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A B S T R A C T   

The cement industry faces an increasing demand for new supplementary cementitious materials 
(SCMs) as alternative to slags and ashes, the sources of which are in continuous depletion. This 
study reports on the characteristics of synthetic aluminosilicate glasses derived from basalt 
composition (BGs) as new SCMs. The pozzolanic activity of the developed glasses as well as their 
influence on the hydration kinetics, microstructure, and mechanical properties of blended ce
ments are reported. The obtained results show that pastes containing BGs demonstrated faster 
hydration rate and higher compressive strength compared to those containing commonly applied 
granulated blast furnace slag (GBFS). In addition, the developed glasses demonstrated higher 
pozzolanic activity than GBFS as demonstrated form the measured amount of portlandite and 
strength activity index. The developed glasses can be obtained from earth abundant carbon-free 
raw materials as it is similar in composition to basalt. Therefore, this novel approach has potential 
to provide low-carbon cementitious binders for the concrete industry.   

1. Introduction 

Reducing the greenhouse emissions associated with the production of Portland cement (PC) is an important research area. It is 
estimated that each kilogram of PC produces ~0.83 kg of carbon dioxide (CO2) [1]. The 4.6 billion tons of PC produced in 2015 were 
responsible for 5–8% of total anthropogenic CO2 emissions. PC production is expected to exceed 6 billion tons/year by 2050 and 
therefore urgent reductions in CO2 emissions associated with cementitious binders are required [2]. Up to 60% of the CO2 released 
during PC production is produced during clinker production from the decarbonation of limestone, with the remainder associated with 
fuels and electricity used during firing, milling and transportation [3]. Reducing the amount of CO2 produced during PC clinker 
production has been optimized during the past few decades. The partial replacement of clinker in blended cements with supplementary 
cementitious materials (SCMs) is therefore now considered to be the most feasible approach to produce eco-efficient low-carbon 
cements [2]. The partial replacement of PC with SCMs can reduce CO2 emissions by up to 40% without compromising the durability, 
strength and production costs of the material [3]. 

In addition to the ecological benefits, the presence of SCMs in blended cements has some desirable impacts on concrete, including 
enhanced long-term durability and improved mechanical properties [4]. The use of SCMs in concrete has therefore become common 
practice. However the current availability of conventional SCMs meets only 15% of the concrete industry demands [5]. Common SCMs 
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are granulated blast furnace slag (GBFS) and coal fly ash (FA). Supplies of FA are problematic due to the decrease in coal-fired power 
production in many countries. The increase in steel recycling as well as the move towards direct reduction of iron means that the 
supply of GBFS is also problematic [6]. Therefore, efforts have recently focused on finding new low-carbon sources of SCMs [7–9]. 

The performance of various naturally occurring materials including clays [5,10–12] and milled natural zeolites [13] as alternative 
SCMs have been reported. The use of calcined clay, in particular, has received much interest, and an example is limestone calcined clay 
cement (LC3) [5,14]. Aluminosilicate clays and zeolites are already utilized in other applications such as catalysis, adsorbents, paper 
manufacturing and this may militate against their large-scale use as SCMs in terms of cost and availability. Other industrial and 
agricultural wastes such as recycled granite quarry wastes [15], coal gangue [16], corn Stover ash [17], corn cob ash [18], and biomass 
ash [19], have also been investigated as alternative SCMs. 

The common SCMs are mainly composed of glass and the average glass content in FA is ~60 wt% [20], and it is up to ~90% in GBFS 
[21]. This vitreous phase produces pozzolanic and/or hydraulic reactivity [22,23]. The main component in the glass phase of FA and 
GBFS is silica (the glass network former). The reactivity of silica is largely influenced by the presence of alkali and/or alkaline earth 
oxides (network modifiers) [22,23]. Alumina can act as both a network former when Al is present as tetrahedral or sometimes 
pentahedral substituent to silica in the amorphous aluminosilicate framework, or a modifier when present as extra-framework 
octahedral units [24,25]. The alkali or alkaline earth oxides cause disruption to the Si–O–Si bonds, thereby increasing the number 
of non-bridging oxygens (NBO), causing depolymerization of the glass network [24,26,27]. The reactivity of silicate and alumino
silicate glasses increases with the amount of network modifiers because this increases depolymerization. This explains the higher 
reactivity of Ca-rich FA (C-class with CaO wt.% > 10%, according to the ASTM C618 standard) compared to Si-rich FA (F-class with 
CaO wt.% < 10%, according to the ASTM C618 standard). 

Since common SCMs are mainly composed of glass, efforts have been paid towards investigating the performance of both waste and 
synthetic glasses as potential alternative SCMs. Post-consumer waste glass is pozzolanic when mixed with PC [28–33]. However, 
applying waste glass as SCMs has many challenges; glass wastes are composed mainly of silica (≥70 wt% SiO2), and therefore 
alkali-silica-reaction (ASR) commonly takes place in the concrete pore solution in presence of amorphous silica [34]. Hence, glass 
waste usually requires mechanical and/or chemical pre-treatments to overcome the problem associated with ASR. In addition, waste 
glass suffers from contamination and composition consistency of the waste stream. In this context, synthetic glasses are an attractive 
candidate SCM to partially replace cement because they can be synthesised with potentially zero raw-material related CO2 emissions 
and their composition and characteristics can be optimized to enhance reactivity. Various studies have recently reported on the 
reactivity and characteristics of synthetic glasses that mimic the glassy phases present in FA and GBFS in terms of their phase and 
chemical composition in order to gain an insight on the reactivity of these commonly applied SCMs [22–24,26,35,36]. The devel
opment of synthetic glass as alternative SCMs to slags and ashes, and viable for large-scale production is of high significance and it is 
the topic of the present study. 

Herein, we report on the performance of synthetic aluminosilicate glass with basalt composition as new SCMs. The reactivity of 
some synthetic glasses such as stone wool which is synthesised by melting and fiberizing basalt glass is associated with the hyper- 
quenching (very high cooling rate ~106 K/s). The basaltic glass presented here, on the other hand, is obtained at much lower cool
ing rate (~ 15 K/s) which is comparable to the cooling rate used for cementitious materials. The glass could also be prepared from 
combinations of abundant silicate minerals such as anorthite, olivine and wollastonite [37] and therefore, it has potential for 
large-scale production and utilization with low raw-material related CO2 emissions as compared to PC. The synthesis of the glass 
presented in this study and its performance as alkali activated materials (AAMs) has recently been reported [38]. In this work, we 
investigated the hydration kinetics, hydration phases, pozzolanic reactivity and mechanical properties of blended cements containing 
the developed glass and compared their SCM performance to commonly applied GBFS. 

Table 1 
Chemical composition (wt%) of the synthesised glass and the other materials used in this study as measured by XRF, as well as particle size distribution.  

Oxide BG1 GBFS CEM I 52.5R 

SiO2 39.8 34.3 24.0 

Al2O3 20.5 9.1 2.1 
Na2O 5.4 0.6 – 
MgO 8.7 9.8 0.7 
CaO 18.6 37.9 69.0 
Fe2O3 5.5 0.8 – 
TiO2 1.5 1.4 – 
SO3 – 2.8 2.3 
K2O – 0.6 – 
MnO – 0.3 – 
SrO – – – 
BaO – – – 
P2O5 – – – 
Total 99.9 97.6 98.4 
D50a 3.3 10.3 – 

- not determined. 
a Median particle size (μm). 
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2. Materials and methods 

2.1. Materials 

Silicon dioxide (99%, 325 mesh fused amorphous powder) was supplied by Alfa Aesar. Aluminum oxide (activated, neutral) and 
sodium carbonate (BioUltra, anhydrous ≥99.5%) were purchased form Sigma Aldrich. Calcium carbonate was supplied by VWR 
Chemicals, Magnesium carbonate (basic, extra pure) was supplied by Acros Organics, Fe2O3 (99.9% metal basis, Alfa Aesar), and TiO2 
(Anatase, 99.7% metals basis, Sigma Aldrich). CEM I 52.5R was supplied by Finnsementti, Finland and GBFS KJ400 was obtained from 
SSAB Raahe. The composition of CEM I, and GBFS are given in Table 1. 

2.2. Glass preparation 

The basaltic glass (BG) was synthesised with the composition given in Table 1 following the procedure previously reported [37]. In 
a typical batch, weighed amounts of the oxides (SiO2, Al2O3, MgCO3, CaCO3, Na2CO3, Fe2O3, and TiO2) were mixed manually and 
homogenized by milling in a rotary disc mill (Retsch RS 200) operated at 1400 rpm for 1 min. The mixture was then placed in a Pt 
crucible and melted in a Nabertherm high temperature furnace by heating to 1050 ◦C at 20 ◦C.min-1 where the sample was held for 2 h 
to ensure decarbonation. The temperature was then increased to 1600 ◦C at 10 ◦C.min-1 and held for 2 h. The melt was then casted on a 
water-cooled copper plate and cooled to room temperature. This glass was designated as BG1. Another batch of the glass was syn
thesised in the same way but was quenched in liquid N2 (this was designated as BG2), in order to correlate the cooling rate with the 
reactivity of the glass formed glass. The glasses formed were milled with a rotary disc mill (Retsch RS 200) operated at 1400 rpm for 1 
min and sieved through a 44 μm sieve. 

2.3. Glass characteristics 

Particle size distribution (PSD) was determined using a Beckman Coulter LS 13 320 laser diffraction particle size analyzer and the 
PSD data is presented in Fig. 1 and the median particle size (D50) in Table 1. X-ray fluorescence (XRF) analysis was conducted using 
AxiosmAX X-ray fluorescence spectrometer. X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab 9 kW XRD 
diffractometer with Cu Kα radiation (Kα1 = 1.54056 Å; Kα2 = 1.54 Å) at a scan rate of 4◦/min operated at 45 kV and 200 mA with 
phase identification determined using X’pert HighScore Plus (Malvern Panalytical Software). 

2.4. Glass reactivity 

The performance of the synthesised basalt glass (BG) as SCMs was evaluated in pastes prepared with a 0.5 water: solid ratio (w/s) 
with 30% replacement of PC. The results were compared with PC reference samples and pastes similarly prepared using GBFS. Pastes 
were prepared by mixing the PC and SCM manually for 1 min. Water was then added, and the paste mixed for 5 min. The pastes were 
cast into 20 × 20 × 80 mm molds and cured in a humid chamber (23 ◦C, 97% humidity). After 24 h, the pastes were demolded and kept 
in the humid chamber until testing. At the designated testing time (after 1, 7, and 28 days of hydration) a piece of each paste was 
broken and ground into powder, and the hydration stopped by immersing 1 g of the powder in 100 ml of isopropanol (≥99.7%, VWR 
chemicals) for 15 min. The sample was then filtered and washed thoroughly 3 times with isopropanol and dried at 40 ◦C for 30 min. 

Calorimetry used 4 g of paste samples (70% PC, 30% SCMs) with 0.5 w/s ratio, with the heat recorded over 7 days using a TAM Air 
isothermal calorimeter at 23 ◦C, and H2O was used as reference. The pastes were mixed ex-situ for 1 min using a laboratory shaker 
(Vortex-Genie 2). Field emission scanning electron microscopy (FESEM) analysis used a Zeiss ULTRA plus electron microscope 

Fig. 1. Particle size distribution of the synthesised glasses and GBFS.  
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equipped with an electron dispersive detector (EDS) operated at 15 kV accelerating voltage. The samples were impregnated with epoxy 
resin and polished using diamond pastes followed by carbon coating (~8 nm layer of carbon) using a Vacuum Evaporator (JEE-420T, 
JEOL). 

2.5. Pozzolanicity testing 

2.5.1. Compressive strength 
The compressive strength was measured using a Dartec testing machine with a force rate of 2.4 kN/min according to BS EN 196-1 

standard. Three samples of each mix were tested, and the results are presented with the standard error (standard deviation/
̅̅̅
n

√
); where 

n is the number of samples. Strength activity index (SAI) values were determined according to EN 450-1 standard [39]. This defines the 
ratio of the compressive strength of pastes containing SCM to control PC samples. According to this standard, SAI values of ≥75% after 
28 days of hydration indicate positive pozzolanic activity. 

2.5.2. Amount of portlandite (CH%) and bound water (BW%) 
Thermogravimetric analysis (TGA) data was obtained using a Precisa PrepASH 129 Thermogravimetric Analyzer. Approximately 

0.5 g samples were heated from room temperature up to 1000 ◦C at a heating rate of 10 ◦C/min, under N2 atmosphere. The TGA data 
indicates the amount of portlandite (CH%) from the weight loss between 414 and 520 ◦C using the tangential method. The amount of 
calcium carbonate (calcite, CC%) was determined as the weight % loss between 580 and 750 ◦C [15,40,41]. The amount of bound 
water (BW%) due to decomposition of the main hydrated phases, calcium silicate hydrate (C–S–H) and hydrated calcium aluminate 
(AFm) was then determined from the equation below [15]:  

BW% = Total wt. loss at 1000 ◦C – (CH% + CC%)                                                                                                                 

3. Results and discussion 

The formation of both BG1 and BG2 has successfully been achieved as evident from the X-ray diffraction pattern which shows an 
amorphous background in the range from 20◦ to 45◦ 2θ, without any crystalline phases as shown in Fig. 2. The shift of the background 
towards higher 2θ values for the BG1 indicates higher depolymerization of the glass network compared to the rapidly quenched glass 
(BG2). A similar trend was observed with aluminosilicate glasses that contains higher amount of network modifier [23]. However, both 
BG1 and BG2 were synthesised with the same composition and therefore the difference in the degree of polymerization between the 
two glasses might be linked to phase separation effects. The latter usually takes place during the glass synthesis, and is largely 
influenced by the cooling process, in which the network former (Si and/or Al oxides) separate from the network modifiers [37,42]. 
Detecting this separation on a sub-microscopic scale (<100 nm length scale) is challenging but could be achieved using high-resolution 
solid-state NMR techniques [42]. In this study, however, no major differences in the performance of both glasses as SCMs have been 
observed and therefore this feature has not been investigated further. 

The hydration kinetics was studied by calorimetry as presented in Fig. 3. The results were normalized to the total binder weight in 
the mixture. The samples were mixed ex-situ and therefore the heat flow of the initial hydration peak could not be measured (Fig. 3a). 
The induction period appears the same for all the tested materials. The third stage (acceleration stage), which is apparent from the 

Fig. 2. XRD patterns of the synthesised glasses; (a)BG1 and (b) BG2.  
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main heat flow peak (Fig. 3a) is associated with the rapid nucleation and growth of C–S–H and portlandite. This was achieved after 
~13 h of hydration when BG1, BG2 and GBFS were used as SCMs. This reflects that the initial and final setting time, which is 
determined from the heat flow curve of the third stage [43], are shortened when the glasses or GBFS are used as SCMs compared to the 
PC reference sample. The sharp rise in heat release for blends contained the BGs and GBFS (Fig. 3a) is attributed to the increase in the 
alkali solubility from these SCMs. It is known that SCMs influence the early hydration of PC by their pozzolanic reaction and physically 
by their filler effect. The filler effect of SCMs is a combination of three effects described as dilution, nucleation and accelerated hy
dration. The influence of SCMs on accelerating the early hydration of cement is well described elsewhere [44]. 

The total heat generated (Fig. 3b) reflects the enthalpies of formation of hydrated phases as well as the exothermic dissolution of 
phases from SCMs. The heat associated with the dissolution of portlandite and calcite is negligible [23]. Therefore, it could be assumed 
that the more heat generated reflects higher reactivity [23,43]. BG1 and BG2 show similar reactivity which is higher than GBFS. 
Nonetheless, it should be noted that the PSD of the glasses (BG1 and BG2) is smaller than GBFS (Fig. 1) which also contributes to their 
greater reactivity. The amount of cement used in the reference sample was similar to that used in other blends with SCMs to provide a 
more meaningful comparison. It can be seen from Fig. 3 that the hydration proceeds at a slightly faster rate for blends containing SCMs 
compared with the reference cement, but to a lower extent as seen from the higher total heat generated for the reference cement 
sample. 

The weight loss % measured by TGA (Fig. 4) represents the evolution of bound water released from the formed hydrates. The main 
peak in the DTG (Fig. 4) at ~110 ◦C corresponds to water combined to C–S–H gel, while the shoulders at ~ 200 ◦C corresponds to other 
hydrated calcium aluminate phases (AFm) [15,23,40,41]. The peak at ~450 ◦C represent the dehydroxylation of portlandite while the 
peak at ~700 ◦C is associated with decarbonation of calcite [15,23,40,41]. The overall wt.% loss between 110 ◦C and 1000 ◦C 
increased with increasing curing time reflecting the increase in the hydrated phases formed. The amount of bound water (BW%) and 
the amount of portlandite (CH%) determined from TGA are presented in Fig. 5. 

For all the pastes studied, the amount of bound water (BW) increases over time (Fig. 5a). After 7 days of hydration, blends with BG1 
and BG2 show higher amount of BW compared to blends with GBFS. After 28 days of hydration the amount of BW for blends with BG1, 
BG2, and GBFS is comparable to the reference cement sample. The amount of BW indicates the progress of the hydration, rather than 
the degree of hydration, because the stoichiometry of the hydration reactions are not precisely known [45]. Thus, this indicates that 
the presence of the BG1 and BG2 accelerated hydration compared to other SCMs which is consistent with the calorimetry data (Fig. 3a). 

Fig. 5b shows the amount of portlandite increased for all the pastes during the first seven days of hydration. Most of portlandite is 
produced during the first 7 days due to rapid hydration of alite but production continues up to 91 days due to the hydration of belite 
which usually occurs at a slower rate [46]. After 7 days hydration, all blends with SCMs show comparable amount of portlandite 
formed despite the variation of CaO content in the raw materials (Table 1). The PC reference sample contains the highest amount of 
portlandite compared with other blends that contains SCMs. This is because of the pozzolanic reactions that takes place in the presence 
of SCMs. After 28 days of hydration blends with BG1 and BG2 contain lower amount of portlandite compared to that with GBFS due to 
their higher pozzolanic reactivity. This is consistent with the results obtained by calorimetry (Fig. 3b). 

Fig. 6 shows XRD data of pastes after 1 and 28 days of hydration. This confirms the formation of the phases identified by TGA/DTG 
(Fig. 4). All pastes show similar hydrated phases which are ettringite, portlandite, calcite, C–S–H, and belite (C2S). The ZnO detected 
was used as an internal standard. For pastes with BG1, BG2, and GBFS a small peak at around 14◦ 2θ indicate the formation of 
hydrotalcite or calcium hemicarboaluminate (AFm) [47,48]. The XRD data shows that the addition of SCM resulted in no major 
mineralogical differences compared to that of the reference PC paste samples. 

Fig. 7 shows the microstructure of the pastes obtained by SEM of polished cement pastes after 7 days hydration. On the grey scale 
distribution of backscattered SEM images, alite, portlandite, and C–S–H appear in a descending order of brightness and the pores/ 
cracks appear black [49,50]. All pastes show bright grains of unreacted alite and precipitated portlandite. The micrographs show 
partially hydrated cement grains with a grey rim of inner hydration products (IP) surrounding a bright core of unreacted cement grain 

Fig. 3. Isothermal calorimetry results for blended cements with SCMs, (a) normalized heat flow (mW/g) and (b) cumulative heat generated (J/g).  
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and outer products (OP) forming the matrix composed of C–S–H. Unreacted particles of the SCMs are also present (Fig. 7b and c) along 
with pores present in higher proportions in pastes with SCM compared to PC samples. 

The chemical composition of hydration products in pastes are presented as atomic percentages in the Ca–Si–Al ternary composi
tional diagram obtained by EDS (Fig. 8). The data points are clustered within the C–S–H composition for all the prepared pastes 
[49–51]. Some points scattered towards higher Ca represent the composition of portlandite or calcite. The diagram also shows that 
other hydration phases such as (C, N)-A-S-H are formed, particularly for pastes containing BG1, and BG2. 

The compressive strength and the strength activity index of the prepared pastes are presented in Fig. 9. Blends with SCMs, BG1, 
BG2, and GBFS, show low strength after 1 day of hydration (Fig. 9a). After 28 days hydration these pastes have slightly higher 
compressive strengths to the reference PC samples. Blended cements typically have lower early strength compared to PC samples but 
comparable or higher strength after longer periods of hydration. This is explained by changes in the phase assemblage, and conse
quently the microstructure, caused by the addition of SCM which results in a lower volume of hydrated phases and an increase in the 
total porosity as shown in Fig. 7 [23]. The strength activity index (SAI) after 28 days of hydration presented in Fig. 9b shows that pastes 
with BG1, BG2, and GBFS have a positive pozzolanic activity according to EN 450-1. The developed glasses show higher SAI value 
compared to GBFS indicating higher pozzolanic activity. 

As mentioned above, the developed glass could be prepared from silicate minerals as the sole raw materials, and thus could be 
obtained with zero raw materials-related CO2 (RM-CO2) emissions. Compared to PC, these RM-CO2 accounts for 60% of the total CO2 
emission associated with PC manufacturing. Additional CO2 emission are associated with the energy consumption during glass 
melting. This energy has been estimated to be ~3.8 GJ/t, for a melting of an appropriate capacity of glass at 1600 ◦C, which is 
comparable to the energy used in PC production (~3.7 GJ/t) [37]. Furthermore, obtaining the developed glass from geological sources 
will provide a more consistent composition compared to commonly used SCMs such as coal FA whose chemical composition varies 
depending on the source of the coal and the combustion technology. This, in turn, influences the properties of the final blended cement. 

4. Conclusion 

This study reports the characteristics of aluminosilicate glass derived from Basalt composition (BGs) as new synthetic SCMs. The 
performance of the development glass as SCMs was evaluated and compared to other commonly applied SCMs such as GBFS. The 

Fig. 4. TGA (top), and DTG analysis (bottom) of blends after 1 and 28 days of hydration. C–S–H: calcium silicate hydrate, AFm: hydrated calcium aluminate, CH: 
portlandite (Ca(OH)2), CC: calcite (CaCO3). 
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Fig. 5. (a) The amount of bound water (BW%) and (b) the amount of portlandite (CH%) in the studied blends, obtained by TGA.  

Fig. 6. XRD patterns of the studied pastes after 1 and 28 days of hydration. (a) Cement, (b) Cement + BG1, (c) Cement + BG2, (d) Cement + GBFS.  
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obtained results show that faster hydration rate was achieved for pastes with BGs compared to those containing GBFS. In addition, the 
pozzolanic reactivity of the developed BGs was found superior to GBFS as demonstrated form the measured amount of portlandite and 
strength activity index. Phase assemblage analysis shows that in addition to C–S–H, other Al-containing phases such as C-(N)-A-S-H 
and hydrotalcite are among the formed hydration phases for pastes containing BGs due to the high Al content in the developed glasses. 
The glasses demonstrate high potential to be used as an alternative SCMs to traditional slags and ashes, especially as they can be 
obtained from abundant naturally occurring mineral resources. The possibility of using silicate minerals as the sole raw material for 
glass synthesis allows SCMs production with low RM-CO2 emissions, allowing the production of low-carbon blended cementitious 
binders. 

Fig. 7. Microstructure of the prepared pastes after 7 days of hydration. (a) cement, (b) cement + BG1, (c) cement + GBFS.  
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