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Abstract 

Ground granulated blast furnace slags (GGBS) are glasses (>99%) of the CaO-Al2O3-SiO2 

compositional system and are widely used as supplementary cementitious materials. 

Differences in reactivity of GGBS were screened by modifying the content of 11 minor 

elements (namely Ba, Ce, Cs, Cr, Mn, P, Sn, Sr, Ti, V, Zr). SEM observations showed that most 

elements entered the silicate glass matrix, only Sn was reduced to its metallic form and P 

accumulated in minor minerals. Mortar strength tests showed that 2d-compressive strength 

was reduced by > 50% for a TiO2 content of 2.5 wt.% in the slag. At 28 days the loss in 

compressive strength was still > 40%. Calorimetric tests on other element additions showed 

that network modifiers (Ba, Cs and Sr) and GGBS reactivity are positively correlated, whereas 

Ce, Cr, V and Zr significantly decreased reactivity. It is shown that these effects can be well 

estimated by the weighted field strength of the added element. 
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1. Introduction 

Ground granulated blast furnace slags (GGBS) are by-products of the pig iron production and 

have been used as a cement additive for almost 150 years 1, 2. GGBS is a common constituent 

in CEM II and CEM III (EN 197-1), replacing clinker/Portland cement up to 95% in some 

applications. GGBS-containing binders have superior long term properties, including 

increased chemical and mechanical resistance and decrease the CO2 footprint of the 

material 2–7. Starting from a certain addition level, early compressive strength development 

is below the ordinary Portland cement (OPC) or cements with lower additions levels 2, 3, 6.  

However, large differences exist in short term reactivity of GGBS. It was shown that in 

different modern day GGBS, 2d compressive strength in mortars with 75 % GGBS varied by a 

factor x4 8. Main source of variation of the reactivity of GGBS in various cementitious 

systems was their chemical composition and intensive research has been carried out on the 

influence of major element composition 8–15. Differences in reactivity are likely due to 

differences in chemical durability of the slag glass, as for strength development GGBS needs 

to dissolve and reprecipitate as cementitious phases 6. 

Chemically, GGBS are glasses (>99%) of the CaO-Al2O3-SiO2 compositional system, also 

containing significant amounts of Mg and Ti, and a wide variety of other minor and trace 

elements 2, 6, 16. Structurally, main network formers are Si and the majority of Al, as often 

observed in calcium aluminosilicate glasses 16–18. Ca and Mg are present in network modifier 

positions 16.  

Various minor and trace elements are present in GGBS and their mobility from slag have 

been studied for environmental reasons 19, 20. In a survey of a large variety of American 

GGBS, Ba, Be, C, Cr(III), Fe, Mg, Mn, S, V and Zn were found in all GGBS 20. Mean 



concentrations of these elements ranged from 8.2 mg/kg for Be to 17 g/kg of Fe. 

Furthermore, As, Co, Cu, Pb, Mo, Ni, P, Se and Sn were detected in some of the slags 20. 

Proctor et al. (2000) stated that the metal leaching from blast furnace slags is low, arguing 

that the metals are directly included in the glass matrix 20. Yet, little is known on the effect of 

those elements on GGBS reactivity in blended cements. 

One minor element that has a known effect on GGBS reactivity is Ti. Its presence has been 

noted to have a negative effect starting from 1 wt.% TiO2 in slags used in blended cements 12, 

21, 22. Wang et al. 2002 found that there was an almost linear effect of TiO2 content on GGBS 

reactivity, with the exception of high alumina slags 22. This study found a similar effect in 

blended cements and alkali activated materials, but Tänzer et al. 2015 showed that the 

effect of TiO2 in alkali activated GGBS was negligible 13, 22. This means that existing 

information are contradictory.  

To our knowledge, the only other minor element investigated for its effect on GGBS 

reactivity was Mn. Péra et al., (1999), concluded that increasing MnO contents (5.4 – 21.0 

wt.%) reduce compressive strength at 3d and 7d but increase compressive strength after 28d 

23. Metallurgical slags with high MnO concentrations (> 15 wt.%) were judged unsuitable for 

the use in blended cements 24. Furthermore, Mn was investigated for its potential effect on 

steel corrosion in cementitious materials 25. However, these studies were carried out using 

different initial slag compositions, most of them were very different from standard GGBS 

compositions. 

The aim of this study was to provide experimental data on the effect of a variety of minor 

elements on GGBS reactivity in blended cements. Therefore, 11 elements were selected and 

added to a remelted industrial GGBS. Selected elements were chosen according to three 



criteria. First, Ti, Cr, V and Mn were chosen because they are frequently encountered in 

industrial GGBS. The aim was to estimate their influence on GGBS reactivity. Second, large 

network modifying cations Cs, Ba, K, Sr were selected to evaluate if their presence would 

increase GGBS reactivity. The selection was based on earlier research that showed chemical 

durability increased in the order Mg > Ca > Sr > Ba for boro-aluminosilicate glasses, 

suggesting that increasing cation sizes may destabilize the glass 26–29. And third Ce, P, Sn and 

Zr were added to the industrial slag as nucleating agent to test if phase separation and 

possibly perovskite precipitation could be initiated to increase GGBS reactivity 30–36. 

In laboratory scale trials, around 100 g of an industrial GGBS modified by additions of one 

minor element at a time were produced. Amorphous state of resulting slags was checked by 

X-ray diffraction (XRD) and scanning electron microscopy (SEM) and composition by X-ray 

fluorescence (XRF). Slag reactivity was then screened using a modified calorimetric R3 

protocol 8, 37. This test is based on a model system approach that imitates concrete pore 

solution using only pure components 37, 38. To validate the calorimetric protocol 4 different 

levels of Ti modified slags were prepared and their compressive strength tested on 2 x 2 x 2 

cm³ mortar cubes. 

2. Materials and Methods 

2.1 Sample preparation 

All prepared glasses were based on the same industrial blast furnace slag (GGBS), which was 

mixed with the different additives (Table 1). Minor elements were added as their respective 

stable oxides, exceptions were P, K and Cs. Phosphorus was added as calcium phosphate, 



potassium and cesium were used in their carbonate forms. Added minerals were purchased 

from Alfa Aeser, Prolabo, Rectapur and VWR, their purity was >98 % (m/m).  

Concentrations of TiO2 additions were chosen to reflect contents of modern day GGBS (0.2 – 

3.0 wt.%) 8, 39. MnO additions were set to 3 wt.%, V2O5 and Cr2O3 to about 1 wt.%, which 

were our estimates for maximum concentration that could occur in a modern industrial 

setting. Network modifier additions of Sr and Ba were chosen to be close to 2 wt.%, a 

compromise between economic viability for a potential application on industrial scale and 

amount necessary to observe an effect. Concentrations of Cs and K concentrations were 

even lower due to volatilization of alkaline elements during the remelting process. ZrO2 

addition was set to be 5 wt.% according to earlier observations on nucleation of GGBS 30. 

Only few data is available for the other nucleating agents in GGBS like glasses so that 

concentrations were set arbitrarily to 2 wt.% for CeO2 and to 1 wt.% for SnO2 and P2O5. 

Table 1. Desired concentrations and compounds used for minor element additions. 

Element 
Used 

compound 
Desired 

concentration 

    wt.% (oxide) 

Cs Cs2CO3 0.9 

V V2O5 1 

Cr Cr2O3 1 

Sn SnO2 1 

P Ca3(PO4)2 1 

K K2CO3 1.4 

Sr SrO 2 

Ba BaO 2 

Ce CeO2 2 

Ti TiO2 0.6-2.5 

Mn MnO 3 

Zr ZrO2 5 

 



Fixed compositions of the samples were placed in a graphite crucible in a Nabertherm 

HT16/17 furnace preheated to 1600 °C for 5 minutes. Short processing times are possible 

due to the low viscosity of GGBS glasses at 1600°C of about 1 Pa.s (10 times lower than that 

of soda-lime-silica glass) and the fact that the main component was already provided as a 

glass 40, 41.   The furnace was purged with argon to limit interaction of air with the graphite 

crucible. The samples were taken out of the furnace at 1600 °C with a pair of pliers and 

quenched in a laboratory scale granulation device using pressurized water flow. The 

recovered granulated slag was dried overnight at 110 °C. To account for the different 

quenching conditions between laboratory and steel industry, the industrial GBS (without 

additions) was also remelted and used as reference. 

Final compositions and amorphous state were checked by XRF and XRD, respectively. The 

resulting fritted granules were then ground using a Retsch RS100 disc mill (15 g of slag in a 

50 mL tungsten carbide bowl for 1 min at 1400 rpm) to give about 4200 cm²/g Blaine 

fineness 8. 

XRF measurements were carried out on a S8 Tiger device by Brucker. The samples were 

prepared using a mix of lithium meta- and tetraborate, results are displayed in Table 2. XRD 

scans were carried out on disoriented powder samples on a Brucker D8 device, using a Cu-

anticathode. Scan duration was 65 min for angles from 5 to 70° and air scattering was 

reduced by using a beam knife. During measurement, the samples were spun around the 

vertical axis to improve particle statistics. XRD patterns are displayed in Figure 1. All 

modified GGBS were amorphous with exception of the SnO2 modified slag, which showed 

characteristic peaks for metallic Sn(0). Note that XRD does not rule out small fractions of 

crystals not detected by this method. 



 

Figure 1. XRD patterns of modified and base GGBS (reference) for comparison. Slags are 

mainly amorphous with only minor peaks visible for some additions. The peaks in the 

sample with SnO2 addition can be assigned to metallic tin (triangles). In the reference 

sample peaks correspond to calcite, indicating the onset of carbonation. In the sample 

with Ca3(PO4)2 addition there is some noise in the range of the main hydroxylapatite that 

might indicate the minor presence of the mineral, but intensity is too low for unambiguous 

attribution. Peaks around 30° in the sample with BaO addition correspond to various Fe-

Ba-oxides, and minor peaks around 45° in samples with TiO2 additions correspond to Fe-

alloys of different stoichiometry. The absences of secondary peaks make it difficult to 

unambiguously identify those phases. 



2.2 Compressive strength tests 

Compressive strength tests were carried out on 2 cm x 2 cm x 2 cm mortar cubes, using Ti-

modified GGBS. The mortar was prepared using 75 wt.% GGBS and 25 wt.% cement, based 

on EN 196-1 for normalized mortars. A batch of mortar contained one part by mass of binder 

(75 wt.% GGBS and 25 wt.% cement), three parts by mass of sand and one-half part of water 

(water/binder ratio 0.50). Mortars were mixed using a normalized Automix 65-L0006/A 

mixer, following the speed and time of mixing recommended by EN 196-1. The cement was 

made of clinker and gypsum addition (4.1 wt.% SO3). The samples were stored at 20 °C and 

50% relative humidity for 24 h. Subsequently, the cubes were transferred into hermetic bags 

until compressive strength testing. Six cubes were tested for each age (1 day, 2 days and 28 

days), using an IGM machine. Measured values are reported as the mean compressive 

strength of six cubes and measurement error is given as 95 % confidence interval. 

2.3 Isothermal calorimetry 

All calorimetric tests were carried out using TAM Air isothermal calorimeter by TA-

instruments, operated at 40 °C. Details of the method were published elsewhere 8. In brief, 

1.5 g of GGBS together with 4.5 g of laboratory grade Ca(OH)2 were placed in a 

polypropylene recipient. Then a solution of 0.3 M K (from KOH and K2SO4 (1 : 5 w/w)) was 

added in a s/l ratio of 0.8. The pastes were hand stirred using a glass bar until no 

agglomerates or layering was visible anymore. Finally, 8.5 g of the pastes were transferred 

into a sealed measurement vessel, after 45 min equilibration period cumulative reaction 

heat was measured for 24 h. 

 



 

2.4 SEM observations  

The morphology characteristics of unground GGBS samples were analyzed by scanning 

electron microscopy (EVO50, Zeiss, Oberkochen). In order to obtain the SEM measurements, 

the samples were prepared in two ways. On the one hand, the surface of a grain was 

analyzed by gluing the grain on a sample holder and sputtered with gold. On the other hand, 

a GBS grain was embedded in resin to observe the inner structure of the grain. After 

hardening, the sample was polished and sputtered with gold. 



Table 2. XRF analysis (wt.%) of reference and modified GGBS 

GGBS Al2O3 CaO MgO SiO2 TiO2 K2O ZrO2 Cr2O3 V2O5 CeO2 MnO P2O5 SnO2 SrO Cs2O BaO 

Reference 9.6 40.9 6.4 37.6 0.6 0.3 

          Modifcations 

                ZrO2 9.4 39.9 6.6 36.4 0.6 0.3 5.1 
         Cr2O3 9.7 41.8 6.7 37.5 0.6 0.3 

 
1.3 

        V2O5 9.7 42.1 6.8 37.5 0.6 0.3 
  

0.9 
       CeO2 9.7 41.5 6.7 37.2 0.7 0.3 

   
1.9 

      MnO 9.5 41.4 6.7 37.1 0.6 0.3 
    

2.9 
     Ca3(PO4)2 9.5 43.8 6.6 36.9 0.6 0.3 

     
1.1 

    SnO2 9.8 42.4 6.8 37.9 0.7 0.3 
      

1.2 
   SrO 9.7 41.6 6.7 37.4 0.6 0.3 

       
1.8 

  Cs2CO3 9.9 42.4 6.9 38.0 0.7 0.3 
        

0.2 
 BaO 9.6 41.7 6.7 37.2 0.7 0.3 

         
2.0 

K2CO3 9.8 42.1 6.8 37.8 0.7 1.2 
          TiO2 (1.1) 9.8 42.6 6.8 38.1 1.1 0.3 
          TiO2 (1.6) 9.7 42.4 6.8 37.8 1.6 0.3 
          TiO2 (2.0) 9.7 42.1 6.8 37.7 2.0 0.3 
          TiO2 (2.5) 9.7 41.9 6.8 37.4 2.5 0.3 
          



3. Results 

3.1 Compressive strength tests 

Compressive strength test on 2 x 2 x 2 cm3 mortar cubes are reported in Figure 2. For the 

GGBS samples containing up to 2.0 wt.% of TiO2, no significant difference is observed after 1 

d of curing. Compressive strength is between 1.7 and 1.9 MPa for these samples. Only the 

sample containing the GGBS with 2.5 wt.% of TiO2 has significantly lower compressive 

strength (1.3 MPa) at 1 d.  

After 2 d, compressive strength declines from 4.9 MPa, for the reference slag containing 0.6 

wt.% TiO2 to 1.9 MPa for the slag with the highest TiO2 content (2.5 wt.%) (Figure 2). The 

decrease in compressive strength is proportional to the increasing TiO2 content. For the 

sample with the highest TiO2 content, corresponding to 1.9 wt.% more TiO2 than the 

reference, compressive strength is > 50% lower than for the reference samples. After 28 d 

there is still a significant decrease of compressive strength with increasing TiO2 content. 

Compressive strength is between 31.7 and 17.7 MPa, for the above-mentioned highest and 

lowest TiO2 levels in GGBS (Figure 2). This represents a relative decrease of > 40% in 

compressive strength for the sample with the highest TiO2 addition with respect to the 

reference, slightly less than for the 2 d samples.  The decrease appears to be also 

proportional to the increase in TiO2. 

 



 

Figure 2. Compressive strength of standard mortars (75 wt.% GGBS and 25 wt.% cement) 

using GGBS with different TiO2 contents. Error bars are 95% confidence intervals calculated 

from 6 replicates. Note that the ordinate axis has different scales, on the left for 1 and 2 

days, and on the right for 28 days. 

 

3.2 Calorimetric measurements 

Calorimetric tests showed decreasing heat values with increasing TiO2 content (Figure 3). 

The measured values were reported in Table 3. The heat values correlated well with 

compressive strength tests on 75% GGBS mortars (Figure 3). Pearson’s R² was 0.91 for the 

correlation between 2 d compressive strength and R3-heat and 0.92 for 28 d strength and 24 

h heat.  



 

Figure 3. Heat development during R3 test of reference and TiO2 modified GGBS plotted 

against compressive strength of standard mortar pastes after (a) 2 days of curing and (b) 

28 days of curing. The dotted line is a linear regression, corresponding R² value as 

indicated. Horizontal error bars are 95% confidence intervals calculated from 6 replicates 

and vertical error bars correspond to 2RSD interval of the method 8. 

For the modification trials using other elements than Ti, heat values are displayed in Figure 

4. Heat release of the highest TiO2 addition is also included in the Figure. Addition of 5.0 

wt.% ZrO2 gave the least reactive experimental GGBS with a heat release of only 104 J/g, less 

than half as much as the reference sample. Additions of Cr2O3 (1.3 wt.%), V2O5 (0.9 wt.%) 

and CeO2 had similar negative effects on GGBS reactivity (168, 169 and 178 J/g, 

respectively). MnO and P2O5 additions appear to have slight negative effects on GGBS 

reactivity. Please note that Ca was also added through Ca3(PO4)2 additions giving the sample 

with the highest CaO content. However, when a 2xRSD range is considered as the method 

error, ranges from the latter two samples and the reference overlap 8. Additions of SnO2 (1.2 

wt.%), SrO (1.8 wt.%), Cs2O (0.2 wt.%) and BaO (2.0 wt.%) had slight positive effects on GGBS 



reactivity but were all within the 2xRSD range of the reference samples. The addition of 1.2 

wt.% K2O had a significant positive effect on GGBS reactivity with a heat release of 233 J/g.  

 

 

Figure 4. Heat development during R3-test of modified GGBS. Note that only the sample 

with the highest TiO2 content is displayed.  The red dotted line indicates heat development 

of unmodified remelted GGBS reference. Error bars correspond to 2RSD interval of the 

method 8. 

  

3.3 SEM observations of selected GGBS samples 

SEM observations of polished GGBS surfaces showed the presence of small (> 1 µm) metallic 

iron droplets in most samples. These droplets were enriched in Ce, Cr, Mn, P, Sn, Ti, V and Zr, 



but most elements were also detected in the glass matrix. As the amount of iron in GGBS 

was very low (< 0.2 wt.% in XRF measurements), it was considered that the enrichment in 

metal droplets did not influence on overall glass concentration for most elements. 

Only, Cs, Sn and P were not detected in the glass matrix by EDX. For Cs this is likely due to 

the fact that the amount added is lower than the EDS detection limit. For Sn, high 

concentrations in iron droplets and the formation of almost pure metallic Sn and Sn alloy 

droplets (Figure 5) indicate that, under the remelting conditions, Sn was reduced to its 

metallic state and did not dissolve in the glass matrix. This is confirmed by the presence of 

metallic tin peaks in the XRD pattern of the slag (Figure 1). P also showed high enrichment in 

metal droplets, and some apatite crystals were observed on the slag surface, so that it was 

assumed that P did not dissolve in the glass matrix either (Figure 6). XRD scans, however, did 

not show clear apatite peaks, likely because its presence remained below detection limit. 

 

Figure 5. Secondary electron image of Sn-Fe alloy (a) and Sn droplets (b)  in polished thin 

sections of the SnO2 modified GGBS. Note that composition (EDX in wt.%) is indicated by 

assuming that all elements are alloying Sn.  



 

Figure 6. Apatite/carbonate crystals on the surface of the phosphorous modified GGBS 

sample. 

4. Discussion 

4.1 Influence of Ti on the reactivity of GGBS 

TiO2 additions had a strong negative effect on mortar compressive strength of 75 wt.% GGBS 

mortars at 2 d and 28 d. The sample with 2.5 wt.% of TiO2, an addition of only 1.9 wt.% with 

respect to the reference industrial GGBS, lost > 50% of compressive strength with respect to 

the reference at 2 d, and still > 40% at 28 d. This is slightly more than reported by Wang et 

al., (2002) 22. For 1 d samples, only the highest TiO2 addition showed a significant loss of 

compressive strength while all other samples were within method error. This is likely due to 

the low contribution of GGBS to the hydration process during the first day. Indeed, it was 

shown that a significant contribution of GGBS to the hydration reaction is only detectable 

after about 12 h in blended cements 43. 



Our observations confirm the negative effect of TiO2 content on GGBS reactivity reported by 

Wang et al., (2002) 22. It was also confirmed that the negative effect is proportional to the 

amount of TiO2 added. This is in contrast to a study on alkali activated materials showing 

only a slight effect of TiO2 content on GGBS reactivity 13. As compressive strength is mainly 

due to C-S-H formation, the persistence of the effect in time suggests that TiO2 affects the 

reaction of Ca and Si necessary for their formation, possibly by slowing down GGBS 

dissolution. A constant decreased dissolution rate would also explain the correlation 

between R3-heat and 28 d compressive strength. Indeed, a former study on different GGBS 

found good correlation only for R3 heat and 2 d strength, as compressive strength results 

converged at later ages 8.  

The correlation between 2 d compressive strength and reaction heat during the R3-test was 

slightly better for the TiO2 modified slags than reported for a set of 16 industrial GGBS 8. This 

confirms that the R3 test is an appropriate tool to investigate the influence of minor 

elements on GGBS reactivity. In the following the R3 heat release was used as a proxy for 

compressive strength development of GGBS containing mortars. 

 

 



Table 3.  Coordination numbers, bond length and field strength of the added elements in GGBS like glasses, taken from literature.  FSI index values were 

computed using this data. If, for a given element, multiple coordination sites were identified in the cited reference, the coordination noted in the table is 

the average coordination of the element rounded to the next natural number. 

 
Addition Charge Coordination R 

Bond 
length Source Field strength Conc. Added Index value Heat 

  eq   Å Å   eq/Å² Mol % (Oxide)   J/g 

ZrO2 4 7 0.78 2.10 
44

 0.91 2.55 1.12 104 

Cr2O3 3 6 0.62 1.97 
20, 45, 46

 0.78 0.51 0.32 168 

V2O5 4 6 0.58 1.93 
45, 47

 1.07 0.30 0.52 169 

CeO2 3 6 1.01 2.36 
45, 48

 0.54 0.67 0.05 178 

MnO 2 
  

2.05 
49

 0.48 2.46 0.02 201 

P2O5 Phosphate         

SnO2 Metal 
        

SrO 2 
  

2.51 
49

 0.32 1.02 -0.15 215 

Cs2O 1 12 1.88 3.23 
50

 0.10 0.04 -0.03 218 

BaO 2 8 1.42 2.77 
51

 0.26 0.79 -0.16 220 

K2CO3 1 
  

3.02 
52

 0.11 0.54 -0.39 233 

          

TiO2 4 4 0.42 1.77 
53

 1.28 0.32 0.26 192 

TiO2 4 4 0.42 1.77 
53

 1.28 0.69 0.56 169 

TiO2 4 4 0.42 1.77 
53

 1.28 1.03 0.83 152 

TiO2 4 4 0.42 1.77 
53

 1.28 1.43 1.15 143 

          
Reference 

       
0 212 

Al2O3 3 4 0.39 1.74 
16

 0.99 

   CaO 2 7 1.06 2.41 
16

 0.34 

   MgO 2 6 0.72 2.07 
16

 0.47 

   SiO2 4 4 0.26 1.61 
16

 1.54 

   TiO2 4 4 0.42 1.77 
53

 1.28 

   



4.2 Influence of minor elements on GGBS reactivity 

SEM and XRD analysis showed that most added elements dissolved in the glass matrix. Yet, 

some elements showed an affinity for the small droplets of metallic iron typically present in 

industrial GGBS. Even though these elements were partitioned between metallic and glassy 

phases of the slag, the amount of metal was so small that the content of minor elements in 

the glassy phase measured by EDS was indistinguishable from bulk content measured by 

XRF. In an industrial setting however, with the presence of a large metallic phases, the 

partitioning would lead to lower glass contents. Only Sn and P were not detected at all by 

EDS in the glass. Sn formed metal droplets alone and together with iron. This was also 

confirmed by the presence of metallic Sn peaks in the XRD pattern of the SnO2 modified 

GGBS sample (Figure 1). P appeared to form Ca-phosphates at the slag surface. Those 

elements will be excluded in the further discussion as they do not enter the slag glass 

structure. Also, these additions did not significantly modify the reactivity of the GGBS. 

Additions of elements unambiguously known as network modifiers (K, Cs, Sr, Ba) had a 

positive effect on GGBS reactivity 51, 54. All other elements had no or a negative effect. This 

suggests that the influence of additions is due to their stabilizing or destabilizing role in the 

glass network formation. The addition of network modifiers will likely increase the 

dissolution rate of the slag, thus lead to increased C-(A)-S-H formation and increased 

compressive strength 55. In contrast network forming elements will stabilize the glass 

structure, and thus reduce the dissolution rate of the glass as was discussed for TiO2 in 

section 4.1 55. 

A common concept that quantifies the effect of ions on network formation of oxide glasses 

is Dietzel’s field strength 56. Field strength is the simplified Coulomb's force of the ions in 



glass and is defined as the charge of the metal cation divided by the square of the oxygen-

metal cation bond length. Small highly charge cations thus have a high field strength and 

large single charged cations a low field strength. High field strength cations have the 

tendency to act as network formers thus stabilizing the glass structure, whereas low field 

strength cations act as network modifiers by compensating charges or by creating non 

bridging oxygens and thus destabilize the glass structure. Table 3 gives an overview of field 

strength of the elements used in this study. Coordination in slag like glasses is not available 

for many of the minor elements, and most of the data given in Table 3, are derived from 

aluminosilicate glasses of various composition. We assigned one single valence and 

coordination state to each element. Some elements, however, can be present in multiple 

sites and oxidation states in the glass 44, 48, 53.  

To be able to estimate the effect of a certain addition on GGBS reactivity in blended 

cements, an index based on field strength of the element and the added amount is 

suggested here. The field strength of Mg was chosen to be used as a cutoff value between 

positive and negative impact of an addition. The underlying argument is that Mg is a 

relatively strong ion, but has been unambiguously reported to increase GGBS reactivity 8, 10, 

13. Stronger cations are expected to reinforce glass structure and decrease reactivity, 

whereas cations with lower field strength should destabilize the glass and increase reactivity. 

Based on this hypothesis, the field strength of Mg (FsMg) is subtracted from the field strength 

of a given addition (FsM), giving a negative value for elements with lower field strength than 

Mg and a positive value for stronger cations. This value is then multiplied by the molar 

amount of the metal-oxide in the glass n and by the stochiometric factor x, of the metal from 

the oxide formula MxOy to give a field strength index (Eq. 1). For K and TiO2 that were 



already present in the reference slag, initial concentrations were subtracted from final 

concentrations to give the added amount. 

 

                                                (1) 

 

In Figure 7a the resulting FSI value is plotted against reaction heat. The good correlation (R² 

= 0.88) suggests that first order influences of minor element additions on reactivity are 

captured by the index.  

 

Figure 7. (a) Index values based on field strength and amount of added minor element 

plotted against the heat development during the R3-test. The grey dashed line is a linear 

regression. (b) Modeled compressive strength values based on the FSI index for the 

elements used in this study and the alkaline oxides Na2O and Li2O. R3 heat release was 

computed for oxide additions of 1 and 2 wt.% using the linear regression in (a) and 

converted to compressive strength using the regression shown in Figure 3a. Measured 



compressive strength values of TiO2 additions are added to the plot as well as expected 

compressive strength of the reference sample calculated from R3-test results. 

The index value is a measure of the variation of glass stability due to some element addition. 

It indicates that if the glass stability is increased by the addition, the GGBS will be less 

reactive. This is likely due to decreased glass corrosion, which is a necessary step for the 

hydration reaction. In this case, the FSI value will be positive. On the other hand, if a weak 

ion is added to the slag and thus the glass is destabilized, reactivity will increase and the FSI 

will be negative. Leveling by the Mg field strength means that the effect is expected to be 

stronger (both positive and negative) if the field strength is further away from the Mg field 

strength. The effect appears to be proportional to the added amount, as was observed for 

TiO2 additions. Minor deviations from the regression line are likely due to the fact that some 

elements can be present in multiple oxidation states and coordination numbers, that were 

not taken into account in the index. 

Approaching GGBS reactivity only from a glass stability standpoint has the major drawback 

that it will not work when the component in question becomes major, so that it intervenes 

in the phase formation during hydration reaction. This is the case for example for Al2O3, 

which by the FSI would be considered detrimental for GGBS reactivity but actually is 

beneficial 8, 9, 13, 14. This is likely due to modification of secondary phase assemblage due to 

the presence of Al2O3 and not increased glass corrosion. Nevertheless, the FSI gives a handy 

tool to estimate the effect of variations of minor element content on GGBS reactivity in 

blended cements. 

Figure 7b shows modeled compressive strength for additions of various elements (in oxide 

wt.%) to the reference slag. These values were modelled using the FSI and field strength 



values from Table 3. R3 heat release was then computed using the linear regression in Figure 

7a and converted to compressive strength using the regression shown in Figure 3a. Besides 

the elements used in this study, Na2O and Li2O were added to the model using field strength 

of 0.18 and 0.26 eq./Å², respectively 51. Measured compressive strength values from TiO2 

modifications are also displayed. Modeled values for TiO2 additions are below measured 

ones but in the same order of magnitude and 95% confidence intervals of compressive 

strength measurements include modeled values in 2 of 4 points. This indicates that the 

model gives good estimates of reactivity but not accurate predictions. 

Modeled values show the strongest positive effects on GGBS reactivity in Li2O additions 

followed by Na2O additions. This shows that the positive effect of small field strength of 

alkaline elements K and Cs is overcompensated by their high mass when reasoning in wt.%. 

The strongest negative effects on GGBS reactivity are calculated for Ti and V, due to their 

relatively high field strength and the relatively high molar fraction of the elements at 

equivalent addition level, due to their low atomic weight. This illustrates that Ti is the most 

important minor element for slag reactivity, as it has a strong impact by weight and is 

present in the weight percent range in industrial GGBS8,39. Other elements with strong 

negative impact by weight like V, Cr and Zr are commonly found only in the ppm range in 

modern slag20.  



5. Conclusion 

TiO2 additions have a strong negative effect on GGBS reactivity. A decrease of > 50% in 2 d 

compressive strength was observed on 75% GGBS standard mortars, when the TiO2 content 

of the slag was increased by 1.9 wt.% (total 2.5 wt.%). This effect is persistent in time as > 

40% lower 28 d compressive strength was observed for the same systems. The negative 

effect of Ti appears to be proportional to TiO2 contents. 

Loss in compressive strength was strongly correlated to R3-heat values measured by 

isothermal calorimetry. This showed that calorimetric test can be used to evaluate the 

impact of minor element additions on GGBS reactivity. Further calorimetric test showed that 

the addition of network modifiers (Ba, Cs, K, Sr,) increased GGBS reactivity. Other elements 

(namely Ce, Cr, V, Zr) had significant negative effects on GGBS reactivity. No demixing or 

nucleation occurred due to abovementioned element additions, so that those elements 

entered the glass matrix. P and Sn appeared to not enter the glass matrix and thus did not 

have significant effect on reactivity.  

The effect on slag reactivity of a given element addition to GGBS depends on the field 

strength of the added element and its amount. The effect of a given addition can be 

estimated using a field strength index, based on the field strength of the added element with 

respect to the Mg field strength and the amount added to the slag. 
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