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Abstract— Recycling processes offer materials which could be 

employed in highway construction. Reclaimed asphalt, fly ash, 

scrap tires, waste glass, steel plastic, slag, are candidates for such 

a use. Slags being used in roadway and pavement construction 

projects are by-products of the process of steel-making and 

electric power production where coal is burnt. Slag types vary 

according to their chemical composition, specific weight, and 

porosity. This lack of uniformity does not exist only between slags 

from different sources, but even in the same furnace and among 

its different loadings. Hardness and durability tests have been 

performed on various Greek slags, in order to define the 

engineering properties and characterize the material for use in 

pavement construction. The results have been compared with 

outputs for conventional hard aggregates. Synthetic aggregates 

can be used improving the costs of road products, while yielding 

significant energy savings and having mild impacts on the 

environment.  
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I.  INTRODUCTION 

The sustainable or viable management of natural resources 
requires the decoupling of economic growth, use of resources 
and the waste production. Building up road pavement layers 
involve the use of large quantities of raw materials (cement,  
asphalt and aggregates), the production of which is associated 
to energy consumption and to the production of gas pollutants 
in substantial quantities. On the other hand, in developed and 
developing countries, the production of industrial waste or by-
products is essential. Recycling and re-use of these materials 
can decrease the environmental impacts from the excavation 
and treatment of raw material. The application of sustainable 
development and management of natural resources leads to an 
integrated study frame, taking into consideration -apart from 
the technical cost- the social and environmental cost. 

The use of alternative products -like scrap tires, reclaimed 
asphalt, fly ash, iron and steel slags, etc- as aggregates in road 
construction constitutes a research and application field in 
European Union (EU) and USA in the context of sustainable 
development. Especially slag products can be characterised as 
sustainable materials because they are easily recycled and 

could be reused in different applications. Valuable natural 
resources are saved when slags are selected as pavement 
aggregates while at the same time green house gases are 
reduced [1]. 

The main by-product of metallurgical industries is often 
defined with the general term “slag”. Different methods are 
employed to cool the slag for disposal or use (air, pelletized, 
foamed, or granulated). The most common metals for slag 
production are iron, steel, as well as nonferrous metals, like 
copper and nickel. Furnace steel slag is used in various 
construction sectors, like the production of cement-based 
materials (as mineral additive) the improvement of concrete 
mechanical properties [2, 3] the production of Portland cement 
[4], and the production of bricks [5]. Another application of 
steel slag is the removal of some hazardous substances such as 
ionic copper and ionic lead from waste water [6, 7]. It has 
been confirmed [8, 9] there is a strong influence of steel slag 
on mechanical properties and durability of concrete towards to 
the improvement of the compressive and split tensile strength, 
both being much higher than that with limestone. It was 
advocated [1, 10] that steel slag could be used as an aggregate 
for road construction. Reports refer the utilization of steel slag 
as aggregate in asphalt mixture [11, 12]. 

The metallurgic by-products, like first and second mineral 
treatment slags, are included in the list of dangerous waste 
(CMD 69728/824) and their management is determined by 
CMD 19396/1546 in harmonisation with the EC Directive 
91/689. Nevertheless, environmental specifications for slag 
use as aggregates in road construction are not determined by 
the legislation and their suitability is evaluated based on their 
engineering characteristics [13]. Slag suitability is examined 
according to ASTM D 5106-03 specification, which -beyond 
the engineering requirements- includes toxicity criteria based 
on Toxicity Characterization Leaching Procedure (TCLP) test. 
A research [14] on the slag exploitation possibilities in skid 
resistant pavements has been completed in 2005.  

The major objective of this research was to determine if it 
physically makes sense to use slag in pavement layers and to 
understand the environmental implications which include the 
reduction of virgin materials use, thus yielding cost and 
energy savings.  
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II. SLAG USE IN HIGHWAY CONSTRUCTION 

Steel slags, blast furnace slag, and bottom slag have 
already used in the past and are still being used in various 
degrees and under different conditions for the replacement of 
natural aggregates in highway construction projects either in 
asphalt pavements, concrete pavements, subbase and base 
courses or embankments. Some other uses are referred to ice 
control (steel slag, blast furnace slag), lightweight concrete 
(bottom slag) or abrasives. Aggregates from steel slag can 
retain heat and are appropriate for hot mix asphalt (HMA) 
construction. In pavement base courses, blast furnace slag is 
suggested as a hard and durable aggregate, while in 
embankments steel slag must be preferred. In concrete 
pavements steel slags present poor performance characteristics 
and bottom slag has not been investigated extensively. 
Research has indicated good performance of both blast 
furnace (base and friction layer) and steel slags. The high 
frictional and abrasion resistance features, of steel slag make it 
a perfect candidate for use in industrial roads, intersections 
and parking areas.  

Havanagi et al. [15] have investigated the suitability of 
waste materials (copper, zinc, and steel slags, as well as pond 
ash) as a replacement of fine aggregate in base and bituminous 
layers of road pavement, in terms of their physical, chemical 
and geotechnical properties. An effort has been made to 
ensure the stability of steel slag and to judge its feasibility as 
an aggregate to prepare stone mastic asphalt (SMA) mixtures, 
due to its porous structure [16, 17]. A comparison to mixtures 
with basalt aggregate employing X-ray diffraction (XRD), 
scanning electron microscopy (SEM), as well as mercury 
intrusion porosimetry (MIP) has shown a higher resistance of 
steel slag to permanent deformation at high temperature.  

The environmental benefits from the use of slag aggregates 
in road construction are: 

 A high level of skid resistance is maintained 
throughout the pavement‟s life due to the regeneration 
of the aggregates surface texture with use. 

 Steel slag aggregate eliminates the need for quarrying 
while in the same time avoids landfill of steelmaking 
slag; thus sustainability is obviously added to the 
environment. 

 Energy and natural resources savings are achieved 
through the recycling processes of steel by-products 
production 

 Acidic conditions are neutralized by slag making it 
advantageous against natural aggregates  

 The natural landscape remains untouched, since all 
excavations are avoided. 

 The need to transport aggregates from quarries located 
in long distances from the construction site, creates 
carbon emissions along with its high cost. These 
emissions are reduced when locally available slag is 
used and of course by the longer life of the pavement 
requiring less maintenance and replacement in the 
long-term. 

TABLE I.  MEAN ANNUAL SLAG PRODUCTION (T X 106) 

Producer 
Slag Type 

Furnace Bucket Filter 

SIDENOR S.A. 0.17 0.05 0.03 

Greek Steel Industry 0.016 0.025 0.036 

Thessaly Steel Industry 0.012 0.05 0.01 

“Chalivourgiki” Steel Industry 0.03 0.015 0.028 

 

Slag production in Greece is depicted in Table I. The steel 
industries are concentrated in Attica, Thessaloniki, and 
Magnesia Districts. The Greek slags are mainly used as 
alternative materials for the production of cement or highway 
construction are steel slags being disposed in various forms. 

III. LABORATORY EXAMINATION OF GREEK STEEL SLAGS 

It is recognized that steel slag is a material with high 
specific weight and it has a very good anti-skid resistance 
when used as an aggregate in pavement structures. [18] On the 
other hand, steel slag is chemically stable and shows excellent 
binding properties with bituminous materials [19]. As a whole, 
steel slag has very good mechanical characteristics. The 
addition of steel slag in asphalt mixtures enhances the 
performance characteristics of pavement [20]. The skid 
resistance expressed via the British Pendulum Number (BPN) 
coefficient fits with an excellent performance of the surface 
layer at in service temperatures [16]. The stability and rutting 
resistance of the hot mix asphalt is increased because of the 
specific value of steel slag and the interlocking properties 
arising from the angular shape of the material. 

Road construction is characterized by the use of large 
quantities of aggregate materials. The aggregates market plays 
an important role in Greece‟s economy, since it constitutes 
45% of total mineral mining (roughly 58 Mt annually). Their 
production supports the Greek economy, however the way of 
mining and production has important environmental impacts 
(gas pollutants, noise, dust, aesthetic nuisance).  

In Greece, slag has already been used in road construction 
works. The main sites of such a use are located on the Attica 
motorway, the Egnatia motorway (Northern Greece, West-
East) and on the Patras-Athens-Thessaloniki-Evzoni (PAThE) 
motorway, namely in sections of the Skotina-Katerini, Yliki-
Agios Konstantinos, Agios Theodoros-Almiros segments. 
Skid resistant surface layers (Type II) have been constructed 
on the Lamia-Karpenisi National Road and on local Thessaly 
highways like the Volos-Aghialos Provincial Road. 

Samples of Greek slags from the steel industries in Lavrio 
and Larymna (S1 and S2 respectively) have been tested in the 
laboratory. Hardness and durability tests had been performed 
in order to define the engineering properties and characterize 
the material for use in pavement construction. For comparison 
reasons, the same laboratory controls have been executed on 
68 different rock aggregates sampled in different regions all 
over Greece. The rock deposits consisted of basalts, gabbros, 
granites, sandstones, limestones, porphyries, quartzites, 
schists, and shingles. 
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TABLE II.  SLAG ENGINEERING CHARACTERISTICS 

Test Standard 
Slug Sample 

S1 S2  S3 S4 S5  S6 

Flakiness BS812:115.1-89 19.3 18.7 16.7 14.5 22 21.8 

PSV BS812:114-89 51 62 61 66 45 64 

Los Angeles ASTM C131-96 23 21 16 18 29 15 

Aggregate soundness ASTM C88-90 0.2 0.8 0.5 1.2 0.12 0.13 

Specific gravity ASTM C127-97 3.2 3.0 3.352 3.465 3.241 3.3 

        

TABLE III.  GREEK TECHNICAL GUIDELINES CONCERNING LIMIT VALUES FOR SURFACE LAYERS‟ HARD AGGREGATES LOS ANGELES, PSV, AND AAV 

Traffic Volume Low  Medium Heavy Very Heavy 

Daily volume per lane 500 501-3,000 3,001-8,000 >8,000 

max fragmentation percentage by Los Angeles test 30% 28% 26% 24% 

min PSV on site     

A-Dangerous 50 55 60 65 

B-Standard 45 50 55 60 

C-Easy  45   

Max AAV 14 12 10 8 

 

Slag samples have been tested for their resistance to 
abrasion (Los Angeles, ASTM C131-96), and Polished Stone 
Value (PSV, BS 812:114-89) values. The two tests aim the 
determination of the gradate aggregates to wear under the 
effect of friction and impact forces and the aggregates‟ 
behaviour under the polishing action of vehicle tires. The 
results of both tests on S1 and S2 samples along with the test 
outputs of other Greek slags by different researches S3, S4, S5 
[13] and S6 [14] are listed in Table II. The laboratory test 
results verify that the Greek slags conform to the Greek 
guides. According to Greek specifications [21], the maximum 
allowable Los Angeles value is taken as 40%, when the 
intended use of aggregates is in base or subbase layers. For 
surface layer aggregates, the maximum Los Angeles values 
along with those of PSV and AAV are shown in Table III. 

A comparison among the features of sixty eight natural 
hard aggregates determined in the laboratory and the slags 
tested has been made and is depicted graphically in Fig. 1 (Los 
Angeles values) and Fig. 2 (PSV values). 

Sixteen basalts, six gabbros, eight granites, six sandstones, 
two limestones, nine porphyries, ten quartzites, four schists, 
and six shingles distributed in the islander and land country 
were included in Los Angeles and Polished Stone Value tests. 
The variation of values is presented in figures 1 and 2 as the 
upper part of columns starting at the lower value and ending at 
the higher, e.g. the PSV value for basalts ranged between 45 
and 65.  

The results of the Los Angeles test showed that all slags 
presented adequate resistance to abrasion and friction. The Los 
Angeles coefficient was in all cases lower than the limit (30%) 

required by the Greek specifications. Sandstones and 
porphyries have shown the higher loss when the Los Angeles 
testing procedure was applied, while at the same time they 
have presented the higher variation in Los Angeles values, 
ranging from 16 to 41 and from 19 to 40, respectively. 

PSV values recorded for the slags tested in the present 
research program were 51 and 62 for S1 and S2, respectively, 
being lower than the limit values posed by the Greek 
specifications. Limestones presented very low PSV values, 
compared to other natural aggregates.   

Slags have been proved appropriate for road works and if 
successfully tested could be an alternative material to natural 
aggregates. However, the use of alternative, environment 
friendly materials as replacement of natural aggregates in road 
construction must satisfy objectives in the frame of 
environmental, technical and economic criteria as: 

 the natural and chemical properties of new materials 
have to be compatible with the environment (problems 
of toxicity or high solubility in water are not 
presented),  

 the materials‟ engineering attributes are compatible 
with the attributes of aggregates,  

 the quantity of materials is sufficient and the 
production rate constant (a by-product production rate 
in the order of at least 50,000 tons per year ensures a 
quantity for a wide scale technical application), and  

 the materials‟ treatment and transport cost to the 
construction site is economically acceptable. 
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Fig. 1. Los Angeles values for hard aggregates and slags. 

 

Fig. 2. Polished Stone Value for hard aggregates and slags (On lower and top parts of each bar the min and max PSV values, respectively, are denoted). 
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IV. CONCLUSIONS 

Problems connected to the environmentally sound waste 
disposal are continuously growing, while the issue of an 
efficient disposal is highly ranked or even remains in the first 
plane. In many regions all over the country, landfills have 
been saturated. People thinking that a new landfill generates 
health problems are opposing their establishment. An answer 
to the high cost and the restrictions to waste types being 
accepted by municipalities could be found to the community‟s 
ability to choose alternative uses for waste products nowadays 
remaining unexploited. For such a goal to be achieved, 
highway construction works must be considered, since they 
are a broad technical field. In this frame, the option of slag use 
as aggregate material is very promising. Of course, reliable 
laboratory controls, extensive on-site evaluations, practical 
utilization in different projects and comprehensive research 
there remains to be performed in the near future. 

A crucial factor for the successful use of a particular slag is 
the type of the material, which basically depends on the 
procedures followed in the metallurgy industry.  So, criteria 
are needed for the mechanical behaviour of waste materials, 
especially slag, in road pavement construction. For a complete 
design procedure, a proper quantification of samples it is also 
needed. 

Industrial by-products are a challenging way of saving 
energy and protecting the environment. The slags tested in the 
laboratory conform to Greek specifications and could be play 
a role in the construction of pavement layers. The comparison 
to conventional materials has proved that the benefits from the 
use of specific slags produced in Greece, particularly near 
roadway construction sites, will enhanced the technical, 
environmental, economic and social features of highway 
works. 
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