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1 Introduction 

In 2022, roughly 4.1 billion tons of cement were produced 

globally [1], which makes it worldwide the most produced 

and used material [2]. Since cement production is an en-

ergy intensive manufacturing process and requires the cal-

cination of limestone, this procedure accounts for around 

7 % of the global industrial energy used [3] and for up to 

8 % of the anthropogenic CO2 emissions [4]. One common 

strategy to limit the total emissions from cement produc-

tion is substituting the clinker in cements by SCMs like 

blast furnace slags [5]. 

Such blast furnace slags are a by-product in the pig iron 

production process. Rapid cooling of the molten slags with 

air or water results in a largely amorphous material con-

sisting mainly of Al2O3, SiO2, CaO and MgO [6,7], where 

Al2O3, SiO2 and CaO represent also the main components 

of cement, which makes it a suitable SCM due to contain-

ing the same reactive components like cement [8]. Slags 

have higher CaO content compared to pozzolans but still 

lower than that of cement [9]. Therefore, they are mainly 

latent-hydraulic. For their hydration, the pH of the pore 

solution has to be kept high enough by activators – like 

alkali hydroxides or portlandite [10,11] – to continuously 

dissolve the slag [8]. Due to a higher Al2O3 content in slags 

compared to cement, aluminum replaces parts of the sili-

con in C-S-H to form C-A-S-H phases [12,13]. C-A-S-H 

phases formed by the slag reaction have a lower Ca/Si ra-

tio compared to the C-S-H from cement hydration [8]. Ad-

ditionally, AFm phases and hydrotalcite are formed [8,14–

16]. The hydration of slags is slower but continues longer 

than that of cement. Therefore, a denser microstructure is 

formed in cements blended with slag [17]. Especially the 

reaction of finer slag particles leads to pore refinement and 

lower capillary porosity and thus to greater durability 

properties [18]. 

The chemical composition has a huge effect on the reac-

tivity and overall reaction of slags [19]. Type and quantity 

of occurring main oxides vary depending on the raw ma-

terials used and process conditions during the formation 

[6,10]. Due to the different and complex composition of 

slags, it is difficult to study the effect of individual compo-

nents on the reactivity. We want to investigate these ef-

fects by investigating slags with a simplified composition. 

Synthetic glasses are a simple solution to reduce the num-

ber of oxides in slags by excluding different components, 

which are normally found in slags to consider only selected 

compositions. If ground to a similar specific surface area, 

a comparison of different slag compositions is possible 

with regard to the effects of different oxides, e.g. on the 

reactivity in the slag. 

In addition, our study aims to show how realistic synthetic 

glasses are to mimic commercial slags. We have therefore 

synthesized different glasses that are modelled on the ox-

ide ratios of a commercial slag, but differ in the type and 

amount of oxides, and compared their compressive 
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strength in mortars. The compressive strength was then 

correlated with their reactivity resulting from their struc-

ture. 

2 Experimental 

2.1 Materials 

We prepared five variations of an original blast furnace 

slag (OS). The synthesis was aligned to as described 

in [20]. First, a basic mix (BS) containing only the main 

oxides Al2O3, SiO2 and CaO was prepared. Then, we mixed 

these main oxides with Fe2O3 (FS), MgO (MS), the alkali 

oxides Na2O and K2O (AS) or with all of them to a more 

realistic mix (RS). The weight ratio of the included oxides 

should be equal to OS. For the synthesis, CaO, Na2O and 

K2O were used as the corresponding carbonate. Therefore, 

all mixes were interground in portions corresponding to 

60 g of glass using a mortar mill (3 cycle; 3 min each) and 

calcined in a Pt crucible for 16 h at 1000 °C. After cooling, 

we ground all mixes in the mortar mill (1 cycle; 3 min), 

filled them in the Pt crucibles again and melted them for 

2 h at 1500 °C. The crucibles were removed from the fur-

nace at 1500 °C and the resulting glass melt was 

quenched in air. The glassy material was ground to a spe-

cific surface area (Blaine) of approx. 4400 g/cm2 corre-

sponding to OS using a vibratory disc mill made of stain-

less steel. Their Blaine value is shown next to the specific 

surface area determined by BET and their density deter-

mined by He pycnometry in Table 1. Their particle size dis-

tribution was measured by laser diffraction and is pre-

sented in Figure 1. Table 2 states their corresponding d10, 

d50 and d90 values. 

Table 1 Physical properties of the original (OS) and synthetic slags 

(RS, BS, FS, MS and AS) 

Short name Blaine 

[cm2/g] 

BET 

[cm2/g] 

Density 

[g/cm3] 

OS 4402 11479 2.91 

RS 4382 10080 2.93 

BS 4366 8370 2.90 

FS 4555 9174 2.90 

MS 4400 8793 2.93 

AS 4394 7783 2.88 

 

The original slag (OS) used was supplied by Märker, the 

cement CEM I 42.5 R (CEM) for the compressive strength 

tests was supplied by HeidelbergCement and the lime-

stone powder Wiesenhofen (LS) used as a reference was 

supplied by Max Bögl. The chemical composition of ce-

ment, limestone, original slag (Table 3) and synthetic 

slags (Table 4) were determined by ICP-OES. QXRD was 

used to identify the mineralogical composition of all slags. 

OS was used as received from the manufacturer and was 

86.0 wt.% amorphous and contained 0.3 wt.% quartz and 

3.0 wt.% åkermanite in addition to 4.3 wt.% alite, 

1.5 wt.% ferrite, 2.0 wt.% gypsum and 2.9 wt.% bas-

sanite. The amounts of clinker and gypsum and the rela-

tively low amorphous content indicate that something was 

added to the blast furnace slag. Therefore OS is not to be 

regarded as average blast furnace slag. BS, FS and AS 

were completely amorphous, while RS (3.2 wt.%) and MS 

(2.5 wt.%) contained small amounts of merwinite.  

Table 2 d10, d50 and d90 [µm] of the original (OS) and synthetic slags 

(RS, BS, FS, MS and AS)  

Short name d10 [µm] d50 [µm] d90 [µm] 

OS 2.79 12.52 32.74 

RS 2.00 12.49 49.84 

BS 2.05 10.38 47.18 

FS 1.91 8.61 35.26 

MS 2.16 13.93 53.93 

AS 2.16 10.00 40.16 

 

2.2 Methods 

2.2.1 Compressive strength test 

For the determination of compressive strength, binder 

blends consisting of 20 wt.% OS, RS or BS and 80 wt.% 

CEM were produced. 

Mortars prepared with pure OPC and blends containing 

limestone powder (20 wt.%) served as references. Com-

pressive strengths were tested at 7, 28 and 90 days to 

examine strength development. The mortars were pre-

pared and cured according to DIN EN 196-1 [21]: The 

mortars were prepared by mixing binder, standard sand 

and water in a weight ratio of 1:3:0.5, cast into molds 

(40 mm x 40 mm x 160 mm) and stored at 20 °C and 

95 % rel. h. for 1 day. After 1 day, the mortar bars were 

demolded and stored under water at 20 °C until the day 

of testing was reached. At each testing date, 3 mortar bars 

per sample were split in two and each half was tested for 

their compressive strength that a total of 6 compressive 

strength values per sample type and age were gained and 

tested.  

 

Figure 1 Particle size distribution of the original (OS) and synthetic 

slags (RS, BS, FS, MS and AS), determined by laser diffraction 
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Table 3 ICP-OES results [wt.%] of the cement (CEM), limestone (LS) 

and the original slag (OS) 

Oxide CEM LS OS 

Al2O3 5.03 0.04 11.04 

SiO2 20.09 0.06 34.29 

CaO 64.35 52.45 37.28 

Na2O 0.19 0.13 0.47 

K2O 0.57 0.12 1.26 

MgO 1.54 0.80 10.00 

Fe2O3 3.20 0.10 0.77 

SO3 3.13 0.14 4.10 

LOI 2.20 42.58 0.46 

sum 100.30 96.42 99.67 

 

2.2.2 R3 test 

For the estimation of the SCM reactivity, isothermal heat 

flow calorimetry was performed in a model system at 

40 °C. The measurement was conducted in a TAM Air 8-

channel isothermal calorimeter. Instead of using OPC 

blended with the SCMs, a system made of portlandite, SCM 

and calcite was used and mixed with a solution containing 

potassium sulfate and potassium hydroxide. This test is 

referred as “R3 test” in the literature [22]. The method was 

applied for OS, RS, BS, MS, FS, AS and LS. The ratio of 

these chemicals is specified in ASTM C1897-20 stand-

ard [23]: Three times the amount of portlandite and half 

the amount of calcite relative to the SCM were blended. 

Table 4 ICP-OES results [wt.%] of the various synthetic slags (RS, BS, 

MS, FS and AS) 

 

 

The potassium solution was prepared by dissolving 4.0 g 

potassium hydroxide and 20.0 g potassium sulfate in 1 L 

deionized water. All chemicals were heated to 40 °C before 

mixing and the calorimeter temperature was adjusted also 

to 40 °C. The dry mix (6.8182 g) was placed into a glass 

ampoule and the potassium solution (8.1818 g) was 

added, mixed thoroughly for 2 min and placed inside the 

calorimeter subsequently. The total heat was then rec-

orded for 7 d. 

2.2.3 FTIR spectroscopy 

The slag structure was analyzed by Fourier-transformed 

infrared (FTIR) spectroscopy. A FTIR spectrometer Spec-

trum 100 (Perkin Elmer) with a Golden Gate Diamond ATR 

unit was used and the transmittance was measured be-

tween the wavenumbers 450 and 4000 cm-1 with a step 

width of 1 cm-1. 

2.2.4 27Al and 29Si MAS NMR 

Another method to characterize the structure of the slags 

is 27Al and 29Si MAS NMR. The spectra were recorded by a 

Bruker Avance 300 spectrometer (magnetic field strength 

7.0455 T, resonance frequency of 27Al: 78.12 MHz and 
29Si: 59.63 MHz). The slags were packed in 4 mm zirconia 

rotors for the 27Al (spinning rate: 15 kHz) and in 7 mm 

zirconia rotors for 29Si NMR measurements (spinning rate: 

5 kHz) and were spun at the magic angle (MAS). For the 
27Al measurements 2000 scans were taken with a repeti-

tion time of 0.5 s and the chemical shifts were set relative 

to aluminum hydroxide. The 29Si spectra were recorded 

with a repetition time of 45 s and over 2000 scans were 

taken. The chemical shifts were recorded relative to tetra-

methylsilane. 27Al and 29Si MAS NMR experiments were 

performed with single pulse technique. 

3 Results & discussion 

The compressive strength was determined for the slags 

OS, RS, BS and for the references LS and CEM after 7, 28 

and 90 days. The results are shown in Figure 2. 

After 7 d, the compressive strength of all mortars blended 

with SCMs are relatively similar ranging from 39.9 (BS) to 

43.8 N/mm2 (RS). That is true even for the inert LS. This 

is consistent with the findings of Lawrence et al. [24]. For 

early hydration times, the compressive strength is inde-

pendent of the nature of the SCM and depends only on the 

specific surface area of the SCM. The CEM reference, which 

contains only cement, has a significantly higher compres-

sive strength than the blended cements, reaching a com-

pressive strength of 53.0 N/mm2. 

After 28 d, however, pronounced differences between the 

blended systems are detectable. LS has the lowest 

(49.5 N/mm2) and RS the highest compressive strength 

(64.3 N/mm2), even higher than CEM (62.4 N/mm2). The 

compressive strength of OS (59.2 N/mm2) and BS 

(59.0 N/mm2) is almost the same.  

As after 28 d, mixtures with 20 wt.% LS have the lowest 

compressive strength at 55.7 N/mm2 after 90 d. The com-

pressive strengths of CEM, OS, RS and BS are in a similar 

Oxide RS BS FS MS AS 

Al2O3 11.67 13.55 13.49 12.44 13.24 

SiO2 34.96 40.22 40.31 36.32 39.88 

CaO 39.23 45.72 44.54 39.82 43.90 

Na2O 0.53 0.09 0.05 0.11 0.64 

K2O 1.38 0.28 0.15 0.29 1.73 

MgO 10.26 0.28 0.12 10.87 0.12 

Fe2O3 0.90 0.04 1.04 0.03 0.03 

SO3 0.10 0.10 0.05 0.03 0.08 

LOI 0.39 0.34 0.36 0.29 0.28 

sum 100.62 99.90 100.11 100.20 99.42 
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range between 71.4 (RS) and 75.4 N/mm2 (OS). In con-

trast to the values after 28d, those of RS are no longer 

above OS and BS, but just below. Overall, it can be said 

that the compressive strengths of the synthetic slags RS 

and BS and the original slag OS provide comparable values 

after 7, 28 and 90 d, which deviate from one another by 

no more than 10%. 

 

Figure 2 Compressive strength of CEM I 42.5 R and blends with 
20 wt.% LS, OS, RS and BS after 7, 28 and 90 days with error bars 

according the statistical standard deviation 

Since limestone is an inert SCM, it is expected that LS has 

the lowest compressive strength after 28 and more days 

contributing only due to the “filler effect” [25], which in-

cludes effects of dilution and heterogeneous nuclea-

tion [26–28]. However, the slag reaction leads in addition 

to the filler effect to increased strength. Due to the simi-

larity in specific surface area (Table 1), differences be-

tween the slags due to physical effects should be negligible 

and be attributed to the different reactivities resulting 

from the chemical and mineralogical composition. 

One method to estimate the reactivity of SCMs is to deter-

mine the cumulative total heat of an SCM with isothermal 

heat flow calorimetry in an environment, which mimics hy-

drating cement (R3 test). The heat of hydration of LS, OS, 

RS and BS are shown next to FS, MS and AS for 7 d in 

Figure 3. For a better overview, the values of the total heat 

after 1, 3 and 7 d are shown in Table 5. 

The cumulative heats of the tested SCMs proceed in dif-

ferent ways. Limestone is inert and does not generate a 

significant amount of heat. In contrast, the original and 

synthetic slags show a steep increase in heat over the first 

12 to 24 h. While BS, FS and AS have a total heat of ap-

prox. 250 – 260 J/g SCM after 3 d (72 h) and 310 – 

330 J/g SCM after 7 d (168 h), RS and MS achieve higher 

heat in this period (3 d:  ~330 J/g SCM; 7d:  

~390 J/g SCM). OS has a lower total heat than RS and MS 

from start of the measurement to 30 h. Then, the total 

heat of OS surpasses that of RS and MS and shows overall 

the highest total heat after 7 d with a difference of about 

80 J/g SCM. 

 

Figure 3 Cumulative total heat of LS, OS, RS, BS, FS, MS and AS for 

7 days at 40 °C in the R3 test 

Table 5 Total heat of all SCMs in the R3 test after 12, 72 and 168 h 

Short name Total Heat [J/g SCM] 

12 h 72 h 168 d 

LS 8.9 16.4 27.8 

OS 110.2 387.0 472.9 

RS 148.4 332.0 389.5 

BS 94.7 249.6 310.7 

MS 139.1 334.2 391.6 

FS 106.4 262.0 330.3 

AS 110.0 260.2 312.7 

 

According to Li et al. [29], the total heat determined in the 

R3 test after 12 or 24 h correlates with the compressive 

strength after 7 d and the total heat after 7 d with the 

compressive strength after 28 d. That is true for the com-

pressive strength of OS, RS and BS after 7 d, since the 

series for total heat after 12 or 24 h and compressive 

strength after 7 d from highest to lowest is the same: 

RS > OS > BS. However, LS must be excluded as it has 

comparable compressive strength to BS after 7 d but the 

total heat is significantly lower since LS produces only a 

small amount of heat. A correlation between strength after 

28 d and total heat after 7 d cannot be observed. Although 

there is a correlation for BS and RS, this does not apply to 

OS. BS produces lower total heat and has lower compres-

sive strength. In contrast, OS has by far the highest total 

heat, but a compressive strength after 28 d comparable to 

that of BS. Blotevogel et al. [30] showed in their research 

that total heat and compressive strength correlate well 

only in the first 2 d and with ongoing time the correlation 

decreases, what is observed for OS, RS and BS after 7 d. 
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For reactivity of SCMs, the degree of polymerization is con-

sidered to be an important factor [31]. Therefore, the ratio 

of non-bridging oxygen to tetrahedral oxygen (NBO/T) is 

calculated from the chemical composition of the amor-

phous contents from all slags according to eq. 1 from Sen-

ior and Srinivasashar [32]. The ratio is ranging from 0, 

where all oxygen atoms are tetrahedrally coordinated to 

central atoms (e.g. in a pure silicate network), to 4, where 

no network can be formed as there are only non-bridging 

oxygen atoms [33]. 

𝑁𝐵𝑂/𝑇 = (𝛴𝑥𝑀2𝑂 + 𝛴𝑥𝑀𝑂 − 𝛴𝑥𝑀2𝑂3)/(𝛴𝑥𝑀𝑂2/2 + 𝛴𝑥𝑀2𝑂3)        (1) 

where x is the mole fraction of a certain oxide and M2O 

stands for Na2O and K2O, MO for CaO and MgO, MO2 for 

SiO2 and M2O3 for Al2O3 and Fe2O3. The NBO/T ratio is cal-

culated according to this equation for composition of the 

amorphous part of the original and the synthetic slags and 

the results are shown in Table 6. 

Table 6 degree of polymerization (NBO/T) for the original (OS) and 

the synthetic slags (RS, BS, FS, MS and AS) 

 OS RS BS MS FS AS 

NBO/T 2.04 2.24 1.69 2.19 1.59 1.68 

 

The higher the NBO/T ratio, the more oxygen atoms are 

non-bridging and thus terminal atoms. This means that 

these compounds are not highly polymerized. In contrast, 

a structure with a lower NBO/T ratio has more bridging 

oxygen atoms and is therefore more highly polymerized 

since it has fewer non-bridging oxygen atoms. 

The OS, RS and MS have a similar degree of polymeriza-

tion coming mainly from the MgO in comparison to BS, FS 

and AS (Table 3 and Table 4). Due to the high amount of 

MgO in the slag (~10 wt.%), which is a network modifier, 

the silicate basic structure is increasingly depolymerized. 

That can been seen by the increased number of non-bridg-

ing oxygen (NBO), which leads to faster hydrolysis und 

thus to an increased rate of dissolution [34]. A faster dis-

solution ultimately leads to faster reaction, since only dis-

solved substances can react to form reaction products. 

The NBO/T ratios of the slags tested correlate well with the 

heat development in the heat flow calorimetry. A lower 

degree of polymerization results in higher total heat and 

therefore increased reactivity. OS, RS and MS have a 

clearly higher NBO/T and total heat value after 7 d than 

the other slags. BS, FS and AS have relatively similar re-

garding NBO/T values and total heat after 7 d. Overall, a 

clear relationship between the degree of polymerization 

and the reactivity is recognizable. 

This ratio is a theoretical calculation in order to be able to 

make initial statements about the structure of the slags 

and their differences. In order to be able to identify further 

similarities and differences in the structure, the slags were 

also examined experimentally. One of the methods used 

was FTIR spectroscopy. 

The FTIR spectra show no absorption bands in the wave-

number range from 4000 – 1500 cm-1 for the original and 

all synthetic slags. Therefore, only the range from 1500 – 

450 cm-1 is shown in Figure 4. 

In all spectra, absorption bands can be seen at wave-

numbers of 906 and 689 cm-1, with the band at 906 cm-1 

being due to Si-O-T/T-O-Si stretching vibrations and the 

band at 689 cm-1 being due to Si-O-T bending vibrations, 

where T stands for either Si or Al [35]. In this way, alumi-

nosilicates can be clearly detected.  For OS there is an ad-

ditional band at 1150 cm-1. This is due to υ3 vibration of 

the sulfate ion [36], which is found only in OS in the form 

of gypsum and bassanite. But apart from that difference, 

there are no structural differences recognizable. This indi-

cates a similar structure of the different slags. 

 

Figure 4 FTIR spectra of the original (OS) and synthetic slags (RS, BS, 

FS, MS and AS) 

Figure 5 shows the 1D 27Al MAS NMR spectra of OS and 

the synthetic slags. The OS has by far the lowest signal 

intensity. The chemical shifts of the single peaks of all 

slags suggest that aluminum is mainly fourfold coordi-

nated. The asymmetrical appearance of the peaks indi-

cates that fivefold coordinated aluminum is also present. 

Due to the broadening of second order quadrupolar inter-

action, it is not possible to quantify both species. Accord-

ing to the literature, the total proportion of fivefold coor-

dinated aluminum in glasses of a similar composition 

should not be greater than 7 wt.% [37,38]. 

The 29Si MAS spectra of the different slags are shown in 

Figure 6. Again, all spectra exhibit just one single broad 

peak and OS has the lowest signal of all peaks. Due to the 

fact that the peaks are relatively broad (approx. 30 ppm)  

and cover a range between -50 and -100 ppm each, Q1 

and Q2 can be identified [37,39]. OS, RS and MS have lo-

cated their center of gravity between -70.5 and -75.2 ppm 

and BS, FS and AS have theirs around -78 ppm indicating 

a upfield shift and a higher polymerization [40]. That 

means that they exhibit a higher amount of Q2 compared 

to the other slags and a lower amount of Q1. That can also 

be seen in the calculated NBO/T (Table 6). Clearly, a de-

creased degree of polymerization leads to a higher number 

of lesser linked silicates (Q1 in this case), which increases 

the NBO/T ratio and thus the reactivity determined by the 
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R3 test. This trend can also be seen in the compressive 

strengths of mortars prepared with the synthetic slags af-

ter 28 days. Since a higher degree of polymerization in the 

glasses results in lower strength of mortar samples pre-

pared with them. 

 

Figure 5 27Al MAS NMR spectra of the original (OS) and synthetic slags 

(RS, BS, FS, MS and AS) 

 

Figure 6 29Si MAS NMR spectra of the original (OS) and synthetic slags 

(RS, BS, FS, MS and AS) 

4 Conclusion 

Synthetic glasses are a simple way to investigate the ef-

fect of different oxides on the reactivity and the resulting 

compressive strength. For this reason, five different com-

plex slags had been synthesized containing different ox-

ides in addition to the main oxides Al2O3, SiO2 and CaO in 

amounts equal to an original, commercial slag. In this 

study, we showed that synthetic slags can exhibit a higher 

compressive strength compared to the original slag. Dif-

ferences in compressive strength are partly due to higher 

reactivity, which was determined by the R3 test. Differ-

ences in reactivity are caused by different degrees of 

polymerization.  

Despite a comparable composition and a similar NBO/T ra-

tio, the original slag achieves a significantly higher total 

heat than all synthetic slags after 7 days. This increased 

reactivity cannot be attributed to the structure, as FTIR 

spectroscopy and 27Al MAS NMR show similarities in the 

structure. However, 29Si MAS NMR indicates that the cal-

culated degrees of polymerization are realistic, since 

higher NBO/T ratios lead to a downfield shift, meaning that 

silicates are less crosslinked. 

Overall, it can be concluded that synthetic glasses with a 

similar NBO/T ratio represent a good approximation to real 

blast furnace slag and the effects of individual oxides can 

thus be worked out. Nevertheless, it should be noted that 

individual components such as crystalline fractions and in-

dividual metal oxides, which are present in small quanti-

ties, can lead to changes in reactivity and possibly also to 

slightly different reaction products. To check this, further 

experiments in cement pastes and in the R3 model system 

are necessary. 
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