fig. 2), 
accelerated reaction rates, and gel precipitation (Figs. 3 and 4) in the seeded binders are mainly attributable to the acceleration impacts 
of C-S-H seeds on PC hydration, while the pozzolanic reaction of GGBFS with available CH participated in the precipitation of 
additional strength-source reaction products (i.e., C-S-H, see Fig. 4) which enhanced the compressive strength of binary pastes from 7 
d onwards. 

The enhanced reaction degree of GGBFS in the presence of C-S-H seeds can be attributed to the nucleation effect of C-S-H seeds and 
the increased alkalinity of pore solution. With the addition of the seeds, the dissolution and reactivity of the PC fraction were enhanced 
owing to the nucleation effects of the seeds (see Figs. 3 and 5), increasing the amount of precipitated CH in the seeded binders (see 
Fig. 6) and thereby increasing the alkalinity of the pore solution [23,42,57,58]. In addition, Ersoy et al. [59] and Hewlett and Lisk [60] 
demonstrated the increased pH of pore solution with the enhanced dissolution of PC clinker due to the increased number of released 
hydroxide ions. Because of the enhanced alkalinity of pore solution, the dissolution of GGBFS grains and reaction between GGBFS and 
CH were accelerated and enhanced in the seeded binders. 

Fig. 7. The influence of C-S-H seeds on the reactivity of GGBFS in binary PC/GGBFS binders.  
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3.4. Frost resistance 

Regarding the visual appearance of the samples, no surface cracks or spalling (i.e., scaling) were observed in the S0, S30-2, and S30- 
5 samples after 120 freeze-thaw (FT) cycles (Fig. 8). However, in the absence of C-S-H seeds, S30 exhibited low frost resistance, and as a 
result, surface cracks and spalling were detected. In addition, when the GGBFS replacement leveled up to 50%, the samples were 
entirely damaged, regardless of the C-S-H seed content. The mass losses of surviving samples (i.e., S0, S30-2, and S30-5) were 
calculated, and averages of around 2.7%, 0.5%, and 1.0% were registered, respectively. In line with the mass losses, around 53%, 30%, 
and 33% compressive strength reductions were measured after 120 FT cycles in S0, S30-2, and S30-5, respectively (Fig. 9). The higher 
frost resistance of the S30-2 and S30-5 binders compared to the S0 binder can be attributed to the improved PC hydration process and 
increased amount of reacted GGBFS in the presence of C-S-H seeds (see Figs. 4 and 7) and to the micro-filling ability of GGBFS [55,61]. 
The latter densified the microstructures of the seeded S30-2 and S30-5 samples, hence limiting the water ingress into their micro-
structure and reducing the microstructural damage caused by the increased internal hydraulic stress exerted by the volume expansion 
of ice formed in the pore structures [57,62]. On the other hand, the decreased frost resistances of S30, S50, S50-2, and S50-5 can be 
attributed to their low reactivity at 0 ◦C (see Fig. 4) and high amounts of unreacted GGBFS particles (Fig. 7), which degrade the quality 
of the microstructure [55]. Therefore, their microstructures were incapable of withstanding the expansion hydraulic stress of the 
frozen pore solution. Similarly, Tavasoli et al. [62] and Amran et al. [10] reported a decrease in frost resistance, with increasing GGBFS 
replacement in the PC/GGBFS binary binders cured at room temperature. 

The results of the FT resistance assessment show that the mutual use of GGBFS and C-S-H seeds can enhance the frost resistance of 
low-temperature cured binary binders. Therefore, the addition of C-S-H seeds can be considered an efficient method to increase the 
utilization of GGBFS in cold weather-cured cementitious binders while maintaining or even enhancing their durability properties. 

Fig. 8. The visual appearance of the 20 cm3 cubic paste samples after 120 freeze-thaw cycles. 
(a) S0 
(b) S30 (c) S30-2 (d) S30-5 
(e) S50 (f) S50-2 (g) S50-5 
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4. Conclusion 

This work aims to enhance the sustainability of winter construction works in cold regions by increasing the utilization of GGBFS in 
cold weather concreting. The study investigates the impacts of C-S-H seeds on the reactivity, strength development, durability 
properties, and cost- and eco-performance of 0 ◦C cured Portland cement (PC)/ground granulated blast furnace slag (GGBFS) binary 
binders prepared with different GGBFS replacement levels (30% and 50%) and C-S-H seed dosages (2% and 5%). 

Replacing PC with GGBFS reduces the compressive strength of 0 ◦C cured binders. The strength loss in the binary binder is more 
obvious at an early age (i.e., 3 d) and a high GGBFS replacement level (50%). The addition of C-S-H seeds increases the compressive 
strength of the binary binder, regardless of the GGBFS replacement level and curing period. In the presence of the optimal dosage (i.e., 
2%) of C-S-H seeds, the 3 d and 28-d-old 70%PC/30%GGBFS and 50%PC/50%GGBFS binders gained 24.9% and 16.2%, and 25.7% and 
18.5% higher compressive strengths than their unseeded pairs, respectively. Promisingly, the 70%PC/30%GGBFS binder modified 
with 2% C-S-H seeds can achieve 3 d and 28 d compressive strengths of around 90.2% and 106.5% of those measured in the PC-based 
binder, respectively. The heat of hydration measurement shows that the C-S-H seeds accelerate and enhance the reaction rate of the 
binary binders, regardless of the GGBFS replacement level. The inclusion of the C-S-H seeds increases the amount of precipitated C-S-H 
and ettringite responsible for binder strength. The presence of C-S-H seeds improves the pozzolanic reaction between GGBFS and 
available calcium hydroxide liberated from the hydration of PC from 7 d onwards, increasing the amount of reacted GGBFS and the 
consumption of calcium hydroxide. The seeds-modified 70%PC/30%GGBFS binder can gain better frost resistance than the PC binder. 
The findings of this experimental work show the real potential of increasing the share of GGBFS in cold weather construction works 
through the nucleation and seeding technologies provided by C-S-H seeds. 
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Fig. 9. Impacts of 120 freeze-thaw cycles on compressive strength.  
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Appendix A 

Fig. A1. Average air temperature (2010–2020) in Oulu, Finland (65◦01′ N, 25◦28′ E) [63].  
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