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ABSTRACT: Electric Arc Furnace Slag (EAFS) and Ladle Furnace Slag (LFS) are industrial wastes generated during the steelmaking 
process in electric arc furnaces and refining ladle furnaces respectively. An extensive suite of engineering and environmental (total 
and leachable heavy metals) tests was undertaken on both types of slag aggregates to evaluate their potential usage as construction 
materials in roadwork applications. The environmental test results showed that both steel slag aggregates pose no environmental risks 
for use as aggregates in roadwork applications. The engineering and geotechnical properties of LFS aggregates were satisfactory and 
environmental results, particularly its high California bearing ratio (CBR) values, indicate that the material is ideal for usage as a 
construction material in roadwork applications. EAFS had comparatively lower CBR value, so was found to be only suitable for use 
as a construction material in pavement sub-bases and engineering fills. The usage of slag aggregates in roadwork applications would 
bring a practical end-of-life alternative for their sustainable reuse and possibly divert large amount of these industrial waste from our 
landfills. 

RÉSUMÉ: Le laitier est un déchet industriel généré lors de la fabrication de l'acier. Les laitiers des fours à arc électrique (EAFS) et 
des fours à cuve (LFS) sont tous deux produits lors du processus d'aciérie respectivement dans des fours à arc électrique et des fours 
de coulée de raffinage. Une série étendue de tests d'ingénierie a été entreprise sur les agrégats de scories pour évaluer leur utilisation 
potentielle en tant que matériaux de construction dans les applications routières. De plus, une série d'essais environnementaux 
comprenant des essais de métaux lourds totaux et lixiviables ont été entrepris sur les deux échantillons. D'après une évaluation 
environnementale, les deux agrégats de scories d'acier ne présentaient aucun risque pour l'environnement en tant qu'agrégats dans les 
applications routières. Les propriétés d'ingénierie des agrégats LFS avec ses résultats géotechniques et environnementaux 
satisfaisants, en particulier ses valeurs CBR élevées, indiquent que le matériau est idéal pour l'utilisation comme matériau de 
construction dans les applications routières. L'EAFS, avec sa valeur CBR comparativement plus faible, s'est avérée être seulement 
appropriée pour être utilisée comme matériau de construction pour des sous-bases de chaussée et des remplissages techniques. 
L'utilisation d'agrégats de scories dans les applications routières apportera une alternative pratique de fin de vie pour leur réutilisation 
durable et peut-être détourner une grande partie de ces déchets industriels de nos sites d'enfouissement. 
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1  INTRODUCTION 

Waste materials are universally described as by-products of 
Commercial, industrial, building and demolition activities that 
do not have any long-lasting value. Due to the recent 
implementation of more stringent environmental regulations 
around the world, recycling and reuse of waste materials has 
become very critical. Steel has been known as the one of the 
world’s most recyclable materials. Annually, more than 1400 
million tonnes of steel is manufactured worldwide (Brooks et 
al., 2011). The steelmaking process produces an industrial by-
product termed as slag. 

 In Australia alone, the annual production of steel slag is 
reported to be around 2.4 million tonnes (ASA, 2014). In the 
past decade, noticeable amount of slags was effectively utilized 
as cementitious and non-cementitious construction materials. 
More than 60% of the utilized slags in Australia was granulated 
blast furnace slag, which is really popular among cement and 
concrete companies (ASA, 2002). However, there are currently 
limited studies and reuse options for particular types of slag 
including LFS. EAFS is generated during the first steelmaking 

process in electric arc furnace. The EAFS is tapped out of the 
electric arc furnace and molten steel is then transferred to 
refining ladle furnace for further processing. After the molted 
steel was refined and poured out of the ladle, the resulting by-
product on the bottom of the refining ladle is known as LFS. On 
average the production of one tonne of steel in steelmaking 
plants results in 130 kg of EAFS and 40 kg of LFS (Heidrich 
and Woodhead, 2010).  

Several researchers have evaluated the reuse of EAFS as 
aggregates in engineering applications such as road base asphalt 
concrete (Pasetto and Baldo, 2010), asphalt mixture in road 
construction (Oluwasola et al., 2015), sealing aggregates 
(a) (b) 
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 (Dippenaar, 2005), aggregates for stabilizing riverbanks to 
prevent erosion (Motz and Geiseler, 2001), unpaved roads 
(Geiseler, 1996), in low-volume roads (Rohde et al., 2003) and 
can be used as additives materials in ground improvement 
(Shen et al., 2013). 

On the other hand, limited research on engineering and 
geotechnical properties of LFS have been conducted up to the 
present time. Serjun et al. (2013) graded LFS as a low quality 
material due to its fine grain size, adverse leaching potential and 
expansive behavior. Manso et al. (2005) indicated LFS can be a 
valuable by-product after it has been turned into a dusty product 
and its expansive characteristics could be reduced in this form. 
Manso et al. (2013) studied the behavior of soils stabilized with 
LFS and found similar results of the same soils after mixing 
with lime. This research also suggested that UCS value was 
significantly increased in the soils blended with LFS powder 
while the plasticity index and free swelling behavior of soils 
can be reduced. Serjun et al. (2013) stated that LFS has the 
potential to be used as a supplementary cementing material in 
numerous civil and construction applications due to its 
cementitious hydraulic properties. 

The use of industrial wastes as roadwork construction 
resources will be an optimistic outcome for the waste 
management hierarchy, provided that the use takes into account 
the required environmental and engineering considerations 
(EPA, 2012). Limited knowledge and research on the relevant 
environmental and engineering properties of unbound EAFS 
and LFS are main obstacle for using these steelmaking by-
products in roadwork applications. An extensive suite of 
engineering and environmental tests were carried out on EAFS 
and LFS to evaluate the feasibility of using these steel slag 
aggregates as road construction materials. 

2  MATERIALS AND METHODS 

EAFS and LFS samples were collected from a major steel 
manufacturer in Melbourne, Australia. EAFS is produced in the 
first stage of steelmaking in an electric arc furnace. Lime is 
added as flux to molten steel to form slag and to remove silicate 
and phosphorus. At this stage, EAFS is formed and tapped out 
of the slag door by tilting the EAF. The red-hot EAFS then 
starts to harden fairly quickly into a rock shape product. Molten 
steel is then transferred to a ladle furnace to be processed 
further.  

LFS is generated during the secondary steelmaking process 
in the ladle furnace. Decarburization, de-oxidation, vacuum 
treatment to remove hydrogen and trimming of Ferro alloys are 
all the steps taking place in ladle refining to allow steelmakers 
more control of the final steel product (Dippenaar, 2005). As 
the melted refined steel is poured out of the furnace, the 
resulting product on the bottom of the ladle is known as LFS. 
LFS was poured out from the ladle in a liquid state and is 
cooled down from approximately 1600°C to room temperature 
(Maghool et al., 2016b).  

LFS and EAFS samples were then sieved on an excavator 
sieve bucket with 75mm aperture and stockpiled at the steel 
manufacturing plant. In this study, LFS and EAFS samples 
were collected from the top of various stockpiles and then 
separately split and sieved through a 20mm sieve to obtain 
representative samples for further laboratory testing. The 
percentage retained on the 20mm sieve were mostly large EAFS 
aggregates and foreign materials such as rubbish and metal 
pieces from the steel manufacturing site. A laboratory 
assessment was undertaken to evaluate the properties of the 
LFS and EAFS comprising a suite of geotechnical engineering 
tests, according to relevant established Australian and American 
standards. Figure 1 presents the LFS and EAFS samples 
appearance after passing through a 20mm aperture sieve. It is 

evident from Figure 1 (a) that the LFS samples used for this 
research contain some EAFS and natural aggregates. 

The suite of engineering tests included, particle size 
distribution (AS, 1996), organic content (ASTM, 2007c), 
flakiness index (BS, 2000), Atterberg limits, particle density 
and water absorption (AS, 2000), pH (AS, 1997), minimum and 
maximum dry densities with a vibrating table (ASTM, 2006c), 
modified compaction (AS, 2003), California Bearing Ratio 
(CBR) (ASTM, 2007b), Los Angeles (LA) abrasion (ASTM, 
2006b) and hydraulic conductivity tests (AS, 2001a, b). In 
addition, the environmental assessment comprising total 
concentration and leachable heavy metal tests were undertaken 
on both materials.  

Waste needs to be categorized into one of four types: fill 
material, solid inert waste, putrescible waste and prescribed 
industrial waste to determine the appropriate management 
option (EPA, 2010). The soil hazard categorization and 
management guideline applies only to soils (such as clay, 
silt/sand, gravel and rock) and is not suitable for other wastes 

(EPA, 2009a). Waste rising from all industrial, commercial, 
building and demolition activities requires contaminate analysis 
to be categorized as one of the solid industrial waste hazard 
categories prior to being reused, recycled or accepted at any 
landfills (EPA, 2010). If the soil is not contaminated, it can be 
categorized as suitable as an engineering fill material. If the 
industrial waste has an negligible effect on environment and 
contaminant concentrations do not exceed those specified limits, 
waste can be categorized as an inert solid waste and is suitable 
for reuse, recycling and landfill (EPA, 2010).  

The hazard category of slag samples as solid industrial 
wastes was determined by following the Environmental 
Protection Authority (EPA) Victoria and Australian Standard 
Leaching Procedure (ASLP). If the result of Total 
Concentration (TC) test are below the specified limit, EAFS 
and LFS can be categorized as a suitable road construction 
material (Rahman et al., 2015). 

3  RESULTS AND DISSCUSSION 

The engineering and geotechnical properties of LFS and EAFS 
are summarized in Table 1. Figure 2 illustrates the particle size 
distribution curve of LFS and EAFS. The particle size 
distribution curves indicate that the EAFS sample contains 
basically no fine particles and mostly gravel and sand sized. 

The degradation is required for EAFS samples to meet the 
ASTM requirements to use as base/subbase aggregate. However, 
the gradation plot of LFS entirely conforms to the requirements 
of ASTM standard (ASTM, 2007a) for a Type I (Gradation C) 
material suitable for usage in road construction including as 

engineered fills and pavement bases/subbases. According to the 

Figure 1. Sample appearance (a) LFS (b) EAFS 
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Figure 2. Particle size distribution curves for LFS and EAFS 
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  Unified Soil Classification System (ASTM, 2006a), LFS is 
classified as a silty sand (SM) and EAFS is as a well-graded 
gravel (GW).  

The LFS and EAFS samples were found to be non-plastic. 
The apparent particle density of both LFS and EAFS was found 
to be very high, even higher than that of other waste materials 
previously used in roadwork applications such as construction 
and demolition materials with specific gravity (Gs) values in the 
range between 2.2 to 2.8 (Arulrajah et al., 2014). The high Gs 
value of 3.43 for coarse fraction in LFS sample confirmed that 
the gravel contents in the LFS samples were mainly EAFS. The 
organic content values of LFS and EAFS were found to be very 
low, probability due to the high temperatures used in the 
steelmaking process. The pH values of samples indicate both 
slags are alkaline by nature. The maximum LA abrasion value 
of 40 is normally accepted by state road authority for pavement 
base/subbase materials (VicRoads, 1998). LFS and EAFS both 
meet this maximum criteria, LFS with a LA abrasion value of 
31 and EAFS with a value of 29. EAFS is slightly more durable 
in abrasion than LFS. The flakiness index of LFS particles was 
significantly higher than EAFS as LFS contains some natural 
aggregates.  

 
Table 1. Engineering properties of LFS and EAFS 
Engineering properties  LFS EAFS 
Organic content  (%) <0.5 <0.5 
pH  12.2 10.6 
Particle density: Coarse (Mg/m3) 3.43 3.51 
Particle density: Fine (Mg/m3) 3.39 3.61 
Water absorption: Coarse (%) 4.68 3.8 
Water absorption: Fine  (%) 6.28 4.28 
Fine content: Silt & Clay  (%) 14 0.7 
Sand content: Sand  (%) 48 25.8 
Gravel content: Gravel  (%) 38 73.5 
Modified compaction, MDD  (Mg/m3) 2.64 -- 
Modified compaction, OMC  (%) 9.2 -- 
Minimum Dry Density (Mg/m3) -- 1.74 
Maximum Dry Density  (Mg/m3) -- 2.06 
Hydraulic conductivity  (m/s) 9.81×10-9 1.19×10-6

Flakiness index  30 6 
LA abrasion loss  (%) 31 29 
CBR (%) 160 55 
CBR Swell  (%) <0.5 0 

 
Compressibility characterization of LFS was evaluated by 

modified compaction. This method was not a suitable method 
for EAFS as it is a cohesionless material. Thus, the maximum 
and minimum dry density of EAFS was obtained using 
vibratory table method. The results of both methods indicated 
that the both slags had high MDD values, higher than that of 
C&D materials which have been previously used in road 
applications (Maghool et al., 2016a). The high MDD values can 
be attributed to very high Gs of these materials particles.  

Hydraulic conductivity of the LFS was evaluated using 
falling head method and was found to be 9.81×10-9 m/s, which 
can be described as a very low permeable material in 
accordance with the hydraulic conductivity classification chart 
presented by Terzaghi et al. (1996). However, the hydraulic 
conductivity of EAFS was assessed using constant head method 
and noted to be 1.19×10-6 m/s. The coefficient of permeability 
of EAFS was significantly higher than LFS and it can be 
attributed to containing more than 70% gravel particles, being 
cohesionless and free-draining material. 

The CBR samples were tested after 4 days of soaking and 
the swell characteristic of samples were measured and reported 
in Table 1. CBR values of EAFS are found to be noticeably 
lower than those of the LFS sample. This trend seems to be 
related to the compaction method of these materials. Modified 
compaction, higher MDD value and cohesion among the LFS 
particles can be resulted into better particle contact and 
eventually higher CBR values. The CBR test results indicate 

that only LFS with average CBR value of 160% meets the 
typically specified and minimum requirement of 80% for usage 
in pavement base and minimum requirement of 2-5% for 
engineering fill applications (Arulrajah et al., 2013). The soaked 
CBR value of 55% indicates that the EAFS meets the 
requirements to safely use in other roadwork applications such 
as subbase and engineering fill applications. 

In consideration of the usage of LFS and EAFS in roadwork 
applications such as engineering fill and pavement layers, all 
the possible environmental risks and hazards need to be 
determined to guarantee that environmental contamination will 
not emerge (Arulrajah et al., 2015). A total concentration (TC) 
test need to be completed first to verify the presence of certain 
contaminates (EPA, 2010). Table 2 presents TC values of LFS 
and EAFS and compares these values with allowable values of 
EPA Victoria requirement for solid inert waste and fill materials. 
The comparison indicates that TC values of LFS sample are 
completely lied within EPA Victoria requirement for solid inert 
waste. All TC values of EAFS sample except Chromium are 
also far below the EPA Victoria requirement (EPA, 2009b).  
 
Table 2. Total concentration results for LFS and EAFS 

Contaminant LFS EAFS 
Allowable values 

Solid inert wastea Fill materialb

Arsenic <2.0 <2.0 500 20 
Cadmium 1.3 7.4 100 3 
Chromium 450 3300 500c 1c 
Copper 97.0 260 5000 100 
Cyanide <5.0 <5.0 2500 50 
Lead 49.0 25.0 1500 300 
Mercury <0.1 <0.1 75 1 
Nickel 15.0 22.0 3000 60 
Zinc 490 190 35000 200 
Note: All data in milligrams per kilograms (mg/kg).  
a(EPA, 2009b). 
b(EPA, 2009a). 
cChromium (VI). 
 

Chromium metal can be found in a few oxidation states such 
as hexavalent chromium (VI) and trivalent chromium (III) 
(Disfani et al., 2012). The Chromium values reported for both 
slags in Table 2 are the total chromium while the presented 
value for inert solid waste is Chromium (VI). The total 
Chromium is a combination of Hexavalent Chromium (VI) and 
Trivalent Chromium (III). Pasetto and Baldo (2010) also 
measured the TC of EAFS and reported that total Chromium of 
this slag was around 585 (mg/kg). However, only less than 5 
(mg/kg) of that Chromium in their EAFS is labeled as 
Hexavalent Chromium (VI). However, both slags in this study 
are classified as non-hazardous or non-dangerous good 
according to their TC values.  

4  CONCLUSIONS 

Results of an extensive series of environmental and 
geotechnical engineering tests on two types of steel slags; LFS 
and EAFS produced in Victoria, Australia provides a platform 
for evaluating the possibility of using these waste materials in 
road construction applications. The particle size distribution 
curves indicate that the EAFS sample contains mostly gravel 
and sand with no fines fraction. The gradation plot of LFS 
entirely conforms to the requirements specified for usage in 
pavement base/subbase. 

A range of environmental tests were conducted to fill the 
knowledge gap on environmental impacts of using LFS and 
EAFS as an aggregate in road construction. The result of total 
and leachable heavy metals analysis on LFS and EAFS implies 
no environmental risks or leaching issue for their use as 
aggregates in roadwork applications. The both slags were 
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 categorized as inert solid wastes according to EPA Victoria 
industrial waste resource guideline. 

From an engineering fill material perspective, low organic 
content, high density, durability of aggregates indicates that 
both LFS and EAFS are high quality aggregates and ideal for 
usage in roadwork applications. CBR values of EAFS are found 
to be noticeably lower than those of the LFS sample. This trend 
seems to be related to the compaction method and the cohesion 
among the LFS particles that were resulted into the higher 
MDD, better particle contact and eventually higher CBR value 
in LFS. 

The cohesionless nature of the EAFS implies it is not a 
suitable material for use in base layer for which much higher 
CBR values are desired. EAFS may however be blended with 
other higher quality materials to conform with the local road 
authority specifications (better gradation, higher compressibility 
and CBR value) to be used in base layer.  

The engineering properties of LFS aggregates with its 
satisfactory geotechnical and environmental results, particularly 
its high CBR values, indicates that this material is ideal for 
usage as a construction material in roadwork applications such 
as pavement base/subbases and engineering fills. EAFS, with its 
comparatively lower CBR value, was found to be suitable as a 
construction material for pavement subbases and engineering 
fills. The usage of EAFS and LFS in roadwork applications 
would bring about a practical end-of-life alternative for their 
sustainable reuse and divert large amount of these waste 
materials from landfills and stockpiles. 
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