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STEEL SLAG INSTEAD NATURAL AGGREGATE IN ASPHALT MIXTURE

ZUZEL STALOWNICZY, JAKO ZAMIENNIK KRUSZYW NATURALNYCH STOSOWANYCH W MIESZANCE ASFALTOWEJ

Even though electric arc furnace (EAF) steel slag has been classified as non-hazardous waste by its physical and
chemical characteristics, and is possible to be disposed of at provided disposal sites without danger to the environment,
this is rarely applied, because the permanent disposal of steel slag is highly expensive and requires a great area, and
the valuable ingredients of steel slag are lost forever.

The purpose of this paper was to improve the management of this type of non-hazardous industrial waste. Alongside
with reducing the area intended for its disposal and increasing the technological benefit of re-using waste material, the
final results of these tests should ensure the economic profit of producers, as well as achieve a sociological-ecological
benefit due to the reduction of expenditure of natural mineral aggregates, simultaneously enhancing the sustainable
development policies in metallurgy.

A part of this research examines the possibilities of using EAF 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. The paper
presents the results of testing physical and mechanical properties of EAF slag coming from the regular production of
unalloyed carbon steel in CMC Sisak, Croatia with the application of prior processing encompassing cooling the liquid
slag by air, as well as quenching by water, grinding, magnetic separation, fragmentation and granulometric fractioning
for the purpose of its application in technologies of producing asphalt mixtures.

Comparison of test results between specimens of water- and air-cooled EAF slag and natural aggregates used in
asphalt mixtures on highways and other top-class traffic load roads has demonstrated that the examined slag has equally
good physical and mechanical properties, while it is significantly better in terms of resistance to polishing.
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Pomimo faktu, ze zuzel z elektrycznych piecéw tukowych (EAF) do wytopu stali zostal sklasyfikowany jako
odpad inny niz niebezpieczny w oparciu o charakterystyke fizyczng i chemiczna, i mozliwe jest jego skladowanie
na odpowiednich skladowiskach bez zagrozenia dla §rodowiska naturalnego, jest to rzadko stosowane, poniewaz state
sktadowanie zuzla jest bardzo kosztowne i wymaga duzych powierzchni, a cenne skiadniki zuzla sg tracone na zawsze.

Celem pracy byla poprawa zagospodarowania tego rodzaju odpadéw przemyslowych. Wraz ze zmniejszeniem
powierzchni przeznaczonej na skfadowanie zuzla i zwigkszeniem korzysci technologicznych z ponownego wykorzystania
odpadéw, ostateczne wyniki tych badaii powinny zapewni¢ osiagni¢cie zysku producentéw, jak réwniez osiggnigcia
korzysci spoleczno-ekologicznych ze wzgledu na zmniejszenie zuzycia naturalnych kruszyw mineralnych, a jednoczes$nie
wzmocnienie polityki zréwnowazonego rozwoju w hutnictwie.

Czgs¢ tych badan analizuje mozliwosci wykorzystania zuzla EAF w innych gateziach przemystu, ze szczegélnym na-
ciskiem na wykorzystanie zuzla jako substytut naturalnych kruszyw mineralnych w produkcji mieszanek mineralno-asfal-
towych w budownictwie drogowym. W artykule przedstawiono wyniki badan fizycznych i mechanicznych wiasciwosci
zuzla EAF pochodzacego z regularnej produkcji stali weglowej niestopowej w CMC Sisak, Chorwacja z zastosowa-
niem uprzedniego przetworzenia obejmujacego chlodzenia cieklego zuzla w powietrzu, jak réwniez chlodzenia woda,
rozdrabniania, separacji magnetycznej, rozdrobnienia i frakcjonowania w celu jego stsowania w technologii produkcji
mieszanek mineralno-asfaltowych.

Poréwnanie wynikéw badan prébek zuzla chtodzonego wodg i chlodzonego powietrzem oraz kruszyw naturalnych
stosowanych w mieszankach asfaltowych na autostradach i innych drogach o duzym obciazeniu ruchem wykazato, ze
badany zuzel ma réwnie dobre wlasciwosci fizyczne i mechaniczne, a jednoczesnie jest znacznie lepszy pod wzgledem
odpornosci na $cieranie.
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UNIVERSITY OF ZAGREB, FACULTY OF METALLURGY. ALEJA NARODNIH HEROJA 3, 44000 SISAK, CROATIA
™ TINA UJEVICA 25, 44010 SISAK, CROATIA
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1. Introduction

Steel mills, just as most metallurgical plants, in-
fluence the environment directly with their activities.
Alongside with air and water pollution, they further
burden the environment with their by-products, i.e.
various hazardous and non-hazardous technological
wastes, which are most commonly disposed of at
their inadequate scrap-fills. The most common tech-
nological waste inadequately disposed of in the said
manner is: unprocessed steel slag, used refractories,
metal scrapings, various sludge, dust from smoke,
mill scale, etc.

Of the total amount of all types of waste created
in the electric-furnace process of steel production,
steel slag is definitely the most significant in amount,
for its amount ranges from 60 to 263 kgt™' of raw
steel as presented in IPPC Directive document [1].

Taking into consideration that in Croatia we ex-
pect a significant increase in steel production via
procedures in electric arc furnaces, it is vital to pay
more attention to the issue of disposal of most high-
ly represented waste, i.e. by-products, which is EAF
steel slag. Even though EAF steel slag has been
classified as non-hazardous waste by its physical and
chemical characteristics, and is possible to be dis-
posed of at provided disposal sites without danger to
the environment, this is rarely applied, because the
permanent disposal of steel slag is highly expensive
and requires a great area, and the valuable ingre-
dients of steel slag are lost forever. Therefore, it is
indispensable to consider the electric furnace steel
slag as a by-product and not classify it as metallurgic
waste, but to examine it in detail and, in accordance
to final results, apply it as a valuable raw material
in other industries.

This paper demonstrates the results of testing
physical and chemical characteristics of water and
air cooled steel slag with the purpose of its char-
acterization as the type of waste, i.e. by-product of
electric furnace processes of producing unalloyed
carbon steel intended for reusing in other indus-
tries. Special attention has been directed at inves-
tigating the possibilities of it being used as substi-
tute for natural mineral aggregates when producing
asphalt mixtures. Results of analyses usually con-
ducted when testing physical and chemical charac-
teristics of natural mineral aggregates intended for
the same purpose are also demonstrated.

2. Exsperimental

The testing has been conducted on steel slag
created during the production of EAF low carbon
steel in Steel Mill of CMC Sisak, Croatia. Liquid
steel slag was, after being poured out of the electric

furnace cooled with air and water, after which it
was subjected to the following procedures: grind-
ing, magnetic separation in order to remove leftover
particles of the cooled steel melt, fragmentation and
sieving. In this way an average specimen of steel slag
was created, as well as specimens of granulometric
fractions (0/4mm, 4/8mm, 8/16mm i 16/32mm).

In order to determine the physical and chemi-
cal characteristics of the air and water-cooled steel
slag, a mineral analysis was conducted by op-
tical microscopy, Scanning Electron Microscopy
(SEM), Energy Dispersive Spectroscopy (EDS), and
X-Ray Diffraction Analysis (X-RDA). Considering
that in Croatia steel slag is mainly disposed at
non-hazardous waste disposals, an examination of
its physical and chemical properties was also con-
ducted in order to prove that this kind of disposal at
disposal sites of the said type does not present the
danger of pollution to the environment.

As the objective and purpose of this paper were
to test the suitability of electric furnace slag 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. A
chemical analysis was done according to the EN 196
norm, the shape of the particle was also determined
using the flakiness index according to the EN 933-3
norm, shape index according to the norm EN 933-4.
Furthermore, resistance to wear was determined ac-
cording to the norm EN 1097-1, resistance to frag-
mentation via Los Angeles method according to the
norm EN 1097-2, density and water absorption was
determined according to the norm EN 1097-6, pol-
ished stone value according to the norm EN 1097-8,
resistance to freezing and thawing according to the
norm EN 1367-1, magnesium sulfate test was also
conducted according to the norm EN 1367-2, as well
as the determination of volume stability according
to the norm EN 1744-1.

3. Results and discusion
3.1. Mineralogical analysis of steel slag

Analysis specimens were prepared in the form
of preparation by grinding, which were for identi-
fication of certain mineral stages etched by a 1%
NH4CI solution and 1% borax solution. In order
to prevent the hydration of some minerals in slag,
ethanol was used for microscope preparations in-
stead of water.

Analysis of water-cooled slag preparation iden-
tified wustite (FeO), dicalcium and tricalcium sil-
icates (2CaO-Si0O,, C,S and 3CaO-SiO,, CsS),
brownmillerite (Ca,(Al, Fe),0s, C4AF) and mayen-



ite (12CaO-7Al,03, Cj2A7), as demonstrated in
Figure 1.

Fig. 1. Scanning electron micrograph (SEM) — wustite (W),
calcium silicate (CS), brownmillerite (B), mayenite (M), pores
(P) and inclusions of iron (white)

Woustite grains (FeO) are shaped round or oval,
with the size of up to 100 um, which are touch-
ing or combining, thus creating larger grains. Di-
calcium and tricalcium silicates (2CaO - SiO,, C,S
and 3CaO - SiO,, C3S) appear after etching as blue
and brown grains of prismatic and xenomorphic
shape with characteristic cracks, reaching the size
of up to 100 um. Brownmillerite (Cay(Al, Fe),Os,
C4AF) is not etched and is a shade darker than
the wustite. It fills the interstition space among
the grains of wustite and calcium silicates. Some-
times it has a round shape. The present mayenite
(12Ca0 - 7A1,03, C12Ay), just as the brownmillerite
fills the space between the crystallized grains, and
the melted iron (Fe) appears in the shape of larger
inclusions, reaching the size of up to 1mm, or as mi-
croscopic inclusions of round, oval or xenomorphic
shape of size up to 20 pum.

Fig. 2. Scanning electron micrograph (SEM) — wustite (W),
calcium silicate (CS), brownmillerite (B), and pores (P)
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The results of mineral analysis of air-cooled slag
specimens are similar to the results obtained from
the analysis of water-cooled slag, as demonstrated
in Figure 2, i.e. wustite (FeO), dicalcium and trical-
cium silicates (2Ca0O - SiO,, C,S and 3CaO - SiO,,
C3S), brownmillerite (Cay(Al, Fe),05, C4AF) and
mayenite (12Ca0 - 7Al, 03, C2A7) have been identi-
fied. The great similarity in the mineral composition
is indicated by the results of quantitative mineral
analysis, as seen in Table 1.

The basic difference in the mineral composition
of air-cooled slag when compared to the mineral
composition of water-cooled slag is reflected in the
fact that, apart from wustite, dicalcium and trical-
cium silicates, brownmillerite, mayenite and melted
iron (Fe), another mineral appears in the form of

TABLE 1
Results of quantitative mineral analysis of slag
] Vol %
Mineral Water-cooled Air-cooled slag
slag (WCS) (ACS)
FeO 37 42
C,S and C;S 53 40
C4AF 7 15
CpA, 2 1
Fe - metal 1 1
Mn - mineral - 1

drop-shaped cluster and small inclusions in calcium
silicates, and which contains significant amounts of
manganese, Figure 3.

Due to a very expressed small-grain quality this
mineral was not to be completely identified, however
it might be vogtite Ca(Fe,Ca,Mn)(Si,Og), or some of
the minerals from the monticellite/merwinite series.

The water-cooled slag is well crystallized, with
a considerably homogenous structure. The limits and
touching points among a grains are clear, most-
ly very sharp and noticeable, as well as the tran-
sitions of one mineral’s grain into another miner-
al. The analyzed slag specimens do not have the
glass stage, therefore the presence of chromite, as
well as free CaO or MgO has not being identified.
The porosity is partly macroscopic, visible by naked
eye, and partly microscopic, with round, oval and
xenomorphic pores, average size from 10 to 180 wm.
Micro-cracks are rare and mostly very thin, some-
times branched out, ending in pores or interlinking.
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Fig. 4. Scanning electron micrograph (SEM) — high porosity of air cooled slag

The thin cracks are 30 um wide on average. The mi-
crostructure in the air-cooled slag specimen is more
heterogeneous and displaying the quality of more
micro-porosity, as demonstrated in Figure 4.

For the purpose of determining the possible
presence of ecologically very dangerous constituents
in the slag specimens, the chemical composition
of respective identified components in the observed

specimens has also been analyzed, first and fore-
most in order to examine the forms into which the
potentially present chromium is tied, Figure 5. It was
determined that chromium, apart from Mg, Mn, Ca
and Si is tied in the wustite structure, which has
been confirmed by X-ray spectrometric analysis of
wustite grain.
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b) ruscse 1w2ce Crsor 1188816V (1 t)

Fig. 5. EDS spectrum of wustite a) in water cooled slag and b) in air cooled slag

3.2. X-Ray diffraction phase analysis of slag

Due to their mineral composition, steel slag
from the process of production of unalloyed steel
are otherwise known as black steel slag, and they
represent a mixture of oxides of a relatively com-
plex chemical composition. They mostly contain cal-
cium and iron oxides, followed by magnesium, sil-
ica and aluminium oxides. According to literature
data [2-14] the structure of steel slag is based on
two- and three-component compositions of the type
Ca0-Si0;, CaO-FeO, Ca0-SiO,-MnO, Ca0-Al, 03,
Ca0O-FeO-SiO, and CaO-SiO,-FeO-MgO, and the
most highly represented minerals in slag are dical-
cium and tricalcium wustite silicates, while different
aluminates and silicates are likely to appear as well.

Identification of the present mineral phases has
been conducted on the basis of recorded diffrac-
togram, Figure 6, obtained by recording a rotating
slag specimen on the diffractrometric device Philips,
PW 1830 in the angle area of 5 to 70°/20@ with
applying CuKa-radiation. The voltage of the X-ray
tube was 40 kV, current intensity was 40 mA, and
an analyzer crystal created out of graphite was used,
as well as a proportional counting mechanism. Dif-
fraction data were processed by the computer pro-
gram Philips X’Pert Software, and specific recorded

relative intensities of X-Ray diffraction lines were
compared to values found in other expert texts on
the same topic.

X-Ray diffraction phase analysis of air
(ACS) and water-cooled slag (WCS) identified
wustite (FeO), srebrodolskite i.e. dicalcium fer-
rite (2CaO -Fe,03, CayFe,Os), larnite and alite
i.e. dicalcium and tricalcium silicates (2CaO - SiO,
and 3CaO - SiO,), brownmillerite (Ca,(Al, Fe),0s)
and mayenite (12CaO-7Al,03). The recorded
spectrograms of analyzed samples of steel slag
point to showed the possibility of calcium ferrite
(CaO - Fe,03) and rankinite (CaO - 2Fe,03) as well.

3.3. Chemical analysis

Chemical analysis of the examined slag was
conducted according to the norm EN 196-2 intended
for cement analysis in order to encompass the analy-
sis of more aggregates in comparison to the norm
EN 1744-1 for mineral aggregates analysis.

Chemical analyses have determined that CaO
ranges in water cooled slag and air cooled slag are
33.22 and 38.48%, Fe,03 29.64 and 24.20%, SiO,
10.86 and 11.01%, MgO 13.09 and 10.22%, Al,O3
1.66 and 8.67%, MnO 6.18 and 5.47%, Na,O 0.02
and 0.07%, K,O 0.06 and 0.04%.
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Chemical analysis of slag specimen in comparison to chemical analysis data in previously published researches

W (%)

Oxide wes | Acs Huijgen et al. Ahmedzade and Motz and

[14] Sengoz [15] Geiseler [16]
CaO | 3322 | 3842 31.7 47-55 25-40
Fe,O05 | 29.64 | 24.20 355 - -
FeO - - - - -
Si0, | 10.86 | 11.01 9.1 7.5-15 10-17
ALO; | 1.66 8.67 1.6 1.1-1.7 4-7
MgO | 13.09 | 10.22 6.0 1.3-1.5 4-15
MnO 6.18 5.47 34 3.5-53 <6
Na,O | 0.02 0.07 - - -
K,O 0.06 0.04 - - -
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TABLE 2

Reference data [13-24] imply that the prevailing
elements in steel slag vary in concentration: CaO
18.15-55%; Fe,O3 1.59-35.5%; SiO, 2.74-35%;
MgO 1.3-19.23%; Al,03 1.2-9.8%; MnO 0.6-5.3%;
Na,O 0.06-0.5%; K,0 0.02-0.2%.

Results of defining the representation of specific
oxides in the examined slag specimen are showed in
Table 2 in comparison to data on the representation
of the same oxides in previously investigated steel
slag from some of available published work [12-24].

Slag specimen was tested in a acreditated labo-
ratory, and with the purpose of determining physical
and chemical characteristics of slag waste for perma-
nent disposal, according to the norm DIN 38414-S4
[25] and valid regulations [26]. The final results of
determining physical and chemical characteristics of
the eluate, demonstrate that steel slag satisfies the
prescribed conditions according to which it is al-
lowed to permanently dispose of it at disposal sites
for nonhazardous waste.

3.4. Determination the mechanical
characteristics of electric furnace slag

As the most typical area of usage for slags is the
construction industry, its requirement system should
be considered as well. Static and dynamic forces and
the environmental strains like rain, heat, freeze and
thaw require adequate long-term behaviour under
these conditions for all constructions which are built.
Therefore, the technical properties of processed ag-
gregates which are used as construction material are
of fundamental importance [16]. The most impor-
tant properties are: volume stability; bulk density;
shape; resistance to fragmentation (resistance to im-

pact and crushing); water absorption; resistance to
freezing and thawing and resistance to abrasion and
polishing as well.

In terms of the chemical composition of the
steel slag, and especially if it is regarded as mater-
ial which could also be applied in the construction
industry, i.e. road-building, a vital parameter is the
amount of free oxides of calcium and magnesium.
More precisely, the constituent amount of free CaO
and free MgO is one of the most significant para-
meters when estimating the possibility of using steel
slag in the construction industry, and it is reflected
in the so-called volume stability. The present free
CaO and MgO in the slag cause volume instability
which is the consequence of the following reactions:

CaO + H,0 & Ca(OH), (1)

Cd(OH)2 + COZ = CClC03 + H20 (2)

The free CaO present in the slag, and when
exposed to humidity, ties the humidity by creating
hydroxide, and in combination with carbon (IV) ox-
ide present in the atmosphere turns into a carbonate
which has a larger volume. The consequence of all
this is the swelling of the slag. Consistent with this,
reactions of transformation of the free MgO into
MgCO3 occur as follows:

MgO + H,0 & Mg(OH), 3)
Mg(OH), + CO» & MgCOs + H,0  (4)

Elimination of the possible volume instability
caused by the presence of free CaO and/or MgO is
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most commonly conducted by slag weathering meth-
ods, i.e. by weatering (exposure to atmospheric con-
ditions of the solid slag for a certain period of time at
free atmosphere to transform the free Ca/Mg-oxide
into Ca/Mg-hidroxide) or quenching’ by water. Slag
processing conducted in order to transform the pos-
sibly present free CaO and free MgO into a hy-
droxide form has been done using the method of
’quenching’ by water for the needs of this testing.

To defining of EAF steel slag application pos-
sibilities in asphalt mixture production it was nec-
essary to prove its volume stability (according to
EN 1744-1; point 19.3). The volume stability tests
results, Table 3, have shown that both steel slag
aggregates are applicable for use in asphalt mixture
production.

The procedure of testing volume stability of the
observed slag specimens has determined that the
water-cooled slag has the expansion of up to 2.9%,
thus placing it into the highest class (3.5% is al-

lowed) according to EN 13043. The air-cooled slag
expands up to 5.3%, thus entering the class of up to
6.5 according to EN 13043.

For the purpose of determining suitability of
slag for usage in the production of asphalt mixtures,
it was exposed to the testing of its geometric, phys-
ical and mechanical properties, as well as durability
were.

The measured values of densities and water ab-
sorption are given in Table 4. The obtained results
of slag resistance to wear in the wet state meets the
requirements of the highest class, Table 5. Resis-
tance of slag to fragmentation via the 'Los Angeles’
method are given in Table 6. The obtained results of
shape index and flakiness index are showed in Ta-
ble 7 and 8. The obtained polishing value are given
in Table 9. The measured values of durability via
testing by magnesium sulphate and by freezing and
thawing method are presented in Table 10 and 11.

TABLE 3
The volume stability tests results
-~ = qé b= = § @ g g
— DA Fa o] - - 5) =
e | E5 | 2 | g2E_ | =% 52 | 92 | 852 | g
= 32 | 22 | 988 | 3¢ | ES | B2 | 23§ | 8%
) a8 o = & <] & eh = £ = = = [ShE-T —_
= @ £ g > 2273 S2E 8.2 g2 23 =
8 en B Ew §®> _;:;EV o wn <m H:“\E/ NS\>/
2 | &% | B& | g=7 | 9% “ g 5 | 5% E
2 & < a 5 5 8 &
Water cooled slag
WCS1 1572 2.78 25.31 1.19 2.62
wes2 | 1579 | 277 25.60 1.44 3.16 29 0.3 0.39
Air cooled slag
ACS1 1607 2.72 24.59 2.38 5.13
ACS2 | 1613 | 271 24.87 2.59 5.56 >3 —0.43 0.31
TABLE 4
Determining density via water absorption method according to EN 1097-6
) Portion of test Dry test Density Water
Fraction fraction in total specimen (Mg/m?) absorption
(mm) specimen mass Wekss. (%)
(mass %) () pusi | P | pa 14, (o
Water cooled slag
0/4 100 1041.2 3.49 341 3.69 22
4/8 100 1103.9 3.65 3.59 3.82 1.7
8/16 100 2083.7 3.73 3.68 3.88 1.5
16/32 100 5080.4 3.64 3.57 3.82 1.8
Air cooled slag
0/4 100 1039.2 3.36 3.30 3.52 1.9
4/8 100 1105.5 3.53 3.47 3.69 1.7
8/16 100 2024.9 3.54 3.49 3.67 1.4
16/32 100 5034.8 3.54 3.48 3.68 1.6
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TABLE 5
Resistance to wear 'micro-Deval’ according to EN 1097-1
e L Micro- Median value
Classification class of the Fraction size of Deval .

. . . of micro- Class
specimen tested the test portion of coeflicient Deval (EN 13043)
and the type of the specimen for every coefficient M

testing (mm) specimen 7 DE

MDE DE
Water cooled slag
8/16 mm 10/11.2 (30-40%) 7.8 Mpp10
wet 11.2/14 (70-30%)
7.3
Air cooled slag
8/16 mm 10/11.2 mm (30-40%) 7.2 Mpi10
wet 11.2/14 mm (70-30%) 74
TABLE 6
Resistance to fragmentation via 'Los Angeles’ method according to EN 1097-2
. . . Los Angeles Class
Tested fraction size Tested fraction coefficient (EN13043)
(mm) portion (mass %) LA LA
Water cooled slag
10/11.2 30 13 LAs
11.2/14 70
Air cooled slag
10/11.2 30 16 LA
11.2/14 70
TABLE 7
Flakiness index according to EN 933-3
i . Lo L Class
Mass of the test part of Fraction size Total flakiness index (EN13043)
the specimen, M, (g) (mm) FI FI
Water cooled slag
645.1 4/8 4 Fl
3530.9 8/16 FI
10024.8 16/32 4 FI
Air cooled slag
800.4 4/8 6 Fl
2918.5 8/16 FI
10563.8 16/32 FI
TABLE 8
Shape index according to EN 933-4 (item 6.2; D < 2d)
Mass of the test Aggregate fraction Shape index Class
part of the size di/Di where P ST (EN 13043)
specimen, M, (g) Di < 2d; (mm) SI
Water cooled slag
350.6 4/8 1 SIis
3537.3 8/16 SIis
6123.4 16/32 4 NI
Air cooled slag
511.1 4/8 3 SIis
2918.5 8/16 10 SIis
6272.1 16/32 5 SIis



Polishing testing according to EN 1097-8

TABLE 9

Respective Median Respective Median Median
values of the value of the values of the value of the value of the
polishing polishing polishing polishing polishing Class
quality of quality of quality of the quality of the quality of the (EN 13043)
the test the test control control aggregate PSV
aggregate aggregate aggregate aggregate PSV
PSV PSV PSV=(S+52.5-C)
Water cooled slag
72.0 54.7
73.0 543
71.0 71.6 55.0 54.5 70 PSVigs
70.3 54.0
Air cooled slag
72.0 54.7
71.0 543
72.0 71.8 55.0 54.5 70 PSVieg
72.0 54.0
TABLE 10
Testing by magnesium sulphate according to EN 1367-2
Fraction of lab Value of .
1 d f . Median
Petrography Tested sar?tp © Ltltsle 6 otr m‘?gﬁl etsulfm value of the Class
description fraction getung the fes su‘phate for magnesium (EN 13043)
. part of the every test sulphate
(EN 932-3) size (mm) specimen specimen Ap] S MS
(mass %) MS
Water cooled slag
1.00
Steel sl 8/16 100 1 MS
€€l slag 0.90 18
Air cooled slag
0.8
Steel slag 8/16 100 o4 2 MS g
TABLE 11

Determining resistance to freezing and thawing according to EN 1367-1

Fraction size Number of Test result (ENC 1121358 43)
d/D.(mm) laboratory samples (Loss of mass %) F
Water cooled slag
8/16 \ 3 \ 0.4 \ FI
Air cooled slag
8/16 \ 3 \ 08 \ FI
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TABLE 12
Comparison of physical properties of aggregates
CMC Sisak ] =
Characterisic = Couin | Avsia | Siovenia
WCS ACS
Resistance to fragmentation (LA) 13 16 15 15 20
Re§1stance to abrasion 3 7 3 3 10
(micro-Deval)
Frost resistance
(MgSO,.% by weight) 1.0 2 0.0 0.0 0.0
Frost resistance, freezing and
thawing (% by weight) 0.4 0.8 0.0 0.0 0.0
Fines (% by weight) 0.5 0.5 0.5 0.5 0.7
Water absorption (% by weight) 1.6 1.8 0.4 0.6 0.5
Bulk density (Mg/m®) 34 33 2.8 2.8 29
. Not Not Not
Volume stability (% V/V) 29 >3 Relevant Relevant Relevant

The results of those tests, Table 3-11, indicate
that the tested slag, regardless of the way of cooling,
satisfy the characteristics necessary for their use in
asphalt mixtures. The results of those tests have
been compared to natural aggregates commonly
used in the manufacture of asphalt mixtures. The
mechanical characteristics oh both aggregates, the
steel slag aggregates and the natural aggregate, are
given in Table 12.

4. Conclusion

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.

X-Ray diffraction phase analysis of the tested
slag (air and water-cooled) identified wustite (FeO),
srebrodolskite i.e. dicalcium ferrite (2CaO-Fe,Os,
CayFe,05), larnite and alite i.e. dicalcium and
tricalcium silicates (2Ca0O-SiO, and 3CaO-SiO,),
brownmillerite (Cay(Al, Fe);Os) and mayenite
(12Ca0-7Al1,03).

The analysed steel slag does not contain the
glass phase, therefore the presence of chromites has
not been identified, 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.

Chemical analyses have determined that CaO
ranges in water cooled slag and air cooled slag are
33.22 and 38.48%, Fe,03 29.64 and 24.20%, SiO,
10.86 and 11.01%, MgO 13.09 and 10.22%, Al,O3
1.66 and 8.67%, MnO 6.18 and 5.47%, Na,O 0.02
and 0.07%, K,0 0.06 and 0.04%.

The obtained results of eco-toxicity showed that
the slag does not contain constituents which might

in any way affect the environment harmfully, thus
that it can be disposed of at non-hazardous waste
disposal sites.

Even though the procedure of testing volume
stability of the examined slag specimens determined
the better volume stability on the WCS specimen
(2.9%) when compared to ACS specimen (5.3%),
the conclusion arises that in relation to natural vol-
canic aggregates used in asphalt mixtures on high-
ways and other top-class traffic load roads the ex-
amined slag has equally good properties, and can be
used in the production of asphalt mixtures.

The determined densities of both specimens are
high, which was expected considering aggregate ori-
gin. Geometric properties of slag samples both in
terms of shape index and flakiness index satisfy the
highest criteria (F1Iy; SI;s).

Resistance of both specimens to wear in the wet
state satisfies the highest class (Mpg10). Resistance
of both specimens to fragmentation via the Los An-
geles method the sample satisfies the highest class
(LA 15 and LAjj). Water absorption on the examined
fractions of both specimens is bigger than 1%, and
the tested durability via magnesium sulfate method,
as well as freezing and thawing method, and the final
results (MSs and F) satisfy the required criteria.
The polishing value is very good in both specimens,
satisfying the highest class (PSVgg).

According to the above said values and com-
parison with values of natural aggregates used in
asphalt mixtures on top-class traffic load roads, the
examined slag has demonstrated equally good prop-
erties, thus confirming that, considering the mea-
sured values, regardless of the way of cooling, the
slag can be used in the manufacture of asphalt mix-
tures.



668

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

REFERENCES

Integrated Pollution Prevention and Control, BAT
for the Production of Iron and Steel, EC Directorate
— General JRC Joint Research Centre, European IP-
PC Bureau, p. 379, 457, Feb 2008.

M. Agostinacchio, S. Olita, (2005) Use
of Marginal Materials in Road Constructions: EAF
Slag, www.sed.siiv.scelta.com/bari2005/093.pdf

D. Venkateswaran, D. Sharma, L.
Muhmood, S. Vitta, Treatment and Charac-
terization of Electric Arc furnace (EAF) Slag for
its Effective Utilisation in cementitious Products,
Global Slag Magazine, pp. 21-25, October 2007.
M. Cioroi, L. Nistor, Recycling Possibilities
of Metallurgical Slag, The Annals of "Dunarea De
Jos” University of Galati. Fascicle IX. Metallurgy
and Materials Science No.1-2007, pp. 78-82.

F. En g str 6 m, Mineralogical Influence of Differ-
ent Cooling Conditions on Leaching Behaviour of
Steelmaking Slag, Minerals and metals Recycling
Research Centre, Lulea University of technology,
Lulea, p.5, Sweden 2007.

M. de Oliveira Polese, GL. Car-
reiro, M. Gomes da Silva, M. Ribas
Silva, Caracterizacao Microestrutural da Escoria
de Aciaria, Revista Materia 11, 4 444-454 (20006).
B.BradaskjaJ. Triplat,M. Dobnikar,
B. Mirti¢, A Mineralogical Characterization
of Steel-Making Slag (in Slovenian), Materiali in
tehnologije 38, 3-4, 205-208 (2004).

M. Tossavainen, . Engstrom, Q.
Yang, N. Menad, M. Lidstrom Lars-
son, B. Bjorkman, Characteristics of Steel
Slag Under Different cooling Conditions, Waste
Management 27, 1335-1344 (2007).

P. Chaurand, J. Rose, V. Briois, L.
OliviJ-L. Hazemann,O. Proux,J. Do-
mas, J-Y. Bottero, Environmental Impacts of
Steel Slag Reused in road Construction: A Crystal-
lographic and Molecular (XANES) Approach, Jour-
nal of Hazardous Materials B139, 537-542 (2007).
S.Die n er, Mineral Phases of Steel Industry Slags
Used in a Landfill cover Construction, Master The-
sis, Technische Univeritit Dresden, p.14, March
2006.

S.Diener, L.Andreas, IL.Herrmann,
A.Lagerkvist, Mineral Transformation in Steel
Slag Used as Landfill Cover Liner Material, Pro-
ceedings Sardinia 2007, Eleventh International
Waste Management and Landfill Symposium
S.Margherita di Pula, Cagliari, Italy, 1-5 October
2007.

M. Frias Rojas,MI. Sanchez de Ro-
jas, Chemical Assessment of the Electric Arc
Furnace Slag as Construction Material: Expansive
Compounds, Cement and Concrete Research 34,
1881-1888 (2004).

Received: 10 January 2010.

[13]

[14]

[25]

S. Teir,S. Elonova,CJ. Fogelholm,R.
Zevenhoven, Dissolution of steelmaking slags
in acetic acid for precipitated calcium carbonate
production, Energy 32, 528-539 (2007).

WJJ. Huijgen, GJ. Witkamp,RNJ. Co-
mans, Mineral CO, Sequstration by Steel Slag
Carbonation, Environ. Sci. Technol. 39, 9676-9682
(2005).

P. Ahmedzade, B. Sengoz Evaluation of
steel slag coarse aggregate in hot mix asphalt con-
crete; Journal of Hazardous Materials 165 300-305
(2009).

H. Motz J. Geiseler, Products of Steel Slag
an Opportunity to save Natural Resources, Waste
Management 21 285-293 (2001).

ZA. Khan, RH. Malkawi, KA. Al-Ofi,
N. K h a n, Review of Steel Slag Utilization in Sau-
di Arabia, The 6 Saudi Engineering Conference,
KFUPM, Dhahran, Saudi Arabia, December 2002,
3 369-381 (2002).

W.Shao-Peng, YWen-Feng,X.Yong-
Jie,L. Zhen-Hua, Design and Preparation of
Steel Slag SMA, Journal of Wuhan Universityof
Technology — Mater. Sci. Ed. 18, 3 86-88 (2003).
Chemical Composition of Ferrous slag Prod-
ucts and Their conformance to Environmental
Standards, The Japan Iron and Steel Federa-
tion and Nippon Slag Association, 2006, pp 22,
www.slg.jp/e/p-paper-e.pdf

Leaching of Radio nuclides from Slag,
www.epa.gov/radiation/docs/source.../tsd/ scrap_tsd
_041802_api.pdf

JEP. Gomes, C.G. Pinto, Leaching of Heavy
Metals from Steelmaking slag, Revista de Metalur-
gia 42, 6 409-416 (2006).

H. Shuguang, H Yongjia, L. Linnu,
D. Qingjun, Effect of Fine Steel Slag Powder
on the Early Hydration Process of Portland Ce-
ment; Journal of Wuhan University of Technology
— Mater. Sci. Ed. 21, 1 147-149 (2006).

G. Bernardo, M. Marroccoli, M. No-
bili, A. Telesca, GL. Valenti, The use
of Oil well-derived drilling waste and electric arc
furnace slag as alternative raw materials in clinker
production, Resources, Conservation and Recycling
52 95-102 (2007).

H. Kumar, Laboratory Evaluation of Electric
Arc Furnace Slag as a Potential Wetland Substrate,
Department of Biorecurce Engineering Macdonald
Campus of McGill University Montreal, Canada,
August, p 36 2007.

German standard methods for the estimation of wa-
ter, waste water and sludges, soils and sediments
(group S). Determination of leachability by water,
Beuth Press, Berlin, 1984.

Pravilnik o nacinima i uvjetima odlaganja otpada,
kategorijama i uvjetima rada za odlagaliSta otpada
(in Croatian OG No.117/2007).



