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Abstract: 
Steel making process in electric arc furnaces generates up to 15 % of slag, which is, based on 
its properties, classified as non-hazardous waste. Disposal of such material requires large 
surfaces and it is rather unfavourable in economical terms. Therefore, researches have been 
conducted to establish the potential use of slag in different activities. 
Slag samples were taken from the non-hazardous land fill run by the Tube Rolling Mill Sisak 
and the analyses conducted in cooperation with the Faculty of Agronomy and the Croatian 
Institute of Civil Engineering, both in Zagreb, have shown that slag can be used for 
agricultural purposes as inorganic soil enhance, in construction industry as an additive to 
cement and in civil engineering as an additive for road construction.  
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1. INTRODUCTION 
 
 Steel making process in electric arc furnaces generates up to 15 % of slag per ton of 
steel. Major components of steel mill slag include Ca-silicates, Ca-Al-ferrites, and molten 
oxides of calcium, iron, magnesium, and manganese. The composition of slag varies upon the 
type of furnace and charge, the desired grade of steel purity and the furnace operation 
conditions. Materials to be added to the steel melt directly before the end of the reheating 
process are not fully embedded in the slag structure, so they can be found in the slag as “free“ 
oxides (CaO, MgO). Compared to blast furnace slag, steelmaking slag shows a considerably 
higher content of iron, manganese, and magnesium along with the lower silicon content i.e. 
higher CaO/ SiO2 ratio, and, finally, it contains almost no sulphur at all. Steel mill slag has 
more weight, higher hardness and density, it is less porous and highly resistant to polishing 
and wear and as such is very suitable for road building. [1-4] 
 On the ground of its properties, slag is classified as non-hazardous waste and it can be 
disposed off to appropriate landfills.  This procedure is rarely applied because it is expensive 
and requires large surface. Furthermore, there is always the risk that different components of 
slag might eluate. Therefore it is necessary to examine this metallurgical waste material in 
detail and apply it in appropriate way i.e. in line with the obtained results, as a valuable 
secondary raw material for purposes in other branches of economy. [5,6] 

In the past, the application of steel mill slag was not attractive because vast volumes of 
blast furnace slag were available. Slag from the steel mills was used as artificial fertilizer only 
if it came from the processes that used phosphorous pig iron as raw material to produce steel 
(so called Thomas slag). The increase of steel mill slag was slow due to the high iron content 
as only iron (steel) was recycled from the slag and the rest of it was mainly disposed of to 
landfills. Today, due to the ever increasing share of steel production in electric arc furnaces in 
the world, the steel mill slag becomes more and more important and it replaces blast furnace 
slag in many fields of application. [7] For example, portion of the separated slag, that does not 
have an increased content of metallic components, with regard to its properties, can be applied 
in the construction industry. [8-10] Furthermore, it was observed that electric arc furnace 
(EAF) slag can be used as inexpensive absorbing agent in the treatment process for waste 
waters burdened with metallic ions. [11] 
 
2. EXPERIMENTAL 
 

The steel mill at the Tube Rolling Mill Sisak generates approximately 15% of slag per 
tonne of steel produced in the electric arc furnace. The slag is disposed to a landfill next to the 
facility. The landfill covers a surface of 25 ha and in some places it is up to 4 meters high. 
The slag is mostly crushed, but it it's also partly agglomerated in lumps up to 2.5 meters in 
diameter. Its macroscopic features indicate the difference in colour (brown, greenish-grey, 
grey to black), porosity (different size and distribution of pores) and its characteristics are 
distinctly heterogeneous. The landfill is polluted because, apart from slag, other large waste 
types (constructional waste, refractory waste, various iron or plastic objects) are disposed 
there, too. Bearing in mind the different bonding degree of the conglomerated slag as well as 
the fact that the land is covered with short plants and waste materials, samples were taken 
from 5 locations and a representative sample with grain size 4 to 85 mm was produced.  

In order to establish the possibility to use electric arc furnace slag for road 
construction, standard examination methods were applied at the Road Construction 
Laboratory with the Croatian Civil Engineering Institute in Zagreb. 

The Department of Plant Nutrition of the Agriculture Faculty, University of Zagreb, 
conducted the chemical analysis of the electric arc furnace slag from the steel mill. They 
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examined the parameters relevant for classifying this material to the inorganic soil enhancer 
group.   

The Croatian Civil Engineering Institute in Zagreb investigated the possibility to use 
slag as a cement additive.   

 
 
3. RESULTS AND DISCUSSION  
 
Road Constructions  
 

Table 1 shows the test results to establish whether slag is suitable for construction of 
dams, beds, and mechanically comprised layers (tampons) out of granular material, without 
bonding agents, in compliance with the general technical conditions for road works. [12] 

 
Table 1: Test results to establish whether slag is suitable for construction of dams, beds, and 
mechanically comprised layers out of granular material, without bonding agents 
 

Property Test Method  Unit of 
Measure  

Result Evaluation Criteria 
 

Density  HRN U.B1.014 g/cm3 3.831 - 
Coefficient of 
nonuniformity, 
U= d60/ d10 

HRN U.B1.018 - 6.58 >4 

Share of particles 
bellow 0.1 mm 

HRN U.B1.018 mass % 0 - 

Largest grain 
diameter 

HRN U.B1.018 mm 350 <400 (where 15% are 
allowed to be up to the 

size 500) 
Optimal moisture, 
Wopt 

HRN U.B1.038 % 2.2 - 

Maximal dry spatial 
mass 

HRN U.B1.038 g/cm3 2.794 - 

Optimal moisture, 
Wopt 

HRN U.B1.038 % 2.7 - 

Maximal dry spatial 
mass 

HRN U.B1.038 g/cm3 2.460 - 

Maximal dry spatial  
mass 

HRN U.B1.042 g/cm3 2.780 - 

95% value of   
maximum spatial 
mass 

HRN U.B1.042 g/cm3 2.641 - 

California Bearing 
Ratio, CBR  

HRN U.B1.042 % 198 min. 80 

Grain shape  HRN B.B8.048 mass % 6.2 max. 40 
Water absorption  HRN B.B8.031 mass % 0.8  max. 1,6 
Frost stability, by 
the Na2SO4-method 

HRN B.B8.044 mass % 0.05            max. 7 

Share of worn, low 
quality grains  

HRN B.B8.037 mass % 0.4 max. 12 

Wear and impact 
resistance, by the 
Los Angeles 
method 

HRN B.B8.045 mass % 17.4 max. 45 
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The density is 3.831 g/cm3. By defining the granular-metrical composition it was 
found out that the sample represented a mixture in size from 0 to 350 mm. The non-
uniformity coefficient U is 6.58, thus fulfilling the requirement of at least 4 for the 
construction of dams of stone materials. Re-crushing of slag can result in coefficient 15, 
because the grain size would decrease and such material could be integrated in the bearing 
layer. The diameter of the largest grain in the sample is 350 mm and maximal grain size is 
allowed to be equal to, but not bigger than half of the thickness layer, and not bigger than 400 
mm (where 15 % of grains may be the size of up to 500 mm). 

In the process of identifying the optimal water content during sample compression using 
energy from the standard Proctor procedure (0.66 MNm/m2), with different water dosage, the 
following parameters were determined: 

- optimal moisture, Wopt      2.7 %  
- maximal dry spatial mass      2.460 g/cm3. 
 
By identifying optimal water content during sample compression using energy from the 

modified Proctor procedure (2.66 MNm/m2), with different water dosage, the following 
parameters were determined: 

-    optimal moisture, Wopt       2.2 % 
- maximal dry spatial mass                  2.794 g/cm3. 

 
Approximation of the pollution with organic substances (colour-metrical method) was 

conducted by treating samples with the NaOH solution, and the resulting colour of the 
solution is brighter than the standard colour and it was thus established that the sample 
contained no organic substances.  

The carrying capacity of the material was assessed on the grounds of the lab-determined 
California Bearing Ratio (CBR):  

- on the sample, with compressed energy 2.66 MNm/m2 (56/5 impacts per layer), with  
optimal moisture, the CBR was 331 % with dry spatial mass of 2.780 g/cm3, 

- the sample was also compressed with lower energy (28/5 impacts per layer), with 
optimal moisture, where the CBR was 147 % with dry spatial mass of 2.575 g/cm3, 

- the CBR for the compression energy 0.6 MNm/m2 (13/5 impacts per layer) was 99 % 
with dry spatial mass of 2.511 g/cm3. 

The CBR- spatial mass relationship shows that the material was compressed to the spatial 
mass of 2.641 g/cm3 (65 % of 2.780 is 198 and it meets the condition that CBR for the 
crushed stone material must be at least 80%). 

Table 2 shows the results of the examination of physical-mechanical properties of 
slag, in compliance with the general technical conditions for road works, for road pavements. 
[13] In the laboratory, the sampled slag was dispersed to fractions, on which the physical-
mechanical properties were tested.  
 
Table 2: Physical-mechanical properties of laboratory-dispersed EAF slag fractions       
 
GRAIN SHAPE 
FRACTION 
(mm) 

UNSUITABLY SHAPED GRAINS 
mass  % 

4/8 14.86 
8/16 3.87 

16/32 0.00 
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WATER ABSORPTION 
FRACTION 
(mm) 

WATER ABSORPTION 
mass % 

4/8 0.99 
8/16 0.70 

16/32 0.87 
 
FROST STABILITY, Na2SO4 METHOD   
FRACTION 
(mm) 

LOSS OF MASS AFTER 5 
CYCLES  
mass % 

2/4 0.127 
4/8 0.076 
8/16 0.000 

16/32 0.000 
 
SHARE OF WORN, LOW-QUALITY 
GRAINS   
FRACTION 
(mm) 

WATER ABSORPTION 
mass % 

4/8 1.13 
8/16 0.00 

16/32 0.00 
 
WEAR AND IMPACT RESISTANCE,   BY 
LOS ANGELES METHOD  
GRADATION 
(mm) 

WEAR-loss 
mass % 

B(12.5-25.0) 17.4 
 

The shape of the grains is satisfactory as the unsuitably shaped grains account for 6.2 
%, and the maximum allowed level is 40 %. The wear and impact resistance of the grains, 
established with the Los Angeles method, is 17.4 %, which is also acceptable as the loss of 
mass does not exceed the maximum allowed level of 45 %. The share of worn grains is also 
acceptable as they account for 0.4 %, which is significantly below the allowed 7 %. Water 
absorption is 0.8 %, far less than the allowed 1.6 %. The resistance of grains to Na2SO4 
solution, expressed as the loss of mass, is 0.05 %, whereas up to 12 % is tolerable. Results of 
physical-mechanical testing of the laboratory-dispersed fractions of slag indicate that water 
absorption, shape of some worn (low-quality) grains, and the resistance to the Na2SO4 
solution fully meet all requirements of the stated norms. The wear and impact resistance 
defined by the ''Los Angeles'' method meets the criteria set out in HRN U.E9.021 (for all 
traffic load groups) and HRN U. E4.014 norm (for heavy, medium, light and ultra light traffic 
load).  
 
 
Soil Enhancer 
 

The analysed slag samples release neither temperature nor gases in reaction with 
water, and their water solubility is rather poor. Reaction (pH) of the observed materials is 
alkalic (pH = 11.09-12.27). The annealing loss at 550 °C is rather low (1.38-1.42 %) and with 
the temperature increase (1100 °C) the annealing loss is only lightly increased as well (2.86- 
2.91 %), indicating the inertness of the material at high temperatures. The heating of samples 
did not result in inflammation.  
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The results of the chemical analysis (Table 3) clearly show the observed slag to be rich 
in iron compounds, whereas manganese compounds were accounted for in much lesser 
quantity. The samples contain approximately 8 % CaCO3, which will, should the slag be used 
as soil enhancer, have a favourable effect on the improvement of the pH-value of acid soils.  
Since the slag has very little biogene elements, this material will have no significant impact 
on plant nutrition.  
 
Table 3: Results of the chemical analysis of EAF slag  
 

Sample 1 Sample 2 Analysed  
Component 

Unit of Measure 
Result  / Limit Value  

Dry substance % 99.68/- 99.82/- 
H2O % 0.32/- 0.18/- 

pH (water) - 12.27/- 12.09/- 
Annealed residue   
(550 °C) 

% 98.58/- 98.68/- 

Annealing loss 
(550 °C)   

% 1.42/- 1.38/- 

Annealing loss 
(1100°C) 

% 8.73/- 8.30/- 

Total P2O5  % 0.0123/- 0.0126/- 
 Total K2O  % 0.034/- 0.033/- 
 Total Na  % 0.069/- 0.070/- 

Fe2O3 % 34.34/- 34.32/- 
CaCO3 % 8.34/- 8.34/- 

Mg CO3 % 2.52/- 2.72/- 
MnO2 % 0.496/- 0.476/- 

Zn mg/kg 82.50/150.0 82.50/150.0 
Cu mg/kg 59.06/50.0 62.50/50.0 
Ni mg/kg 75.0/30.0 75.0/30.0 
Cd mg/kg 0.85/0.80 0.85/0.80 
Pb mg/kg 25.20/50.0 25.20/50.0 
Cr mg/kg 30.30/50.0 35.10/50.0 
Hg mg/kg <0.1/0.8 <0.1/0.8 
Mo mg/kg 1.13/10.0 1.10/10.0 
Co mg/kg 11.52/30.0 11.52/30.0 
As mg/kg 1.23/10.0 1.23/10.0 

 
In line with the Croatian Regulation on protection of agricultural soil from pollution 

with harmful substances, the limits of the harmful substances extracted in the royal water 
(aqua regia) are below the maximum allowed levels. Since the analysed materials contain no 
substances that may be harmful to agricultural production, their use will certainly improve 
some physical-chemical properties of soil, and they can therefore be categorized as soil 
enhancers. Should the stated materials really be used for improvement of agricultural soil, the 
quantities to be applied will have to be adjusted to soil analysis results first.  
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Cement 
 

The cement mixtures with the addition of 15 % and 50 % slag were tested. The cement 
was made of clinker from the “Našicecement” factory and plaster from “Ciglana Sinj”. The 
respective chemical composition of the two materials is shown in Table 4. 
 
Table 4: Chemical composition of clinker and plaster  
  
 Clinker Plaster 

Annealing loss 0.32 - 
SO3 0.50 36.57 

Insoluble 
residue/ HCl 

0.1 - 

MgO 1.38 0.60 
CaO 66.53 27.26 
SiO2 21.29 9.83 
Fe2O3 3.23 Total R2O3 0.85 
Al2O3 5.94  
Na2O 0.59  
K2O 0.93  
NaCl - 0.23 

Bonded water - 13.40 
The NORM HRN EN 196-2121 HRN B. C 8.032 

 
Table 5 shows the test results for cement and two cements with the addition of s 15 % 

and 50 % foundry EAF slag, respectively. The obtained results indicate that potential to use 
foundry EAF slag as a cement additive (15%).  
 
Table 5: Properties of pure cement and cement with 15 % i.e.50 % foundry EAF slag  
 

 CEM  I 52.5 Test Sample I  Test Sample II 
Reference cement share (mass 
%) 

100 85 50 

Slag share (mass %) 0 15 50 
Chemical properties  (mass %) 
Annealing loss  
SO3 
Insoluble in HCl and Na2CO3 
Insoluble in HCl and KOH 
S2- 
Mn 
SiO2 
Fe2O3 
Al2O3 
Cao 
MgO 
Cl- 
Na2O 
K2O 
 

 
1.89 
3.59 
0.85 
0.60 
0.01 
0.07 
20.29 
2.36 
5.3 
61.66 
2.46 
0.008 
0.36 
0.89 
 

  

Physical and mechanical 
properties  

   
 

Standard consistency 27.4 27.0 26.8 
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Bonding start (min) 115 120 210 
Stability (mm) 0.25 0.25 0.25 
Compression strength after 2 
days (MPa) 

25.7 24.86 - 

Compression strength after 7 
days (MPa) 

- - 10.8 

Compression strength after 28 
days (MPa) 

56.9 44.9 21.4 

 
4. CONCLUSION  
 

On the grounds of the conducted laboratory testing of steel mill EAF slag stored at the 
land fill for non-hazardous industrial waste of Tube Rolling Mill Sisak, we can conclude that 
the physical-mechanical properties of the observed slag indicate its potential use in road 
building for the following purposes:  

• construction of dams and beds,  
• non-bonded layers of road pavements (bearing and buffering layers), 
• bonded bearing layers of granular stone material, 
• asphalt layers of road pavement, either completely or as an additive to stone and/or 

earthy material (for dams and beds). 
For a complete assessment of the suitability of slag to make certain types of asphalt 

mixtures and non-bonded layers of road pavements, it is necessary to re-crush slag, to 
separate it in line with the intended use, and to perform full examinations relevant for the 
intended use. It is additionally important to analyse and identify the content of the 
components having an impact on the slag volume stability (share of magnesium oxide, 
presence of di-calcium-silicates and iron). 

Furthermore, the examined steel mill EAF slag improves physical-chemical properties of 
soil and can be categorized as inorganic soil enhancer. Besides that, it can be used as a 15%-
additive to cement.  
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