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ABSTRACT 

Iron and steel slag, a non-metallic coproduct of iron and steel production, have 

been used commercially since at least the 19
th
 century. Slags find use in road and 

railroad construction, cement production, soil amendment, water purification, and 

permeable reactive contaminant-barriers. Here, we discuss the characteristics of 

Greensteel S.A. EAF slag aggregates produced in Volos and Aspropyrgos. The 

slag is basic, and CaO- and FeO+Fe2O3-rich; PAHs are absent; radionuclides are 

present but not a health threat; heavy metals exceed published soil background 

data but compare well to published data for limestones. Theoretical 

considerations, leaching tests, Kd, and R values suggest long-term environmental 

stability. The 4/12 & 10/16 fractions have a mean apparent density of 3.52 Mg/m
3
, 

a mean grain density of 3.33 Mg/m
3
, an average WA24 of 1.6%, and a 5% apparent 

porosity. Average MDE, MDS, LA, and VLA values are 8, 4, 17, and 1. FI and SI 

vary from 1.5 to 10. PSV and AAV range from 53 to 68 and 1.3 to 2.8, 

correspondingly. Sand (0/4) SE and MB values are 74% and 0,25 g/kg with an 

apparent grain density of 3,67 Mg/m
3
, a dry grain density of 3.52 Mg/m

3
, a WA24 

of 1.1%., and Ecs equal to 23 s. Finally, the all-in 0/32 aggregate has SE values 

>50, a low MBV, non-plasticity, a low MS value, and corrected for oversize 

material ρdry max and wopt of 2.64 g/cm
3
 and 6.4%, respectively. 
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1. INTRODUCTION 

Iron and steel slag is a nonmetallic coproduct of iron and steel production [1]. All 

slag types consist of fluxing agents used in the iron- and steel-making process, 

primarily lime, and the molten impurities of iron or steel. In the EU and North 

America, steel slag is used in: 1) bitumen bound materials; 2) pipe bedding; 3) 

hydraulically bound mixtures (HBM) for sub-base and base; 4) unbound mixtures 

for sub-base; 5) capping; 6) embankments and fill construction; 7) clinker 

manufacture, and 8) fertilizer and soil improvement agent. In most applications, 

steel slag will have to meet the relevant grading and strength requirements, 

furthermore, it may need to have undergone weathering to ensure volumetric 

stability in use. EU EAF slag production is around 4.4 million tons [1] whereas in 

Greece current estimates put it around 400 thousand tons [2]. Here we add to the 

current body of knowledge for EAF slags produced in the region [3–6] by 

presenting an assessment of the physical and chemical properties of EAF slag 

produced in the GREENSTEEL S.A. Aspropyrgos and Volos facilities. The slag 

samples are air- and water-cured, and aged for several weeks to months prior to 

and after crushing to specific aggregate fractions. Sampling is performed on site 

and the slag properties are regularly monitored as part of the company quality 

control plan. Target parameters are bulk and mineral chemistry, grain size 

characteristics, and physical properties.  

 
1. EXPERIMENTAL METHODS 

Geometrical, physical, and chemical properties were determined according to 

standard EN and ASTM International test methods. Powder XRD of samples from 

both facilities was performed using a BRUKER D8 Focus diffractometer, CuKa1 

radiation, and evaluated with the Brucker DIFFRAGplus Evaluation software. In 

addition, synchrotron XRD and XRF analyses are presently under way at the 

X26A beamline, National Synchrotron Light Source, Brookhaven National 

Laboratory. 

 
2. RESULTS 

2.1 MINERALOGY AND CHEMISTRY 

The specimens consist of sub-angular to angular, slightly porous, dark gray to 

black grains with superficial iron oxidation spots. Detailed X-ray mapping 

revealed the micro-texture to be dendritic. Occasionally, limestone fragments are 

observed. Powder XRD showed the samples to consist of wüstite, magnetite, Ca-

Mg-Fe olivine, Mg-gehlenite, gordonite, and possibly Ca-Mg carbonates. 

Chemically, the slag aggregates are low in SiO2 and MgO, moderate in Al2O3, and 

relatively high in FeO+Fe2O3 and CaO (Table 1). The relative calcium-rich and, 

consequently, basic nature of the slag is seen in the ratios CaO/SiO2, CaO/Al2O3, 

CaO+MgO/SiO2, CaO+MgO/SiO2+Al2O3, and CaO/SiO2·Al2O3, that respectively 

range from 2–10, 2–4, 2–11, 1,5–2,3 and 0,3–1,2. We found no polyaromatic 

hydrocarbons (PAHs). We also looked for heavy metals and radionuclides (Table 

1, cont.). Finally, the alkali-silica reaction potential of the slag aggregates is found 



Xirouchakis, D. and Manolakou, V., (2011), 5
th
 ICONFBMP, #255 

3 

 

to be negligible according to ASTM C 289 as Rc and Sc are respectively equal to 

985 and 2.8 mmol/l.  

 
Table 1 Chemical properties of EAF slag (major oxides) 

Parameter unit This study [7] [4] 

water soluble SO4 
-2

 wt% nd   

total S wt% nd 0.2–1  

Cl
-
 wt% nd–0.03   

SO3 
-2

 wt% nd–0.2   

ZnO wt% 0.018   

P2O5 wt% 0.41–1.1 0.6  

FeO wt% 0.80 
8–23 

 

Fe2O3 wt% 36.4–43.9 29.6 

Na2O wt% 0.12–0.13  0.02 

K2O wt% 0.018–0.02  0.06 

SiO2 wt% 2.1–14.6 10–18 10.9 

Al2O3 wt% 7.7–8.2 3–8 1.7 

MgO wt% 0.1–3.2 7–15 13.1 

MnO wt% 0.0–4.2 <1 6.2 

CaO wt% 20.8–31.1 35–45 33.2 

CO2 wt% 3.0–19.6   

H2O (tot) wt% 0.12   

Sum 
 

99.9–100.0  94.8 

nd: not detected. 
  

  

 

Table 1 (continued) Chemical properties of EAF slag gravel (radionuclides) 

Element unit This study 
Limestone Clearance 

levels (*) (#) 
226

Ra  Bq/kg 25.0 <10–65 16 100–1000 
228

Ra Bq/kg <8 nd–25 

 

100–1000 
228Th

 Bq/kg 5.0 nd–2 

 

100–1000 
232

Th Bq/kg 5.0 nd–2 0.5 100–1000 
238

U  Bq/kg 5.0 nd–30 15 100–1000 
40

K  Bq/kg 10.0 6–53 80 

 241
Am  Bq/kg 1.5 - - 100 – 1000 

(*) unpublished data. (#) Global average for limestones and clearance levels for 

solids [8]. 
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Table 1 (continued) Chemical properties of EAF slag gravel (heavy metals) 

Element 

This study EAF slag 
L 

 Soil (background) 

mg/kg 
US EU  US EU 

mg/kg mg/kg mg/kg mg/kg mg/kg 

Co 3.3–10.0 2.5–11  6 nd–3.8  9.1 

 Ni 38.0–91.4 5.2–310  20 nd–33.4 19 3–40 

Cr (total) 1190–3360 320–6200  6842 nd–22 54 5–68 

Cd nd–0.2 0.1–19  5 nd–0.6 nd   

Pb 22.7–27.9 4.5–220  20 nd–5.8 19 6–73 

Sb nd–2.0 1.1–18   nd–0.8 0.67 

 As 0.1–3.9 0.5–5.8  3 nd–1.1 7.2 

 Hg nd–0.05 0.1 <1 nd 0.09 0.04–0.29 

EU EAF slag [7]. US EAF slag & soil [9]. L: Limestone aggregates [10]. EU soil [11]. 
 

 
Figure 1 Ternary projection of EAF slag compositions; the elongate ellipse is 

from this study; high and low alloyed steel EAF slag data are taken from [12]; US 

slag data are from the US Slag Association. The average andesitic crust is from 

[13]. Triangle represents range of iron formation compositions [14]. Limestones 

plot on or near the CaO+MgO+FeO apex. 
 

2.2 GRAVEL 

The data for fine and coarse gravel are summarized in Table 2. The fine (4/12 

fraction) and coarse (10/16 fraction) gravel can be categorized as Gc90/15 

according to EN 13043. Flakiness and shape indices are generally low and range 

from 1 to 10. The specimens are characterized by an average apparent grain 

SiO2

Al2O3+Fe2O3+Cr2O3
CaO+MgO+FeO

Andesitic crust

EAF slag, this study

EAF slag, high & low alloyed steel

US slags
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density of 3.52 Mg/m
3
, average dry grain density of 3.33 Mg/m

3
, and average 

water absorption of 1.6% with a corresponding apparent porosity of 5%. Dry bulk 

density and voids values range from 1.512 –1.545 Mg/m
3
 and 55.3 – 56.1%. The 

specimens exhibit excellent mechanical strength with average MDE, MDS, LA, and 

VLA values of 8, 4, 17, and 1, respectively. Anti-skid properties follow this pattern 

as well with Polishing Stone and Aggregate Abrasion Values respectively ranging 

from 53 to 68 and 1.3 to 2.8. Slag expansion tests showed that the expected 

swelling should be negligible (Table 2). Finally, adhesion tests with 50/70 asphalt 

indicate a high degree of short and long-term adhesion. 

 

Table 2 Geometrical and physical properties of fine and coarse gravel 

Parameter Test method Unit n max min μ s 

FI EN 933-3 % 20 10.4 1.4 4.5 1.8 

SI EN 933-4 % 20 9.1 0.9 4.4 2.4 

ρb EN 1097-3 
Mg/m

3
 2 1.545 1.512 1.529 0.023 

Voids % 2 56.1 55.3 55.7 0.6 

ρα 

EN 1097-6 
Mg/m

3
 

7 3.645 3.408 3.515 0.088 

ρrd 7 3.523 3.159 3.332 0.141 

ρssd 7 3.557 3.234 3.384 0.124 

WΑ24 % 7 2.4 0.9 1.6 0.6 

MDE 
EN 1097-1 % 

7 8.3 6.5 7.5 0.7 

MDS 2 4.4 4.2 4.3 0.1 

LA EN 1097-2 % 11 21.0 10.0 16.8 2.9 

MS EN 1367-2 % 4 5.4 0.0 1.6 2.6 

VLA EN 1367-5 

 

7 3.0 0.0 1.4 1.0 

PSV EN 1097-8 

 

7 67.9 53.4 59.8 5.6 

AAV EN 1097-8 A 
 

7 2.8 1.3 2.1 0.4 

Expansion EN 1744-1 §19.3 % 2 0.7 0.0 0.4 0.5 

Adhesion* EN 12697-11 % 2 95 75 85 7 

Number of observations (n). Maximum value (max). Minimum value (min). Mean 

value (μ) and standard deviation (s). (*) 24 h adhesion value. 
 

2.3 SAND 

The sand sample belongs to the 0/4 fraction and the data for it are summarized in 

Table 3. Fines quality as measured with SE and MB test is excellent with 

respective test values of 74% and 0,25 g/kg. The apparent grain density is 3.67 

Mg/m
3
, the dry grain density is 3.52 Mg/m

3
, and the water absorption is equal to 

1.1%. Finally, the flow coefficient is low with Ecs equal to 23 s, which results in a 

low flow rate of 0,06 g/s, and is slightly higher than that of limestone sand, which 

is calculated to equal 0.05 g/s based upon limestone data for 0/4 fractions [10]. A 

twenty-day long study of Eh and pH conditions suggests a low corrosive potential. 
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Table 3 Physical properties of sand 

Parameter Test method Unit This study 

Ecs EN 933-6 §6 sec 23 

SE EN 933-3 % 74 

MBV EN 933-4 g/kg 0.25 

ρb EN 1097-3 
Mg/m

3
 1.765 

Voids % 49.9 

ρα 

EN 1097-6 
Mg/m

3
 

3.671 

ρrd 3.524 

ρssd 3.564 

WΑ24 % 1.1 

 
2.4 ALL-IN AGGREGATE  

All-in aggregate physical properties are presented in Table 4. The sample is best 

described as a 0/32 UF9 fraction. The measured apparent grain and dry grain 

density, and water absorption are comparable to the ones seen in the fine and 

coarse gravel specimens. Sand equivalent test values, regardless of test method, 

are greater than 50% whereas the MBV is low and equal to 0.25 g/kg. The percent 

loss due to abrasion and impact is equal to 21 and the weighted loss after five 

cycles of drying and immersion in magnesium sulfate is 1.7%. The compacted 

maximum dry density and optimum moisture are 2.50 Mg/m
3
 and 8.0% whereas 

the corrected for oversize material maximum dry density and optimum moisture 

are 2.64 Mg/m
3
 and 6.4%, respectively. 

 

Table 4 Physical properties of all-in aggregate 

Parameter Test method unit This study 

SE EN 933-8/ASTM D 2419 % 53/65 

MBV EN 933-9 g/kg 0.25 

ρα 

EN 1097-6 
Mg/m

3
 

3.25 

ρrd 2.99 

ρssd 3.07 

WΑ24 % 2.7 

Gsb 

ASTM C 127 

- 3.06 

Gssd - 3.14 

Gsa - 3.32 

WΑ % 2.5 

Gs ASTM D 854 - 3.46 

ρdmax/ Cρdmax 
ASTM D 1557/ASTM D 4781 

g/cm
3
 2.50/2.64 

wopt/ Cwopt % 8.0/6.4 

LA EN 1097-2/ASTM C 131 % 21/19 

Soundness ASTM C 88 % 1.7 
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3. DISCUSSION 

Chemically, the specimens examined are on the Fe2O3-rich end of the spectrum 

that one may find in the slag literature (Fig. 1). This may not be atypical but also it 

is far removed from an average andesitic or limestone composition. The latter 

comparisons are put forward because slag aggregates are routinely compared to 

broadly basaltic and andesitic aggregates, and limestone is the most common 

source of aggregates in Greece. Texturally, the specimens are microcrystalline 

dendrites, and as strange it may seems the minerals present are not uncommon 

high temperature rock-forming minerals. The high basicity of the slag is 

suggestive of strong hydraulic activity [15], which is also corroborated by the high 

hydraulicity index [16],    
                

    
 = 3–16. Radionuclides are not 

deemed a health hazard and with the exception of Ni and total Cr the rest of the 

heavy metals are present in levels that can be found in uncontaminated, natural 

soils (Table 1). 

Leaching tests with a water-solid ratio of 10:1 resulted in leachate 

concentrations well below EU limits [17]. Moreover,     
                    

                       
 

values (Table 5) are significantly greater than 1. Based on the spinel factor of [18], 

                                       , the leaching potential of 

Cr is deemed low. In addition, the calculated retardation factors   
                                          

                                                
    

            
             

are also greater than 1 (Table 5). Our findings are in agreement with literature 

reports, which suggest heavy metal immobility [5, 9]. Note that [19] concluded 

that Cr remains in the less mobile and less toxic trivalent state during leaching of 

slags whereas [20] reached similar conclusions regarding the leaching behavior of 

EAF and Ladle slags after a yearlong study. The study of [21], however, points to 

changes in leaching behavior when the conditions are acidic and acid-soluble 

minerals are present in the slag.  

Two practical measures of grain elongation and flatness in aggregates are the 

flakiness (FI) and shape (SI) indices. From the data at hand we see that both tests 

give values ≤10, and are distinctly lower than the majority of limestone aggregates 

from more than 20 quarries around Greece [10] but also both data sets are well 

correlated and nearly fall on a 1:1 line in FI vs. SI space. Similarly, [22] report a 

strong positive correlation between FI and SI for basaltic aggregates which they 

best expressed with the linear equation, SI = 1.13·FI + 1.04 with R
2
 = 0.8, that is 

near the 1:1 line. Thus, the strong positive correlation between FI and SI appears 

independent of aggregate source material as it is observed in slag, limestone, and 

basaltic aggregates e.g., [10, 22]. FI and SI values less than 10 may delimit the 

space of cubical grains [23], and all reports for slags seen in the literature have FI 

and SI values near 10 or less, we tentatively argue that slag aggregates may have 

the tendency to break into nearly cubical grains.  

There is also a strong positive correlation between LA and MDE. However, the 

spread of the data is less than that observed among limestone aggregates [10]. In 

MDE vs. LA space the slag data fall between the 1:2 and 1:3 lines whereas the 
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limestone data fall between the 1:1 and 1:3 lines. Apparently, there is a very 

strong but as of yet unaccountable control of texture on the mechanical properties. 

The adhesion test shows that the GreenSteel EAF slag has a strong affinity for 

bitumen, comparable to that of limestone aggregates [10], and higher than that of 

igneous rock aggregates [24]. Such an affinity is in agreement with the CaO-rich 

composition of the examined EAF slag samples [25]. Compared to data from this 

lab and [24] for a variety of rock types, we can add to the notion that negatively-

charged SiO2-rich rocks are more difficult to coat than positively-charged CaO-

rich rocks [26] that they also lose their coating faster in the presence of water and 

under mechanical stress.  

The low MB and high SE values in the EAF slag sand sample agree well with 

the MB vs. SE correlation in limestone aggregates [10] (SE = -21.7·MB + 75.60, R
2
 

= 0.8), however, we cannot say the same for the MB and SE values in the EAF 

slag all-in aggregate sample. However, we see in samples that have MB values 

less than 0.5 g/kg, and are lacking clays or have a very low clay-like content, that 

the range in SE values is nearly the same with the range seen in the two specimens 

analyzed here. Note that the relative repeatability of the laboratory, r=2.8·sr, is 

equal to 3.9·SE% and thus the range in EAF slag and the limestone samples in 

[10] likely represents, first, sample differences and, second, the difficulty to 

discriminate among materials with low clay-like content using the SE test.  

 
Table 5 Kd and R values 

Element 
This study US EAF slag L+S 

Kd (l/kg) R = 1 + (ρbulk/n)Kd Kd (l/kg) Kd (l/kg) 

Co    744 

Ni 1520 4146–79041 740 2100 

Cr (total) 11667 31189−606668 44500 1984 

Cd 400 110–2081 33200 20 

Pb 1280 3492–66561 1000 770 

Sb 40 110–2081 353 20 

As 156 426–8113 1463 18 

Hg 25 69−1301 900 25 

US EAF slag is from [9]. L+S are unpublished data from a 70:30 mixture of 

limestones & greenschists. For R, ρbulk = 1.5–2.5 kg/m
3 
& n = 0.5–0.05. 

 

4. CONCLUSIONS 

The data fall in line with published correlations among geometrical, physical, and 

mechanical properties seen in aggregates from a variety of rock types, which 

suggest material-independent associations, in general.  

The results presented here show that the examined EAF slag aggregates, a 

coproduct of the energy-consuming and CO2-producing steel manufacturing 

process, have good long-term environmental stability and excellent chemical, 

physical and mechanical properties, thus, making them suitable for a variety of 

uses in the construction industry.  
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