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Abstract 
This paper demonstrates the results of examines the possibilities of using steel slag in other industries, with a 
special focus on using the slag as substitute for natural mineral aggregates in the production of asphalt 
mixtures in road construction. 
Within the framework of this work, test fields have recently been constructed. The existing wearing course 
was replaced by an AC 11 type of asphalt, in one lane with conventional natural carbonate aggregate and in 
the other two lanes with slag aggregate from CMC Sisak d.o.o. (0/4, 4/8, 8/11). After construction of the test 
field using EAF slag aggregate it was found that no problems has been encountered in the designing of the 
mixture or in the placing of the asphalt in the test field. 
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1. INTRODUCTION 
Starting from the importance of mineral raw materials for the development of overall economy of the 
Republic of Croatia, with respect to producers' potentials and growing market needs, a systematic approach 
to researching alternative sources of these materials with the purpose of creating stable economic growth in 
the conditions of sustainable development is necessary. At the same time, having in mind that the national 
environmental strategy of the Republic of Croatia defines waste management as national priority with the so-
called no-landfill concept, for the realization of which one should close the circle of avoiding the very 
creation of waste, reducing the quantity and harmfulness, recycling and reuse, some industrial waste 
materials have, thanks to their composition and structures, started being used as secondary raw materials in 
road construction in Croatia as well. 

Metallurgical slag is waste or by-product formed in metallurgical processes from impurities in the metals or 
ores being treated. The metallurgical slags are classified in two types: ferrous slag, including iron slag 
generated in blast furnace process and steel slags and non-ferrous slag generated by production non-ferrous 
metals (Cu, Zn, Pb, Ni,..). 

According to chemical composition, steelmaking slag is a complex matrix structure consisting primarily of 
oxides of calcium, iron, silicon, aluminum, magnesium, and manganese in complexes of calcium silicates, 
aluminosilicates and aluminoferite. In the past, the application of steel slag was not attractive because vast 
volumes of blast furnace slag were available. Steelmaking slag has been used commercially since at least the 
mid-19th century. It is currently used in all industrialized countries, wherever steel is produced. Beginning in 
the 20th century, many new uses for steelmaking slag were developed in a variety of industries. 

Now days, due to a relatively high share of electric-furnace steel in the total amount of steel produced 
throughout the world, thus also the growth of available amounts of this type of waste, steel slag is becoming 
increasingly important, while the application of steel slag is also rapidly growing in the developed countries. 
Through awareness of environmental considerations and more recently the concept of sustainable 
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development, extensive research and development has removed slag from industrial waste into modern 
industrial product which is effectively and profitably used for many industrial purposes, especially as raw 
material in road construction [1-12]. 

Taking into consideration that in CMC Sisak d.o.o. we expect a significant increase in steel production via 
procedures in electric arc furnaces (EAF), it is vital to pay more attention to the issue of disposal of most 
highly represented waste, i.e. by-products, which is EAF steel slag. Special attention has been directed at 
investigating the possibilities of it being used as substitute for natural mineral aggregates when producing 
asphalt mixtures. 

 
2. EXPERIMENTAL 
On the basis of previously obtained results of the tested geometric, physical and mechanical properties, as 
well as durability indicate that steel slag created during the production of EAF low carbon steel in CMC 
Sisak d.o.o., Croatia, fulfils the conditions required for aggregates used for bituminous mixtures and surface 
treatments for roads. 

For the testing in this work, liquid steel slag was, after being poured out of the electric furnace cooled with 
water, after which it was subjected to the following procedures: grinding, magnetic separation in order to 
remove leftover particles of the cooled steel melt, fragmentation and sieving. The initial material had a grain 
size of 0/32mm and was crushed. In this way an average specimen of steel slag was created, as well as 
specimens of granulometric fractions (0/4mm, 4/8mm, 8/11mm, 8/16mm i 16/32mm). 

As the objective and purpose of this paper were to test the suitability of EAFS for its application in the 
manufacture of asphalt mixtures, analyses were conducted, which are common when testing physical and 
chemical properties of natural mineral aggregates intended for the same purpose. The testing was conducted 
according to the European Standards: EN 196-2, EN 933-1, EN 933-4, EN 1097-2,6,8, EN 1367-1,2, EN 
1744-1 and EN 1367-5. In order to determine basic properties of EAFS asphalt mixtures analysis were 
conducted according to the European Standards: EN 12697-1,2,5,6,8,12,22,23,26,34. 

 
3. RESULTS AND DISCUSION 

3.1 Mineralogical composition of steel slag 
The previously obtained results on mineralogical composition of steel slag showed a very high crystalline 
nature, detecting the presence of the following components: wustite (FeO), dicalcium and tricalcium silicates 
(2CaO.SiO2, C2S and 3CaO.SiO2, C3S), brownmillerite (Ca2(Al, Fe)2O5, C4AF) and mayenite (12CaO.7Al2O3, 
C12A7). The analyzed slag specimens do not have the glass stage, therefore the presence of chromite, as well 
and content of free CaO and MgO was low. The procedure of testing volume stability of the observed slag 
specimens has determined that the slag has the expansion of up to 2.9 %, thus placing it into the highest class 
(3.5 % is allowed) according to EN 13043. 

 
3.2 Geometric, physical, and mechanical characteristics of steel slag 
Geometric properties of steel slag in terms of shape index and flakiness index satisfy the highest criteria 
(FI10; SI 15). Granulometric composition of fraction 0/4mm satisfy the class GA85 while fraction 4/8, 
8/16mm by its granulometric composition satisfy the highest class GC 90/10, and the fraction 16/32mm is 
classified as GC 90/15. 

Resistance of steel slag specimen to wear in the wet state satisfies the highest class MDE10 and resistance to 
fragmentation via the Los Angeles method satisfies the highest class (LA15). The determined densities of 
specimen are high, which was expected considering aggregate origin. Water absorption is bigger than 1%, 
and the tested durability via magnesium sulfate method, as well as frosting and defrosting method, and the 
final results satisfy the lowest classes. Affinity of aggregate to bituminous binder was good. When 
comparing the mechanical characteristic of the tested slag with the same characteristics of natural aggregate 
Tounj, Croatia, comparative values was noted, as presented in Table 1 as well. The results of the examined 
EAF slag showed better results of physical and mechanical properties in comparison with natural carbonate 
aggregate. The mechanical characteristics of both aggregates, the steel slag aggregate and the natural 
aggregate, are given in Table 1. 
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Table 1 – Comparison of mechanical characteristics of the used aggregates 

Properties Method EAF  
Slag 

Natural Carbonate 
Tounj / Croatia 

Resistance to fragmentation (LA) EN 1097-2 13 29 
Resistance to abrasion (micro-Deval) EN 1097-1 8 11 
Frost resistance (Mg2SO4, % by weight) EN 1367-2 1.0 1.7 

Frost resistance, freezing and thawing (% by weight) EN 1367-1 0.4 0.3 
Polished stone value, PSV EN 1097-8 70 32 
Water absorption (% by weight) EN 1097-6 >1 <1 

Bulk density (Mg/m3) EN 1097-6 3.4 2.6 
Volume stability (% V/V) EN 1744-1 2.9 NR 

NR – Not relevant 
 

3.3 Characteristics of EAFS asphalt mixture 
Within the framework of this work, test fields have recently been constructed, whose purpose is to validate 
the suitability of slag aggregate for use in wearing asphalt courses. By means of laboratory analyses and in 
situ monitoring it should be possible to prove that asphalt mixtures containing EAFS have sufficient 
durability, and can achieve and maintain the required surface characteristics for road traffic safety. 

On the basis obtained preliminary results the test field was constructed on Aug 30th 2009 by the Ceste Sisak 
d.o.o. It is located on county road in Petrinja town, SM County, Figure 1. 

The annual average traffic across the test field is 2000 vehicles per day. The width of the test field is 6m, its 
length is 200 m, and the thickness of asphalt layer is 4 cm. The existing wearing course was replaced by an 
AC 11 type of asphalt, in one lane with conventional natural aggregate (Croatian carbonate aggregate Tounj 
0/4, 4/8 and 8/16) and in the other lane with mixture 70% EAFS aggregate from CMC Sisak d.o.o. (0/4, 4/8, 
8/11) and 30% natural carbonate aggregate with Japra filler and bitumen standard grade 50/70, Table 2. 

Table 2- Mixture of used mineral aggregate 

Mineral aggregate  Fraction, mm Mass share, % (v/v) 
Japra Filler 3.1 
Tounj 0 – 4 25.5 

0 – 4 25.5 
4 – 8 26.4 EAF Slag 

8 – 11 19.5 
 

Figure 1 – Bird's-eye view of the test field 
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The construction of the test field is presented in Figures 2 and 3. 

    
Figure 2 – Construction of the test field Figure 3 – The test field after completion 

 
The results of the examined asphalt mixtures with EAF slag showed good results of physical and mechanical 
properties of asphalt mixture in comparison with asphalt mixture with natural aggregate, Table 3. 

Table 3 – Testing results of physical and mechanical properties of asphalt mixture 

Test field 
Physical and mechanical properties 
of asphalt mixture Unit EAF Slag  

AB 11 
Carbonate  

AB 11 

Soluble binder content (EN 12697-6; point 9.3) % (m/m) 5.1 5.4 

Bulk density (EN 12697-6; point 9.3) kg/m3 2724 2368 

Maximum density (EN 12697-5) kg/m3 2927 2469 

Void content (EN 12697-8) % (v/v) 6.9 4.1 

Void in the mineral aggregate (EN 12697-8)  % (v/v) 20.6 16.6 

Void filled with binder (EN 12697-8) % (v/v) 66.3 75.4 

Stability (EN 12697-34) kN 15.2 11.7 

Tangential flow (EN 12697-34) mm 1.1 0.9 

Flow (EN 12697-34) mm 2.5 1.9 

Marshall quotient (EN 12697-34) kN/mm 6.1 6.2 

Mass of dry sample g 1249.7 1243.5 

Testing temperature oC 25.0 25.0 

Water sensitivity of bituminous specimens (EN 12697-12) kPa 1608 (25oC) 1513 (25oC) 

Water sensitivity of bituminous specimens (EN 12697-12) kPa 1287 (40oC) 1215 (40oC) 

Indirect tensile strength ratio % 80.0 80.3 

Indirect tensile strength of bituminous specimens kPa 3988 (5oC) 3638 (5oC) 

Indirect tensile strength of bituminous specimens kPa 1847 (25oC) 1700 (25oC) 

Stiffness modulus (IT-CY) (EN 12697-26) MPa 7128 5642 

 
The results of measurements of wheel tracking, Table 4, skid resistance, and other properties, as well, on the 
section constructed using natural carbonate aggregate, and the section made using EAF slag aggregate, were 
comparable. 
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Table 4 – Wheel tracking, small size device, procedure B in air (EN 12697-22) 

Test field 
Parameter Unit EAF Slag 

AB 11 
Carbonate 

AB 11 
Wheel- tracking slope  mm/1000cycles 0.09 0.53 
Proportional rut depth  % 5.7 18.4 
Rut depth  mm 2.7 7.9 

 
Both, skid resistance and surface texture, Table 5, are comparable. The levels of skid resistance are similar 
on both lanes, i.e. on the lane where there was the EAF slag in the asphalt mixture, and on the lane where 
there was the natural stone aggregate. 

Table 5 – Skid resistance and surface texture 

EAF Slag 
AB 11 

Carbonate 
AB 11 

Test field 
SRT SRT 

(Average) SRT SRT 
(Average) 

48.8 47.8 
47.8 50.8 
46.8 48.8 
48.8 51.8 

Skid resistance 
SRT 

47.8 

48 

49.8 

50 

0.38 0.38 
0.44 0.41 
0.42 0.41 

  
0.39 0.41 

Surface texture (sand) 
mm 

0.36 

0.40 

0.36 

0.39 

 
The test field must be subject to further monitoring, mainly with the aim of monitoring long-term changes in 
skid resistance. 

 
4. CONCLUSIONS 
Electric arc furnace slag in its original form presents at the same time a non-hazardous waste material as well 
as a valuable secondary raw material for the production of asphalt mixtures. The obtained examination 
results show that the EAF slag generated in the steel mill of CMC Sisak d.o.o. does not differ from the slag 
formed in other steel mills which use the EAF process and contain wüstite (FeO), srebrodolskite i.e. 
dicalcium ferrite (2CaO.Fe2O3, Ca2Fe2O5), larnite and alite i.e. dicalcium and tricalcium silicates (2CaO.SiO2 
and 3CaO.SiO2), brownmillerite (Ca2(Al, Fe)2O5) and mayenite (12CaO.7Al2O3). 

The analysed steel slag does not contain the glass phase, and the low representation of CaO or MgO fulfils 
the prescribed requirements of volume stability when estimating the slag in terms of its application in the 
construction industry. 

The results of the examined geometric, physical, and mechanical and durability properties indicate that the 
tested EAF slag satisfy the characteristics necessary for their use in asphalt mixtures. The good volume 
stability (2.9%) of EAF slag in relation to natural aggregates used in asphalt mixtures on highways and other 
top-class traffic load roads showed that examined slag has equally good properties, and can be used in the 
production of asphalt mixtures on test field. 

After construction of the test field using EAF slag aggregate it was found that no problems has been 
encountered in the designing of the mixture or in the placing of the asphalt in the test field. From the 
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previous discussion, it is possible to indicate the demonstrated applications for EAFS asphalt mixtures in 
order of relative merit; surface course mixtures that take advantage of the excellent wheel tracking and skid 
resistance and good wear resistance of EAF slag asphalt. 

It is necessary that the test field be subject to further monitoring, mainly with the aim of monitoring long-
term changes in skid resistance. 
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