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A B S T R A C T   

The conservation of natural resources, efficient use of industrial side-streams, and reduction of 
environmental impacts are the main targets of the construction sector worldwide. However, the 
low ambient temperatures and long harsh winter seasons in northern regions limit the use of 
industrial side-streams in construction activities under cold weather conditions due to their slow 
strength development rate. This study aimed to develop an eco-friendly construction material 
suitable for construction under cold weather conditions using blast furnace slag as a binder and 
fine aggregate admixed with a calcium silicate hydrate seed accelerator in mortar. Natural sand 
(NS) was volumetrically substituted with 25%, 50%, 75%, and 100% of granulated blast furnace 
slag (GBFS) fine aggregate in mortar cured at fluctuating low/freezing temperatures (+5 to 
− 5 ◦C), representing the late fall and early spring seasons in northern regions. The mortar’s 
compressive strength increased with the incorporation of GBFS aggregate over the first three days 
of curing and decreased thereafter. A denser interfacial transition zone was captured around GBFS 
aggregates than NS in the three days old mortars. The deceleration influences of fluctuating low/ 
freezing temperatures on the compressive strength development of mortars were diminished with 
time. Capillary water absorption increased with higher GBFS aggregate contents. Mortar with 
25–50 vol.% GBFS aggregates exhibited greater frost resistance than control mortar with NS only. 
The incorporation of GBFS aggregate enhanced the mortar’s resistance against a sulfuric acid 
attack. This study demonstrates the potential of GBFS aggregate for use in construction under cold 
weather conditions.   

1. Introduction 

Concrete is one of the most widely used materials worldwide. Along with the rising demand for buildings and infrastructure 
development around the world, the production of concrete is estimated to reach about 18 billion tonnes annually by 2050 [1]. 
Consequently, Portland cement (PC) and natural aggregate are currently in high demand and expected to increase [2]. The production 
of PC is currently responsible for 5% of global CO2 emissions [3]. Similarly, the extensive extraction of natural aggregate causes severe 
environmental damage, such as increased riverbed depths and river salinity [4]. Therefore, it is crucial to increase the use of envi-
ronmentally friendly industrial by-products in concrete production, either as aggregate or as supplementary cementitious materials 
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(SCMs), to decrease the cost and environmental impacts of construction materials [5–7]. 
In northern regions, the cold weather and fluctuating daily ambient temperatures represent additional challenges for the con-

struction and concrete industries. The long, harsh winters limit construction activity in these regions, thus decelerating their urban and 
infrastructure development. Concrete construction is usually avoided in the winter due to the detrimental impacts of low and subzero 
ambient temperatures on the material’s mechanical and durability properties [8,9]. When the ambient temperature drops below the 
optimal curing temperature (10–20 ◦C), the hydration rate of cementitious materials decelerates, extending the setting time, reducing 
the strength development rate, and prolonging the construction period [10–12]. 

Moreover, the construction industry is urged to decrease its environmental footprint by reducing the proportion of PC and natural 
aggregate and increasing the use of industrial side-streams. This further affects the construction industry in northern areas due to the 
difficulty of using materials that have low reactivity at low temperatures [8,13]. Thus, a new construction material that incorporates 
an eco-friendly binder and aggregate and is capable of reacting at low temperatures is needed to prolong the construction season in 
northern regions and reduce the cost and environmental impacts without compromising the material’s mechanical and durability 
properties. 

Several researchers have assessed the effects of replacing natural sand (NS) with granulated blast furnace slag (GBFS) aggregate on 
the mechanical and durability properties of cementitious materials cured at room temperature (≈20 ◦C) [14–17]. Yüksel et al. [14] 
reported increases in concrete’s compressive strength when NS was replaced with 10–30% GBFS fine aggregate. Other studies have 
shown that NS can be replaced with 40–70% GBFS fine aggregate in PC-based concrete without affecting its compressive strength 
[17–20]. Patra and Mukharjee [21] reported that the incorporation of GBFS aggregate resulted in a decrease in three days compressive 
strengths, regardless of the replacement level and water-to-cement (w/c) ratio, suggesting that the effects of GBFS fine aggregate on 
mortar depend on the curing age. However, the authors reported increases in the compressive strength of 7, 28, and 56 days mortar 
made with GBFS fine aggregate at replacement levels of ≤60%, regardless of the w/c ratio. Promisingly, Escalante-García et al. [16] 
reported enhanced strength development of waste gypsum–ground granulated blast furnace slag (GGBFS)/PC mortar made with 100% 
GBFS fine aggregate compared to that fabricated with natural silica sand. Generally, the strength gain achieved with the use of GBFS 
fine aggregates, especially at a late age, was attributed to its pozzolanic activity, while the porous morphology of GBFS aggregate from 
some sources was responsible for decreased strength [20,21]. Escalante-García et al. [16] and Xue et al. [17] reported greater 
compactness of the interfacial transition zone (ITZ) around GBFS aggregates than around NS due to the pozzolanic reactivity of GBFS 
aggregate. Srinivasarao and Reddy [18] and Binici et al. [22] showed that the permeability of PC-based materials decreased when NS 
was replaced with 5–50% GBFS fine aggregate, while other researchers reported opposite results [14,19]. 

The effect of GBFS fine aggregate on mortar’s frost resistance remains controversial and has usually been assessed using samples 
cured at room temperature (≈20 ◦C) [19,23–25]. Thus, further investigation is needed to assess the potential use and hardened 
behavior of cementitious materials made with GBFS fine aggregate cured at low temperatures. Generally, the effects of GBFS fine 
aggregate on the hardened and durability properties of cementitious materials are highly dependent on their physical properties, 
replacement level, and w/c ratio [14,17,21,26]. Several studies have reported enhanced resistivity against frost damage, acidic at-
tacks, and carbonation and greater long-term compressive strength in construction materials made with a binder containing SCMs at 
optimal concentrations compared to their counterparts fabricated with PC only [8,27–31]. Nevertheless, the slow reactivity of SCMs in 
PC blends and the reduced early strength development and frost resistance conflict with winter concreting requirements [8]. Soutsos 
et al. [32] found that decreasing the curing temperature from 20 to 10 ◦C resulted in a 64% decrease in the compressive strength of 
three days old PC/GGBFS mortar, while only a 19% reduction was observed in PC mortar. Therefore, the use of SCMs is limited in 
winter concreting works. 

With the ongoing efforts to increase the incorporation of SCMs in cold weather construction works, Alzaza et al. [8] recently 
showed that a calcium silicate hydrate (C–S–H) seed admixture is a promising additive by which a 30% of PC could be replaced with 
GGBFS in blends cured at 0 ◦C. The authors found that the seeds accelerated the hydration rates of PC and GGBFS and improved 
strength development and frost resistance. Greater 28 days compressive strength and frost resistance were observed in the seeded 70% 
PC–30% GGBFS binder than in a 100% PC binder. 

To date, there have been no assessments of the effects of GBFS fine aggregate on the mechanical and durability properties of PC/ 
GGBFS mortar cured at low temperatures. In addition, the air-entraining agent is commonly used to increase the porosity of 
cementitious composites for the sake of mitigating the damage caused by freezing and thawing cycles in cold regions, and nowadays a 
more sustainable solution is needed. Therefore, this work aimed to investigate the potential use of porous GBFS fine aggregate, instead 
of air-entraining agent, for mitigating the frost damage in cementitious mortar cured at fluctuating low/freezing (+5 to − 5 ◦C) 
temperatures. Ultrasonic pulse velocity and mortar’s compressive strength, water sorptivity, frost resistance, and stability against a 
sulfuric acid (H2SO4) attack were assessed. The effects of GBFS fine aggregate on the mortar’s microstructure and hydration products 
were investigated using scanning electron microscopy (SEM) and X-ray diffraction (XRD), respectively. 

2. Experimental plan 

2.1. Materials 

The fine aggregates used in this work were NS (CEN standard sand) and GBFS aggregates. CEN standard sand had a particle size 
distribution (PSD) of 0.08–2.00 mm, moisture content of 0.6%, water absorption of 0.9% (measured according to the EN 1097-6 
standard method [33]), and dry loose density of 1481 kg/m3 [34]. GBFS fine aggregate with an average moisture content of 9.7%, 
water absorption of 1.5%, dry loose density of 1130 kg/m3, and free CaO of <0.08% (measured according to the EN 451-1 standard 
method [35]) was obtained from SSAB Europe Oy (Finland). To avoid the effects of different PSDs and fineness of modulus (FM) on the 
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mechanical and durability properties of mortar [36–38], the GBFS aggregate was dried at 105 ◦C and then sieved to obtain similar PSD 
(Fig. 1) and FM (2.93) to that of CEN standard sand [34]. Optical micrographs showed a smooth surface and rounded shape of standard 
sand, while GBFS aggregate was irregular and angular in shape, with a rough surface texture (Fig. 2). PC (CEM I 52.5 R) and GGBFS 
were supplied by Finnsementti (Finland). Blaine surface area and specific gravity of PC and GGBFS were around 400 m2/kg and 3.05 
g/cm3, and 380 m2/kg and 2.95 g/cm3, respectively. The main oxides along with their contents in PC and GGBFS were analyzed using 
X-ray fluorescence (PANalytical Omnian AxiosmAX, UK) and are listed in Table 1 (see Table A1 In Appendix for full chemical 
composition). A commercial C–S–H seed admixture (X130-seeds®) with a solid content of 23.7% was provided by MBCC (Sweden) [9]. 
The median particle sizes (D50) of the PC, GGBFS, and C–S–H seeds were around 8.5, 9.4, and 0.345 μm, respectively, as previously 
measured by Alzaza et al. [8]. The PSDs of the precursors and C–S–H seeds were analyzed using a laser diffraction particle size analyzer 
(LS13320; Beckman Coulter, USA) and a Zetasizer Pro (Malvern Panalytical, UK), respectively. A polycarboxylate-based super-
plasticizer with no retarding effects (Viscocrete-5800) and a solid content of 35.5% was provided by Sika (Finland). 
Laboratory-controlled deionized water was used to manufacture the mortar. 

2.2. Mixing proportions and curing conditions 

Five mix compositions were used to assess the effects of replacing natural standard sand with GBFS fine aggregate on the hardened 
and durability properties of PC/GGBFS binary mortar modified using C–S–H seeds (Table 2). In all mixes, the binder consisted of 70% 
PC and 30% GGBFS, and 2% (wt.% of the binder) C–S–H seed content was used. The binder mix composition and seeds dosage were 
adopted from the earlier published work by the authors [8]. To develop the mortars, sand/binder and water/binder ratios of 2 and 0.35 
(by weight), respectively, were adopted from Ref. [39] and kept constant throughout the study. The first mix (A0) contained no GBFS 
aggregate and was considered the control mix. In other mixes, standard sand was replaced with 25, 50, 75, and 100 vol.% GBFS fine 
aggregate. The superplasticizer dosage was optimized in preliminary experiments so that all GBFS aggregate–containing mortar 
samples had an average spread diameter of 160 ± 5 mm, which was comparable to that of the A0 mortar, as measured using a flow 
table according to ASTM C1437 recommendations [40]. The water-to-binder ratio (w/b) in all mortar samples was kept constant at 
0.35 [39], taking into account the water content in the C–S–H seed admixture and the superplasticizer. 

In the batching process, PC, GGBFS, and fine aggregate were mixed for 5 min at 20 ◦C. Meanwhile, the C–S–H seed admixture and 
superplasticizer were added to deionized water and then dispersed using an ultrasonic desiccator (Elmasonic P, Germany) for 5 min 

Fig. 1. Particle size distribution of as-received and optimized dried GBFS aggregate.  

Fig. 2. Optical micrographs of (a) CEN standard sand and (b) GBFS aggregate.  
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[8]. The uniformly mixed deionized water, dispersed C–S–H seed admixture, and superplasticizer mixture were then immediately 
added to the mixed dry ingredients and mixed for 4 min. The freshly mixed mortar samples were cast into 40 × 40 × 160 mm3 molds in 
two layers, and each layer was compacted using a jolting table (60 shocks, 1 shock/s). After compaction, the molds were covered in 
polyethylene sheets to prevent moisture loss [41]. The covered molds were then immediately placed in a programmed freezer and 
cured for 3, 7, and 28 days. The daily curing temperature program consisted of 6 h at +5 ◦C, 6 h of decreasing the programmed freezer’s 
temperature to − 5 ◦C, 6 h at − 5 ◦C, and 6 h of increasing the temperature to +5 ◦C (Fig. 3). All mixes were cast at the beginning of 
phase 1 of the program when the programmed freezer’s temperature was 5 ◦C. This program was based on the average air temperatures 
in Oulu, Finland (65◦01′ N, 25◦28′ E), during March, April, November, and December over the period 2012–2021 (Fig. A1 in Appendix) 
[42]. These months were selected because they are characterized by fluctuating daily air temperatures. 

2.3. Test methods 

2.3.1. Ultrasonic pulse velocity 
UPV was measured across the mortar length (≈160 mm) to investigate the effect of the different GBFS aggregate substitution levels 

on the mortar’s microstructure compactness and its development over time. UPV is an indirect indication of the strength, crack 
propagation, void presence, and uniformity of mortar’s microstructure [41]. The UPV test was performed according to the ASTM C597 
standard [43]. Two 55-kHz transducers with a travel time accuracy of ±1% and distance accuracy of ±2% were connected to a 
nondestructive UPV tester (Matest C369 N, Italy) with a measuring range of 0–3000 μs and accuracy of ±0.1 μs. The samples were 
removed from the programmed freezer at the end of phase 1 (Fig. 3) to eliminate the potential effects of any ice formed in the pore 
structure on the strength measurements [41]. Vaseline was used to fit the transducers tightly to the sample surfaces. The UPV was 
calculated using Eq. (1). 

V  =L
T

(1)  

where V is the UPV (m/s), L is the distance between the two transducers (m), and T is the transmission time (s). 

Table 1 
The main oxides along with their contents in 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 0.2 0.1 0.7 0.1 2.0 
GGBFS 39.4 32.3 9.6 1.2 0.5 0.5 10.2 2.2 4.0  

Table 2 
Mix proportions of mortar samples (kg/m3).  

Sample PC GGBFS CEN sand GBFS aggregate C–S–H seed solution Superplasticizer w/b ratio 

A0 445 190 1270 0 12.7 0.00 0.35 
A25 953 242 0.6 
A50 635 485 0.9 
A75 318 727 1.2 
A100 0 969 1.2  

Fig. 3. Daily curing temperature program.  
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2.3.2. Compressive strength 
Compressive strength was measured using a calibrated Zwick Z100 testing machine (Zwick/Roell, Germany) with a load cell of 100 

kN. Six 4-mm3 cubes per curing period (i.e., 3, 7, and 28 days) were sawed from the prismatic samples and tested at a loading rate of 
2.4 kN/s [41]. The mortar preparation method described in Section 2.3.1 was followed before the test. 

2.3.3. Scanning electron microscopy 
The microstructure of selected mortar samples was investigated using field emission scanning electron microscopy equipped with 

an electron dispersive spectroscopy (EDS) system (Zeiss ULTRA Plus, Germany). The analysis was performed using a backscatter 
electron detector at an acceleration voltage of 15 kV. Hydration was prevented by solvent exchange. The samples were immersed in 
isopropanol, and the solution was changed twice during the first 2-h. The samples were then kept in isopropanol for 48 h, followed by 
drying in a desiccator at room temperature until the analysis date [41]. Before the analysis, the samples were mounted in epoxy resin, 
polished with diamond pastes, and carbon-coated. 

2.3.4. X-ray diffraction 
XRD analysis was performed using a Rigaku SmartLab 9-kW diffractometer (Japan). CoKα radiation at 40 kV, a current of 135 mA, a 

scanning speed of 4 2Ɵ/min, and a step size of 0.02◦ were used over a scanning range of 2Ɵ = 5–130◦. Phase identification was 
performed using Rigaku PDXL 2 software with the PDF-4+ 2020 RDB database. 

2.3.5. Capillary water absorption 
Three 28-day prisms (40 × 40 × 160 mm3) of each mix were dried in a vacuum oven at 40 ◦C until a mass change of ≤0.1% was 

observed. This low drying temperature was adopted to avoid ettringite decomposition, which starts at around 60 ◦C [9,44]. After the 
drying process, the samples’ surfaces were coated with epoxy, except for one test surface that was placed on support rods and in contact 
with water so that the water level was <5 mm above its uncoated surface to ensure one-dimensional capillary water absorption (Fig. 4). 
The ASTM C1585 standard [45] recommends performing the test at 23 ◦C. However, this temperature can accelerate the hydration of 
mortar cured at low temperatures, which might further densify its microstructure with newly formed hydration products, leading to an 
underestimation of water sorptivity. Therefore, the test was performed at a lower temperature, and water was cooled to 0.5 ◦C to avoid 
freezing. The sample masses were recorded at different intervals for up to 8 days according to ASTM C1585 [45]. The water cumu-
latively absorbed due to capillary action was calculated using Eq. (2). The initial water absorption rate (g/m2⋅min0.5) was calculated 
using the slope of the water absorption curves between 1 min and 6 h [45]. 

Capillary  absorbed  water  =
Δmt

A
(2)  

where Δmt is the sample’s mass change at time t (kg), and A is the sample’s exposure area (m2). 

2.3.6. Frost resistance 
The frost resistance of the mortar samples was investigated under rapid freezing and thawing (FT) cycles according to the ASTM 

C666/C666M − 15 standard [46]. Three 28-day old prisms per mix were tested. Mortar samples in plastic containers were placed in a 
climatic test chamber (WK3-180/40; Weiss Technik, USA), and water was added into the containers so that half (≈20 mm) the samples 
were submerged in water and 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 at a chamber temperature ranging from − 18 to +4 ◦C. Each cycle lasted for 8 h and consisted 
of 2 h at +4 ◦C, 2-h of decreasing the chamber temperature to − 18 ◦C, 2 h at − 18 ◦C, and 2-h of increasing the chamber temperature to 
+4 ◦C [41]. The UPV (measured as described in Section 2.3.1) and compressive strength (measured as described in Section 2.3.2) of the 
samples were measured before the test and after the 120 FT cycles to assess the effects of the FT cycles on the samples’ hardened 
properties. 

2.3.7. H2SO4 resistance 
The mortar’s resistance to an H2SO4 attack was investigated by immersing the 28 days prisms in an H2SO4 solution (pH 1.0 ± 0.2) 

at 0 ◦C for 28 and 90 days. The testing medium was replaced with a fresh solution at the beginning of the testing period, and the pH 
level of the solution was then maintained at 1.0 ± 0.2, monitored using a calibrated digital Denver Instrument AP10 pH/mV meter 
(Masterflex, Germany) with a pH accuracy of 0.01, and adjusted regularly with 35 w/w % H2SO4. The selection of a low pH was based 
on the practical use of cementitious construction materials in sewage pipes, food processing industries, and mining areas [47]. A strong 
H2SO4 solution was also chosen to accelerate the degradation rate and shorten the testing period [48]. A low testing ambient tem-
perature was selected to avoid the effects that higher temperatures might exert on the mortar’s reactivity. Six samples per mix (three 

Fig. 4. Schematic of the sorptivity test setup.  
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samples per testing date) were fully immersed in the H2SO4 solution at a solution-to-sample volume ratio of 4 [49]. The effects of the 
acidic attack were evaluated by monitoring the changes in the samples’ appearance, mass, and compressive strength (measured as 
described in Section 2.3.2). 

3. Results and discussion 

3.1. UPV and compressive strength 

Increases in UPV and compressive strength were observed in all mortar samples cured at cyclic low/freezing temperatures (+5 to 
− 5 ◦C), regardless of the GBFS aggregate substitution level (Fig. 5). The effects of adding GBFS fine aggregate on UPV and compressive 
strength depended on the curing period. For example, the UPV and compressive strength increased over the first three days, while the 
opposite was observed from day 7 onward, regardless of the substitution level. The greatest increases in UPV and compressive strength 
of around 2% (3789 m/s) and 27% (27.4 MPa), respectively, compared to the A0 control mortar (3727 m/s and 21.7 MPa, respectively) 
were measured in the three days A50 mortar. However, on day 28, increasingly lower UPVs were observed with higher GBFS aggregate 
contents compared to the A0 mortar (approximately 2%, 3%, 5%, and 7% in the A25, A50, A75, and A100 samples, respectively). 
Similarly, the 28 days compressive strengths of the A25, A50, A75, and A100 samples were 6% (46 MPa), 8% (45 MPa), 15% (41 MPa), 
and 26% (36 MPa), respectively, lower than that of the control mortar (49 MPa). In line with these findings, Sumana et al. [50] re-
ported an enhanced 7-day compressive strength of mortar containing 60% GBFS aggregates and 40% NS cured at 27 ◦C compared to 
control mortar made with 100% NS and a decrease of around 18% on day 90. Similarly, Patra and Mukharjee [20] reported enhanced 
early strength development in PC-based materials made with 20–60% GBFS aggregates. On the other hand, Yuji [51] found that the 
compressive strength of mortar cured at room temperature was enhanced when NS was either partially (50%) or fully substituted with 
steel slag sand, regardless of the curing period. In contrast, Bilir et al. [52] reported a decrease in the compressive strength of concrete 
with GBFS fine aggregate cured at 20 ◦C, regardless of the content and curing period. Overall, several studies have shown that the 
effects of GBFS fine aggregate on the mechanical properties of mortar and concrete greatly depend on the w/c ratio, the binder content, 
and the aggregate’s physical and mechanical properties [17,26]. 

The increases in UPV and compressive strength of the mortars with time are attributed to the enhanced precipitation of reaction 
products with the ongoing hydration process, regardless of the GBFS fine aggregate content. The enhanced three days UPV and 
compressive strength of mortar with GBFS fine aggregate can be attributed to an improved cohesion between cement paste and 
aggregate surface at ITZ and slightly increased microstructure compactness, as shown in Fig. 6b and c. Previous studies have shown 
that the strength of mortar and concrete depends on the interlocking force and cohesion between the aggregate and cement paste [20, 
26,51,53,54]. With the ongoing curing period, the ITZ around NS was densified in the 28-day mortars, developing a comparable 
compact region to that around GBFS fine aggregates (Fig. 7). Therefore, the 28-day UPV and compressive strength of the mortars were 
more influenced and controlled by microstructure porosity. The incorporation of porous GBFS aggregate (Figs. 2 and 7b and c) in-
creases the mortar’s porosity if it is not completely filled with cement paste. This illustrates the lower 28 days UPV and compressive 
strength of the mortars with GBFS aggregate when compared to the control mortar. A similar observation was reported by Kim et al. 
[27]. The sharp decrease in the 28-day UPV and compressive strength of the A100 mortar compared to the A0 mortar can additionally 
be attributed to frost damage to the microstructure of the former (Fig. 7c). 

Furthermore, to assess the impacts of the fluctuating low/freezing temperatures on the compressive strength of the mortars, the 
control mortar and the most promising mortar made with GBFS fine aggregates (i.e., A50) were also cured at room temperature 
(20 ◦C). The room-temperature-cured 3-, 7-, and 28-day A0 mortars registered compressive strengths of 35 MPa, 44 MPa, and 53 MPa, 
respectively. The 3-, 7-, and 28-day A50 mortar cured at 20 ◦C gained compressive strengths of 37 MPa, 39 MPa, and 49 MPa, 
respectively. According to the results, the compressive strengths of the three-day A0 and A50 mortars cured at low fluctuating tem-
peratures were 38% and 26% lower than their pairs cured at 20 ◦C, while these reductions dropped to only 7% in both 28-day mortars. 
These results showed that the deceleration impacts of the studied fluctuating low temperatures on compressive strength development 
are more severe at an early age than late age. In addition, the results show that the incorporation of GBFS fine aggregates is capable of 

Fig. 5. Effects of GBFS fine aggregate on (a) the UPV and (b) compressive strength development of mortar samples.  
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mitigating the negative impacts of low fluctuating temperatures on the early compressive strength development. 

3.2. Scanning electron microscopy 

In line with the UPV results (Section 3.1), a slightly denser microstructure was observed in the three-day A50 mortar compared to 
the A0 mortar (Fig. 6a and b). In contrast to the inert behavior of NS, the addition of GBFS fine aggregate increased the number of 
available reactive sites in the mortar, boosting the early hydration process. This increased the amount of precipitated reaction 
products, thus densifying the microstructure in the early curing period. Furthermore, NS in the three days mortar was surrounded by 
hairline cracks and voids (Fig. 6a), whereas a dense ITZ was observed around GBFS (Fig. 6b and c). Similarly, Xue et al. [17] and Bilir 
[24] reported increased ITZ compactness with the addition of slag aggregate. EDS analysis (average of 20 points in an area of ≤20 μm 
from the aggregate’s surface [55], see Fig. A2 and Fig. A3) showed that the mean Si/Ca atomic ratios in the ITZs of the three-day A0, 
A50, and A100 samples were 0.38, 0.41, 0.43, respectively. The negligible early increase in the Si/Ca ratio of hydration products in the 
ITZ around GBFS suggests that the early increase in ITZ compactness was mainly due to the rough surface, angular shape, and low 
surface reactivity of the GBFS aggregate during the first three curing days. These microstructure observations explain the enhanced 
three days UPV and compressive strength of the samples with GBFS aggregate compared to the control mortar (Section 3.1). 

Furthermore, with the increased precipitation of pore-filling hydration products over time due to the ongoing hydration of PC and 
GGBFS, the compactness of the 28-day mortar microstructures increased significantly, regardless of the GBFS content, and the samples 
exhibited similar microstructures (Fig. 7). However, the EDS analysis of precipitated hydration products in the ITZs of 28-day samples 
showed that the mean Si/Ca atomic ratio was higher around GBFS aggregate than around NS, with ratios of around 0.65 (average of 20 
analysis points) in the A50 and A100 samples and 0.45 in the A0 mortar. This suggests greater GBFS aggregate reactivity and increased 
release of silica over time, which reacted with calcium hydroxide (i.e., pozzolanic reaction), producing additional C–S–H gel in the ITZ. 
The precipitation of additional C–S–H can further explain the denser ITZ around the GBFS aggregate and its stronger bond with the 
cement paste compared to that around NS [20,26,51]. However, some unfilled GBFS aggregates voids were observed in the 28-day A50 
and A100 samples. Moreover, signs of frost damage were detected in the 28-day A100 mortar, as indicated by the partially ruptured 
cement skeleton due to long-term curing at fluctuating low/freezing temperatures (Fig. 7c). The low frost resistance of the A100 

Fig. 6. Micrographs of hardened three days (a) A0, (b) A50, and (c) A100 mortar samples, showing small light gray areas (unreacted PC and GGBFS), textured gray 
areas (hydration product matrix), and black areas (cracks and voids). 
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sample is further discussed in Section 3.4. These observations explain the lower 28-day UPV and compressive strength of the A50 
mortar and especially the A100 mortar than those of the A0 mortar. 

3.3. Capillary water absorption 

The durability and degradation rate of mortar, especially when used in buildings’ external walls, is greatly affected by capillary 
water absorption [56]. The sorptivity of mortar is usually assessed to investigate the transportation rate of water, a carrier of various 
destructive soluble salts and acids from the surroundings, into mortar [57]. Easier water transportation and higher absorption capacity 

Fig. 7. Micrographs of 28 days (a) A0, (b) A50, and (c) A100 mortar samples.  

Fig. 8. Capillary water absorption of 28 days mortar.  
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accelerate and amplify the destructive effects of FT cycles on hardened porous materials [58,59]. 
Both the initial water absorption rate and the asymptotic value (i.e., maximum capillary water absorption) increased in all mortar 

samples over time, regardless of the GBFS aggregate content (Fig. 8 and Table 3). The lowest initial absorption rate (85.1 g/m2⋅min0.5) 
and capillary water absorption (4.6 kg/m2), indicating the lowest levels of pore connectivity and permeability, were measured in the 
A0 control mortar. The addition of GBFS fine aggregate resulted in increases in the initial absorption rate and capillary water ab-
sorption, which were directly proportional to the GBFS aggregate content. The low substitution level (25 vol.%) in the A25 mortar 
resulted in slight increases in the initial absorption rate (85.7 g/m2⋅min0.5) and capillary water absorption (4.8 kg/m2), whereas the 
100 vol.% content in the A100 mortar resulted in the greatest increases in the initial water absorption rate (116.3 g/m2⋅min0.5) and 
maximum capillary water absorption (5.9 kg/m2), which were ≈23% and 36% higher, respectively, than those measured in the A0 
mortar. The increase in the capillary water absorption of the samples with GBFS fine aggregate can be attributed to their higher 
porosity, as indicated by the UPV measurements (Fig. 5a). Likewise, the increased void content and higher capillary pore connectivity 
levels in these samples can be attributed to the porous nature of GBFS aggregate, which provides routes for water penetration. Tanwar 
et al. [60] reported a direct relationship between porosity and void content and the water permeability of GGBFS-based concrete with 
glass waste used as fine aggregate. 

The time required to reach the saturation point (i.e., the point after which no increase in water absorption was observed) did not 
differ between the A25 and A50 samples and the control mortar but was significantly shorter in the A75 mortar and especially in the 
A100 mortar. This suggests that the higher GBFS fine aggregate contents facilitated and accelerated the transportation and penetration 
of liquid into the mortar microstructures through the capillary channels, which can negatively affect mortar’s lifetime [44]. 

3.4. Frost resistance 

The 25% and 50 vol.% GBFS substitution levels increased the frost resistance of the respective samples (Fig. 9). Accordingly, the 
A25 and A50 samples exhibited lower reductions in UPV (≈4.5% and 5.7%, respectively) after the 120 FT cycles than the A0 mortar 
(7.6%). In line with the UPV results, the compressive strength of the A0, A25, and A50 samples decreased by 29.1%, 22.1%, and 24.5%, 
respectively, after the 120 FT cycles. However, the higher GGBFS aggregate contents resulted in sharp decreases in UPV and 
compressive strength after the FT cycles. The A75 and A100 samples exhibited 11% and 14% lower UPVs, respectively, and 39% and 
42% lower compressive strengths, respectively. These findings are in line with Bilir [24] and Ayano et al. [25], who found that the 
incorporation of GBFS fine aggregate enhanced the frost resistance of concrete members. Conversely, Yüksel and Bilir [19] reported 
that the frost resistance of concrete decreased with the addition of 10–40% GBFS fine aggregate. 

The enhanced frost resistance of the A25 and A50 samples compared to the A0 mortar can be attributed to their slightly increased 
porosity with the addition of GBFS aggregate, as indicated by the UPV results (Fig. 5a) and the small increase in water absorption 
(Table 3). The increased porosity provided additional area for the increased volume (≈9%) of frozen water to expand into without 
exerting additional hydraulic internal stress throughout the microstructure, which causes overpressure and microcrack propagation 
[41,61]. Conversely, the higher GBFS aggregate contents of the A75 and A100 samples significantly increased their capillary water 
absorption (as described in Section 3.3), which increased the content of the damaging agent (water) in their pore networks. This 
increased the amount of freezable water throughout the mortar microstructure, which in turn increased the internal damage and 
microcrack propagation due to the greater internal hydraulic stress caused by the volume expansion of frozen water. This explains the 
sharp reductions in the UPV and compressive strength of the A75 and A100 samples compared to the control sample and the samples 
with lower GGBFS aggregate contents. 

3.5. H2SO4 resistance 

Fig. 10 shows the visual appearance of the mortar after 28 and 90 days of immersion in H2SO4 (pH = 1 ± 0.2). Promisingly, the 
incorporation of GBFS fine aggregate significantly enhanced the mortar’s resistance against the acidic attack at a low temperature 
(0 ◦C). Furthermore, the signs of mortar deterioration decreased with higher GBFS aggregate contents. A visual examination showed a 
negligible degree of surface damage in the A100 mortar, regardless of the immersion period. In contrast, the outer surface of the A0 
control mortar fully disintegrated after the first 28 d due to the dissolution of hydration products, accompanied by a partial loss of 
aggregate. This facilitated the further diffusion of H2SO4 into the mortar microstructure, amplifying the damaging impact of the acidic 
attack [62]. The A0 mortar exhibited the highest mass loss of around 10% and 28% after 28 and 90 days of immersion in H2SO4, 
respectively (Fig. 11a). Promisingly, the A25, A50, A75, and A100 samples exhibited significantly lower mass losses compared to the 
A0 mortar, amounting to around 7.0%, 3.6%, 1.0%, and 0.2%, respectively, after the first 28 d of immersion. Although their mass 
losses increased to 18.5%, 12.2%, 7.8%, and 2.5%, respectively, after 90 d of immersion, they were still lower than that measured in 
the control mortar. 

Table 3 
Capillarity coefficients and asymptotic values of 28 days mortar samples.  

Sample Initial water absorption rate (g/m2⋅min0.5) Asymptotic value (kg/m2) 

A0 85.1 4.6 
A25 85.7 4.7 
A50 92.0 5.0 
A75 100.7 5.5 
A100 116.3 5.9  
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In line with the visual observations and mass loss measurements, the use of GBFS aggregate limited the mortar’s compressive 
strength loss due to the acidic attack, regardless of the immersion period (Fig. 11b). The A100 mortar exhibited the lowest compressive 
strength losses of around 0.6% and 5% after 28 and 90 days immersion periods in the H2SO4 solution, respectively. On the other hand, 
the A0 mortar showed the highest compressive strength losses of 54% and 66% after 28 and 90 days immersion periods, respectively. 
These results indicate the superior acid resistivity of mortar containing GBFS aggregate compared to mortar containing only NS. 

The results showed that the mortar’s resistance to H2SO4 was independent of permeability and was mainly affected by the amount 

Fig. 9. Changes in (a) UPV and (b) mortar compressive strength after exposure to 120 FT cycles compared to the corresponding 28 days pre-testing values.  

Fig. 10. Appearance of mortar samples after (a) 28 days and (b) 90 days immersion in an H2SO4 solution at 0 ◦C.  
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of vulnerable calcium hydroxide and the stability of the C-(A)-S-H phase in the acidic environment. These findings are consistent with 
the literature [62–65]. The XRD patterns obtained from the disintegrated surface layer of the A0 mortar after 90 days immersion period 
in the H2SO4 solution (Fig. 12a) showed that the formation of expansive gypsum (Ca(SO4) (H2O)2, PDF#04-016-3025) due to the 
reaction between portlandite (Ca(OH)2, PDF#04-014-7723) and H2SO4, described by Eq. (3), was the main reason for the destructive 
impact of the acidic attack. The greater damage to the microstructure and ITZ of the A0 mortar compared to the A100 mortar (Fig. 13) 
can be attributed to the higher content of vulnerable portlandite in the former, as indicated by its higher XRD peak intensity (Fig. 12b), 
which further facilitated the penetration of H2SO4 into the mortar’s uncorroded microstructure, causing increasing damage over time 
[62]. These findings are in line with previous studies [66–70]. 

Ca(OH)2 +H2SO4 → CaSO4 ⋅ 2H2O (3) 

The EDS analysis of the 28 days A0, A50, and A100 samples showed increased Si content and Al uptake in the precipitated C-(A)-S- 
H hydration product. The Ca/(Si + Al) atomic ratios in A0, A50, and A100 were 1.82, 1.55, and 1.37, respectively. This is attributed to 
the increased release of SiO2 and Al2O3 from reactive GBFS aggregate. Several studies have shown that the stability of calcium 
aluminosilicate gel against decalcification at the low pH of acidic environments was enhanced with decreased Ca/Si ratio (i.e., increase 
Si content) and increased Al content due to its low Ca content and intensely cross-linked network, resulting in less mass loss and greater 
residual compressive strength after exposure to an acidic attack [62,68,71–74]. Moreover, Bertron et al. [72] and Ren et al. [62] found 
that Al and Si ions had higher leachability resistivity to binders in low-pH media than Ca ions. With the decrease in pH after immersion 
in an H2SO4 solution, calcium aluminosilicate gel releases its Ca, losing its stability, thus being converted to a layer of silica and 
aluminosilicate gels, which protect the unaffected parts from the acidic attack and the resulting corrosion [64]. Thus, C-(A)-S-H gel 
with a lower Ca content and higher Si and Al contents has higher stability against acidic attacks. Therefore, the damaging impact of 
H2SO4 on the mortar’s main source of strength (i.e., C-(A)-S-H) was less severe in the case of the mortar with GBFS aggregate, resulting 
in lower strength and mass losses compared to the A0 mortar. 

Fig. 11. (a) Mass loss and (b) compressive strength loss of mortar after immersion in an H2SO4 solution for 28 and 90 d at 0 ◦C compared to the corresponding 28 days 
pre-immersion values. 

Fig. 12. XRD patterns of (a) the 28 days A0 mortar before immersion in the H2SO4 solution and disintegrated materials after 90 days immersion and (b) 28 days 
mortar before immersion in the H2SO4 solution. Ettringite (Ca6Al2(SO4)3(OH)12(H2O)24, PDF#04-022-3982) and Quartz (SiO2, PDF#01-086-1630). 
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4. Conclusions 

This work aimed to improve the sustainability of winter construction works in cold regions by increasing the utilization of blast 
furnace slag as a binder and fine aggregate. The study assessed the effects of incorporating different contents (25–100 vol %) of 
granulated blast furnace slag (GBFS) fine aggregate on the strength development and durability properties of Portland cement (PC)/ 
ground granulated blast furnace slag (GGBFS) binary mortar admixed with calcium silicate hydrate seeds and cured at fluctuating (+5 
to − 5 ◦C) temperatures. 

The effects of replacing natural sand (NS) with GBFS fine aggregate on mortar’s strength development depend on the curing time 
and the GBFS aggregate content. The negative impacts of the fluctuating low temperatures are more significant on early compressive 
strength development of the mortars than late age. Substituting NS with 50 vol % GBFS aggregate results in an increase in compressive 
strength in the early curing period (3 days) and a negligible reduction thereafter. GBFS aggregate strengthens the bond with cement 
paste physically due to the roughness and angularity of its surface and chemically due to its pozzolanic reactivity. However, its porous 
nature decreases the 28 day compressive strength, accelerates the capillary water absorption rate, and increases the total capillary 
water absorbed by mortar. Low substitution levels (25–50 vol.%) enhance mortar’s frost resistance. Furthermore, the use of GBFS fine 
aggregate results in a significant increase in mortar’s resistance against sulfuric acid (H2SO4) attacks, which is directly proportional to 
the GBFS aggregate content. H2SO4 resistance is independent of permeability and is mainly controlled by the nature of hydration 
products—that is, the amount of portlandite and the Ca/(Si + Al) ratio of C-(A)-S-H. Fully substituting NS with GBFS aggregate de-
creases the compressive strength loss from 65% to 5% after 90 days exposure period to H2SO4. 

This work demonstrates that substituting NS with environmentally friendly GBFS aggregate has the potential to increase the 
sustainability of the construction sector in cold regions. The optimal substitution level depends on the intended use and the sur-
rounding conditions. In residential areas, where H2SO4 attacks are unlikely, NS can be volumetrically substituted with 50% GBFS fine 
aggregate to achieve enhanced frost resistance with a negligible decrease in compressive strength. In industrial areas and sewage pipes, 
in which acidic attacks are expected, NS can be fully substituted with GBFS aggregate. 
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Appendix  

Table A1 
The chemical composition of PC and GGBFS, measured by XRF.  

Oxides (w/w %) PC GGBFS 

MgO 0.7 9.93 
Al2O3 2.1 9.15 
SiO2 24.0 33.74 
P2O5 0.3 0.10 
C 0.4 0.60 
Cl 0.0 0.00 
CaO 69.0 39.50 
Cr2O3 0.0 0.00 
Fe2O3 0.3 0.68 
NiO 0.0 0.02 
CuO 0.0 0.01 
BaO 0.0 0.10 
HfO2 0.0 0.00 
K2O 0.1 0.67 
MnO 0.0 0.24 
Na2O 0.2 0.59 
Nb2O5 0.0 0.00 
P2O5 0.4 0.00 
Rb2O 0.0 0.01 
SO3 2.1 3.20 
SrO 0.1 0.10 
TiO2 0.0 1.16 
V2O5 0.0 0.00 
Y2O3 0.0 0.00 
ZrO2 0.0 0.03 
Sum 99.9 99.8   

Fig. A1. Average air temperatures (Oulu, Finland) during (a) March 1–April 30 and (b) November 1–December 15 over the period 2012–2021 [42].    
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Fig. A2. EDS point analysis and locations of three days (a) A0, (b) A50, and (c) A100 mortar samples.    
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Fig. A3. EDS point analysis and locations of 28 days (a) A0, (b) A50, and (c) A100 mortar samples.  
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[19] İ. Yüksel, T. Bilir, Usage of industrial by-products to produce plain concrete elements, Construct. Build. Mater. 21 (2007) 686–694, https://doi.org/10.1016/j. 
conbuildmat.2006.06.031. 

[20] R.K. Patra, B.B. Mukharjee, Influence of incorporation of granulated blast furnace slag as replacement of fine aggregate on properties of concrete, J. Clean. Prod. 
165 (2017) 468–476, https://doi.org/10.1016/j.jclepro.2017.07.125. 

[21] R.K. Patra, B.B. Mukharjee, Influence of granulated blast furnace slag as fine aggregate on properties of cement mortar, Adv. Concr. Constr. 6 (2018) 611–629, 
https://doi.org/10.12989/ACC.2018.6.6.611. 

[22] H. Bı̇nı̇ci, M.Y. Durgun, T. Rızaoğlu, M. Koluçolak, Investigation of durability properties of concrete pipes incorporating blast furnace slag and ground basaltic 
pumice as fine aggregates, Sci. Iran. 19 (2012) 366–372, https://doi.org/10.1016/j.scient.2012.04.007. 

[23] J.M. Manso, J.A. Polanco, M. Losanez, J.J. Gonzalez, Durability of concrete made with EAF slag as aggregate, Cem. Concr. Compos. 28 (2006) 528–534, https:// 
doi.org/10.1016/j.cemconcomp.2006.02.008. 

[24] T. Bilir, Effects of non-ground slag and bottom ash as fine aggregate on concrete permeability properties, Construct. Build. Mater. 26 (2012) 730–734, https:// 
doi.org/10.1016/j.conbuildmat.2011.06.080. 

[25] T. Ayano, T. Fujii, K. Niitani, K. Takahashi, K. Hosotani, Improvement of durability of precast concrete member by granulated blast furnace slag sand, J. Disaster 
Res. 12 (2017) 456–469, https://doi.org/10.20965/jdr.2017.p0456. 

[26] Y. Guo, J. Xie, W. Zheng, J. Li, Effects of steel slag as fine aggregate on static and impact behaviours of concrete, Construct. Build. Mater. 192 (2018) 194–201, 
https://doi.org/10.1016/j.conbuildmat.2018.10.129. 

[27] J.H. Kim, A. Qudoos, S.H. Jakhrani, Atta-ur-Rehman, J.B. Lee, S.S. Kim, J.-S. Ryou, Mechanical properties and sulfate resistance of high volume fly ash cement 
mortars with air-cooled slag as fine aggregate and polypropylene fibers, Materials 12 (2019) 469, https://doi.org/10.3390/ma12030469. 

[28] M. Amran, G. Murali, N.H.A. Khalid, R. Fediuk, T. Ozbakkaloglu, Y.H. Lee, S. Haruna, Y.Y. Lee, Slag uses in making an ecofriendly and sustainable concrete: a 
review, Construct. Build. Mater. 272 (2021), 121942, https://doi.org/10.1016/j.conbuildmat.2020.121942. 

[29] M.M.A. Elahi, C.R. Shearer, A. Naser Rashid Reza, A.K. Saha, M.N.N. Khan, M.M. Hossain, P.K. Sarker, Improving the sulfate attack resistance of concrete by 
using supplementary cementitious materials (SCMs): a review, Construct. Build. Mater. 281 (2021), 122628, https://doi.org/10.1016/j. 
conbuildmat.2021.122628. 

[30] M. Saillio, V. Baroghel-Bouny, S. Pradelle, M. Bertin, J. Vincent, J.-B. d’Espinose de Lacaillerie, Effect of supplementary cementitious materials on carbonation 
of cement pastes, Cement Concr. Res. 142 (2021), 106358, https://doi.org/10.1016/j.cemconres.2021.106358. 

[31] J. Sun, P. Zhang, Effects of different composite mineral admixtures on the early hydration and long-term properties of cement-based materials: a comparative 
study, Construct. Build. Mater. 294 (2021), 123547, https://doi.org/10.1016/j.conbuildmat.2021.123547. 

[32] M. Soutsos, A. Hatzitheodorou, F. Kanavaris, J. Kwasny, Effect of temperature on the strength development of mortar mixes with GGBS and fly ash, Mag. Concr. 
Res. 69 (2017) 787–801, https://doi.org/10.1680/jmacr.16.00268. 

[33] En 1097-6, Tests for Mechanical and Physical Properties of Aggregates—Part 6: Determination of Particle Density and Water Absorption, 2013. 
[34] En 196-1, Methods of Testing Cement, Part 1: Determination of Strength, 2016. 
[35] En 451-1, Method of Testing Fly Ash – Part 1: Determination of Free Calcium Oxide Content, CEN, 2003. 
[36] M.J. Miah, M.M.H. Patoary, S.C. Paul, A.J. Babafemi, B. Panda, Enhancement of mechanical properties and porosity of concrete using steel slag coarse 

aggregate, Materials 13 (2020) 2865, https://doi.org/10.3390/ma13122865. 
[37] A.K. Saha, P.K. Sarker, Sustainable use of ferronickel slag fine aggregate and fly ash in structural concrete: mechanical properties and leaching study, J. Clean. 

Prod. 162 (2017) 438–448, https://doi.org/10.1016/j.jclepro.2017.06.035. 
[38] A.M. Rashad, D.M. Sadek, Influence of different particle sizes of blast-furnace slag as a fine aggregate on mechanical strength and abrasion resistance of 

concrete, Silicon 12 (2020) 2365–2373, https://doi.org/10.1007/s12633-019-00332-0. 
[39] 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. 
[40] ASTM C1437, Standard Test Method for Hydraulic Cement Mortar, 2006. 
[41] 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. 
[42] Finnish Meteorological Institute, (n.d.). https://en.ilmatieteenlaitos.fi/(accessed January 2, 2022). 
[43] ASTM C597, Standard test method for pulse velocity through concrete. ASTM International, West Conshohocken, PA, USA. www.astm.org, (2009). www.astm. 

org (accessed October 24, 2019). 
[44] H. Chen, Z. Guo, P. Hou, X. Fu, Y. Qu, Q. Li, X. Cheng, X. Zhu, The influence of surface treatment on the transport properties of hardened calcium sulfoaluminate 

cement-based materials, Cem. Concr. Compos. 114 (2020), 103784, https://doi.org/10.1016/j.cemconcomp.2020.103784. 
[45] A. C1585-13, Standard Test Method for Measurement of Rate of Absorption of Water by Hydraulic-Cement Concretes, ASTM West Conshohocken Pa. U. S., 2013. 
[46] Astm C666/C666M–15, Standard Test Method for Resistance of Concrete to Rapid Freezing and Thawing, ASTM International, West Conshohocken, PA, USA. 

www.astm.org, 2015. 
[47] T. Bakharev, Resistance of geopolymer materials to acid attack, Cement Concr. Res. 35 (2005) 658–670, https://doi.org/10.1016/j.cemconres.2004.06.005. 
[48] L. Gu, T. Bennett, P. Visintin, Sulphuric acid exposure of conventional concrete and alkali-activated concrete: assessment of test methodologies, Construct. Build. 

Mater. 197 (2019) 681–692. 
[49] S. Wallah, B.V. Rangan, Low-calcium Fly Ash-based Geopolymer Concrete: Long-term Properties, (2006). https://espace.curtin.edu.au/bitstream/handle/20. 

500.11937/34322/19464_downloaded_stream_556.pdf?sequence=2&isAllowed=y (accessed February 21, 2022). 
[50] K.K. Sumana, P.P. Sreeja, M. Aswathy, M. Indu, J. John, Replacement of fine aggregate by granulated blast furnace slag (GBFS) in cement mortar, Int. J. Eng. 

Res. 5 (2016). 
[51] W. Yuji, The effect of bond characteristics between steel slag fine aggregate and cement paste on mechanical properties of concrete and mortar, MRS Online 

Proc. Libr. 114 (1987) 49–54, https://doi.org/10.1557/PROC-114-49. 
[52] T. Bilir, I. Yüksel, I.B. Topcu, O. Gencel, Effects of bottom ash and granulated blast furnace slag as fine aggregate on abrasion resistance of concrete, Sci. Eng. 

Compos. Mater. 24 (2017) 261–269, https://doi.org/10.1515/secm-2015-0101. 
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