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Foreword

The construction sector is one of the most influential industries in terms of the envi-
ronment, with a strong impact on waste production and energy consumption, as well 
as great potential for using waste products. The global economic crisis and European 
zero waste politics in recent years have promoted a more comprehensive utilization of 
waste and industrial by-products such as fly ash, construction waste, and slag in the 
construction sector.

On the other hand, the construction sector also consumes large quantities of natural 
materials, which calls for solutions that can reduce the related adverse environmental 
impacts. In addition, the technologies for exploiting natural materials cause various 
negative effects, including visual blight on the environment, increased heavy traffic on 
roads that cannot handle them well, noise, dust, and vibration. Therefore, in addition 
to the introduction of new solutions that would rationalize the usage of natural mate-
rials, it is crucial to enforce the production of construction materials from waste, thus 
reducing the cost of building and the size of dumping sites. Such an approach has been 
the incentive for researchers to focus on finding new methods in civil engineering to 
produce environmentally friendly structures.

Reflecting this trend, the primary aim of this book is to present all the many pos-
sibilities of steel slag for use as a building material and evaluate its properties before 
it is effectively incorporated into the corpus of standard construction materials and 
approved for regular usage. We are witnesses to the fact that, in the history of human 
technologies, many materials were abandoned after their shortcomings or related 
health risks were discovered. This book makes a contribution based on scientific 
investigations and an open-minded interdisciplinary approach in order to inform read-
ers and motivate new investigations.

Steel slag, with its physical properties and controllable impact on the environment, 
has great potential to be included in the inventory of waste applied as construction 
material. This book has been prepared on the basis of scientific projects and the long-
standing experience of its coauthors in the evaluation of the profile of steel slag as a 
by-product. It relies on investigations of best practices for its application following the 
dynamics of its production and its distribution in the global market.

During the period between 2008 and 2011, the possibilities of utilizing steel slag as 
a concrete aggregate were researched within the project “E!4166—EUREKABUILD 
FIRECON; Fire-Resistant Concrete Made with Slag from the Steel Industry.” The 
properties of steel slag locally produced in Croatia were explored within the frame-
work of this project, as were the properties of fresh and hardened concrete containing 
steel slag aggregate, observed under regular environmental exposure and fire exposure 
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conditions. The Faculty of Civil Engineering in Zagreb coordinated the project, while 
the Faculty of Civil Engineering in Osijek and the Slovenian National Building and 
Civil Engineering Institute were partners. For the purposes of this project, coarse slag 
fractions were used as an aggregate for concrete production, and fine slag fractions 
proved to be a useful material that can be implemented in road construction. Extended 
research incorporated investigations into the properties of utilizing fine slag fractions 
in road construction. The entire corpus of the aforementioned project, as well as an 
abundant fund of photographs collected during research, has been provided in this 
book for the first time. The data presented form a core of knowledge regarding the 
utilization of slag that can be useful to civil engineers, as well as those with roles in 
waste management and environmental health.
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Introduction
  

Civil engineering is an activity that essentially relies on exploiting natural resources. 
However, the ever-growing demand for materials by the building industry cannot 
be fully met by natural resources or traditional materials. Hence, there is a need to 
develop potential alternative materials and innovative techniques to solve the increas-
ing demands of building construction. The response to this issue can be found in the 
reuse of waste materials. Furthermore, a large amount of waste results from the dem-
olition caused during construction, and all of this has to be managed or disposed of 
somehow. The building material industry here comes to the fore as a domain of inter-
est for reusing the waste material.

Even though waste materials are increasing today during the construction of new 
buildings and the rehabilitation of existing structures, civil engineering has left a very 
large ecological footprint throughout history. The influence is evident from the exam-
ple of a 1-km-long, four-lane highway made of concrete pavement. This road requires 
about 1620 tons of cement, 7800 tons of coarse aggregate, and about 3240 tons of 
sand. If the same road were made of asphalt, it would require about 3600 tons of 
coarse aggregate, 2400 tons of fine aggregate, 540 tons of sand, and 300 tons of bitu-
men [1]. During aggregate preparation and other paving work, 1200 tons of CO2 is 
produced, which is almost equal to the total CO2 emissions produced by 210 passen-
ger cars in a year [2]. Since the network of roads throughout the entire world is 15.99 
million km long (for comparison, the distance between the Moon and the Earth is only 
384,400 km), the implications of this statistic lead to alarming findings about the scale 
of the adverse environmental impact of road construction, as only one branch of civil 
engineering.

Water is the most consumed material in construction, but the runner-up is con-
crete. It is estimated that roughly 25 billion tons of concrete are manufactured glob-
ally each year, which amounts to more than 3.8 tons per person in the world [3]. It is 
mostly used in buildings, but it is also present in pavement. Besides the huge amount 
of used aggregate, due to the wide use of these materials, the cement and concrete 
industries are the biggest CO2 producers, with cement production contributing about 
5% of annual anthropogenic global CO2 production [4]. Therefore, in recent years, 
researchers have focused on finding new methods of design, construction, and main-
tenance with the purpose of producing environmentally friendly buildings. Most of 
these studies are based on the use of waste materials, which solves the problem of 
waste disposal but also contributes to the savings and preservation of natural, nonre-
newable materials. Therefore, the civil engineering community, aware of this negative 
trend, is turning to exploring the ecological principles of building, primarily through 
using lesser amounts of natural, nonrenewable resources. At the same time, we must 
face the pressing problem of disposing of the increasing amount of various wastes.

1
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1.1   Legal framework for waste management

Today, waste is one of the key problems faced by the world in general, and civil 
engineering has been trying to address this issue by following the principles of sus-
tainable development. As materials from natural resources are usually either already 
present on a construction site or are brought there from a nearby site, most of the 
standards for civil engineering materials are based on the assumption that natural 
materials are being used on a building project. In order to ensure the transfer of 
knowledge about waste materials obtained in research to practice in real life, a legal 
framework is needed.

One of the first legal documents pertaining to environmental preservation was 
the Basel Convention on the Control of Transboundary Movements of Hazardous 
Wastes and Their Disposal, passed in 1989. Another very important international 
document was the Kyoto Protocol, which was adopted in Kyoto, Japan, in 1997 
and came into force in 2005. This document is a supplement to the already exist-
ing United Nations Framework Convention on Climate Change, and it was signed 
with the aim of reducing greenhouse gas emissions. The states that have ratified 
it create 61% of the world’s pollutants. Today, all European Union (EU) member 
states must adapt their laws to the current Waste Framework Directive (WFD), 
which provides a legislative framework for the collection, transport, recovery, and 
disposal of waste and includes a common definition of waste [5]. The revised WFD 
came into force in 2008, and its requirements are supplemented by other directives 
for specific waste streams. The directive also requires EU member states to take 
appropriate measures to encourage (i) the prevention or reduction of waste produc-
tion and (ii) the recovery of waste by means of recycling, reuse, reclamation, or any 
other process, with a view to extracting secondary raw materials or using the waste 
as an energy source. Prior to this document, there was no definition of the term 
by-product in legislation in any European country. This document clearly defines 
“by-product as a substance or object, resulting from a production process, the pri-
mary aim of which is not the production of that item”. By-products, therefore, are 
production residue, not waste. Material can be considered as by-product if it meets 
all of the following criteria [6]:

 •  Further use of the substance or object is certain.
 •  The substance or object can be used directly, without any further processing other than nor-

mal industrial practice.
 •  The substance or object is produced as an integral part of a production process.
 •  Further use is lawful; i.e., the substance or object fulfils all relevant product, environmental, 

and health protection requirements for the specific use in question and will not lead to over-
all adverse environmental or human health impacts.

According to the directive, waste is defined as “any substance or object which the 
holder discards or intends or is required to discard”. Despite this given definition, 
many publications still use the term waste to refer to alternative materials that can be 
used in building rather than materials from natural resources.
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1.2   Alternative materials in civil engineering

In civil engineering, the term alternative materials usually refers to solid wastes gen-
erated by industrial, mining, domestic, and agricultural activity. The type and nature 
of solid wastes and their recycling, as well as their utilisation potential in civil engi-
neering, are listed in Table 1.1.

When solid waste is used in place of other conventional materials, natural resources 
and energy are preserved and expensive and potentially harmful waste disposal meth-
ods are avoided. Other advantages of using waste include reduced energy consumption 
using already existing materials, reduced pollution and global warming, and reduced 
waste in landfills. However, using waste materials is not always cost effective, because 
setting up new recycling units can be a high upfront cost.

Table 1.1 Types and nature of solid wastes and their recycling  
and utilisation potential [7–9]

Type of solid 
waste Source details

Recycling and utilisation in 
building applications

Agro waste 
(organic)

Baggage, rice and wheat straw 
and husk, cotton stalks, saw 
mill waste, ground nut shells, 
banana stalks, and jute, sisal, 
and vegetable residue

Particleboard, insulation boards, 
wall panels, printing paper and 
corrugating media, roofing sheets, 
fuel, binders, fibrous building 
panels, bricks, acid-proof cement, 
coir fibre, reinforced composite, 
polymer composites, cement 
board

Industrial 
waste 
(inorganic)

Coal combustion residue, slag, 
bauxite red mud, waste glass, 
rubber tires, construction 
debris

Cement, bricks, blocks, tiles, paint, 
aggregate, cement, concrete, wood 
substitute products, ceramic  
products, subbase pavement 
materials

Mining/mineral 
waste

Coal washery waste, mining  
overburden waste, quarry 
dust, tailing from the iron, 
copper, zinc, gold, aluminium 
industries

Bricks, tiles, aggregates, concrete, 
surface finishing materials, fuel

Nonhazardous 
other process 
waste

Waste gypsum, lime sludge,  
limestone waste, marble  
processing residue, broken 
glass and ceramics, kiln dust

Gypsum plaster, fibrous gypsum 
board, bricks, blocks, cement 
clinkers, supersulphate cement, 
hydraulic binders

Hazardous 
waste

Metallurgical residue, galvanising 
waste, tannery waste

Cement, bricks, tiles, ceramics, and 
boards
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1.3   Slag as an alternative building material

Slag is a broad term covering all nonmetallic coproducts resulting from the separation 
of a metal from its ore. Its chemistry and morphology depend on the metal being pro-
duced and the solidification process used [10]. Slag, as a material, is as old as the melt-
ing process in which it is produced. The various metal melting processes, the types and 
properties of slag generated (depending on the melting process), and the history of slag 
utilisation are described in the following sections.

1.3.1   Metal melting processes

The first melting process consisted of heating crushed ore and coal in a clay furnace, 
whose temperature was increased by blowing air through a clay pipe [11]. In this 
process, carbon separated the metal from its oxide and carbonate and evaporated in 
the form of CO2, and eventually slag and pure metals (e.g., copper) precipitated at 
the bottom of the furnace due to the higher density of those materials. After process-
ing, metal was poured into molds made of stone or fired clay. In time, these furnaces 
become more complex.

While the earliest records of metal melting in West Asia date back to 5500–5000 
BC, iron was not melted before 2000 BC [11]. In ancient times, only the Chinese were 
producing cast iron (and thus slag), since they were able to achieve the required tem-
perature for melting the iron by constructing a high-quality blast furnace from refrac-
tory clay. However, significant advances in the technology of casting iron occurred in 
the 18th century, when Quaker ironmaster Abraham Darby constructed blast furnace 
coal as a fuel [11].

A blast furnace is a huge, steel stack lined with refractory brick, where iron ore, 
coke, and limestone are dumped into the top, and preheated air is blown into the 
bottom. The first blast furnaces were built in the 14th century and produced 1 ton 
of iron per day, and even though equipment improved and higher production rates 
could be achieved (up to 13,000 tons of iron per day), the processes inside the 
blast furnace remained the same [12]. The first true blast furnace (i.e., a furnace 
with the ability to produce fluid crude iron) included all devices exceeding 12 feet 
(3.7 m) in height [13].

The actual geographical origin of the blast furnace is unclear. A cast-iron faun 
figurine was found in the Athens art trade in 1907, as well as a vase with a picture of 
a blast furnace. The ancient Mumbwa tribe of Africa consistently produced cast iron 
with a bone and quartz flux. Large cast-iron ingots of the Roman period have been 
found in France. However, there is a consensus that only in ancient China and early 
modern Europe did the primeval cast-iron-producing furnace become popularly used.

The work principle and purpose of a blast furnace [i.e., to chemically reduce and 
physically convert iron oxides into liquid iron (“hot metal”)] are the same even today. 
Charges are heated and dried by hot gases that rise from below as they fall into a fiery 
bed of glowing coals at the bosh (about the midpoint of the furnace, where chemical 
reactions begin). Meanwhile, a blast of cold air is forced into the bosh from below, 
furnishing oxygen to intensify the heat and help keep the materials from falling to the 
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bottom of the furnace [14]. At high temperatures, iron ore transforms into iron and 
carbon dioxide or carbon monoxide with melted iron, as heavy, molten fluid sinks 
to the crucible or bottom of the furnace. Meanwhile, limestone becomes a fluxing 
material, uniting with other impurities in the ore to form a molten waste fluid that 
sinks into the crucible. Liquid slag then trickles through the coke bed to the bottom of 
the furnace, where it floats on top of the liquid iron since it is less dense. The texture 
and color of slag indicate which ore is used. Dark gray slag indicates a high grade of 
ore, green or black indicates a protoxide ore, brown comes from magnetic ore, dirty 
yellow or red comes from peroxide ore, and turquoise blue is seen when manganese 
is in the ore [14].

Besides slag, hot, dirty gases exit the top of the blast furnace and proceed through 
gas cleaning equipment. Particulate matter is removed from the gas, the gas is cooled, 
and due to its considerable energy, it is burned as a fuel in hot blast stoves, which are 
used to preheat the air entering the blast furnace. Any gas not burned in the stoves is 
sent to the boiler house and is used to generate steam, which turns a turbo blower that 
generates compressed air (known as cold blast) that comes to the stoves [12].

Steelmaking has played a crucial role in the development of modern technolog-
ical societies. Iron is a hard, brittle material that is difficult to work with, whereas 
steel is relatively easily formed and versatile. The mass production of steel started 
with the invention of the Bessemer converter in the late 1850s. The key principle in 
use in that device was the removal of impurities from the iron by oxidation, with air 
being blown through molten iron. At the time, the Thomas converter was in use too. 
The difference between the two types of converters was the main source of heat; in 
the Bessemer converter, it is silicon, while in the Thomas converter, it is phospho-
rus, whose content in pig iron may be as high as 2%. A more refined version of the  
Bessemer converter, where the blowing of air was replaced with blowing oxygen 
was commercialized in 1952–1953. The process that takes place in such a furnace is 
known as the Linz-Donawitz process or basic oxygen process, and this refined these 
furnaces into basic oxygen furnaces (BOFs).

Open-hearth furnaces were first developed by the German engineer Carl Wilhelm 
Siemens. In 1865, the French engineer Pierre-Émile Martin took out a license from 
Siemens and first applied his regenerative furnace for making steel. Their process was 
known as the Siemens-Martin process, and the furnace was known as an open-hearth 
or Siemens-Martin (SM) furnace. The open-hearth furnace is charged with light scrap, 
such as sheet metal, shredded vehicles, or waste metal, and heated using burning gas. 
Once it has melted, heavy scrap, such as building, construction, or steel milling scrap, 
is added, together with pig iron from blast furnaces. Once all the steel has melted, 
slag-forming agents such as limestone are added. The oxygen in iron oxide and other 
impurities decarburize the pig iron by burning excess carbon away, forming steel. 
To increase the oxygen content of the heat, iron ore can be added. Most open-hearth 
furnaces were closed by the early 1990s, to be replaced by the BOF or electric arc 
furnace (EAF).

These days, steel is widely produced by using electric power in EAFs. Compar-
ing to blast furnaces, the history of EAFs is quite short. The EAF applied in steel-
making was invented in 1889 by the French scientist Paul Héroult utilising electric 
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energy, which was relatively cheap at that time [15]. The first-generation furnaces had 
a capacity of between 1 and 15 t. Its main advantage over other steelmaking devices 
(such as Bessemer converters and open-hearth furnaces) was the possibility of produc-
ing special steels requiring high temperatures, ferroalloy melting, and long refining 
times. Today, EAF produces 29% of the crude steel produced worldwide, while China, 
the United States, and India are the world leaders in EAF production [15].

The only obstacle encountered when producing certain specific steel grades in EAFs 
is the contamination of scrap with copper, nickel, chrome, and other residual contami-
nants, which cannot be removed in the course of processing the finished steel. Permis-
sible content of these contaminants is strictly limited in high-quality steel grades [16]. 
The EAF operating cycle is comprised of six operations (furnace charging, melting, 
refining, deslagging, tapping, and furnace turnaround) and today’s modern operations 
aim for a tap-to-tap time of less than 60 min [17]. With furnace charging, it is import-
ant to select which grade of steel to make to ensure proper melt-in chemistry and 
melting conditions. The melting period, at a heart of EAF operations, is accomplished 
by supplying electrical or chemical energy to the furnace interior. Electrical energy 
is supplied via graphite electrodes and is usually the largest contributor in melting 
operations, while chemical energy is supplied via several sources, including oxy-fuel 
burners and oxygen lances. During this phase, dust is formed that contains mainly 
iron oxides, CaO, and ZnO [15]. This dust is typically collected to bag filters where it 
can be recycled in the EAF itself, reducing total dust generation per year and per ton 
of produced steel. The Zn content is increasing cycle by cycle, and the dust removed 
from the circuit has 20% ZnO or more, making it more attractive to zinc producers. 
Refining operations involve the removal of not only phosphorus, sulphur, aluminium, 
silicon, manganese, and carbon from the steel, but also dissolved gases, especially 
hydrogen and nitrogen [17]. In deslagging operations, impurities are removed from 
the furnace with the furnace tilted backward and slag pours out through the slag door. 
When the desired steel composition and temperature in the furnace are achieved, the 
tapping process begins, during which bulk alloy additions are made based on the bath 
analysis and the desired steel grade. Finally, during the last phase of the EAF process, 
furnace turnaround is conducted, which is the period following the tapping until the 
furnace is recharged for the next heating.

1.3.2   Slag types

Slag, the product generated by the purification, casting, and alloying of metals, is 
also classified as a by-product. Namely, the metal ores (such as iron, copper, lead, 
and aluminium) in nature are found in an impure state, often oxidized and mixed 
with other metal silicates. During ore melting, when ore is exposed to high tempera-
tures, such impurities are separated from the molten metal and can be removed. The 
collected and removed compounds consist of slag. With once-purified metal, during 
further processing (casting, alloying), substances are added to melt and enrich it, 
with reformed slag as a by-product. Therefore, slag mainly consists of ore impuri-
ties (mainly silicon and aluminium) combined with calcium and magnesium from 
various supplements.
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Except as a mechanism for removing impurities, during the melting of metals, slag 
can aid in temperature control during the smelting process and as a reduction method 
of reoxidation of finished liquid metal before casting. Specifically, the molten metal 
begins to oxidize and a slag layer forms a protective crust of oxides on the surface, 
protecting it from further oxidation.

The type of slag formed depends on the type of metal (ferrous or nonferrous) that 
are processed. Melting processes produce different types of slag, as shown in Figure 1.1.  
The melting nonferrous metals, iron and silicon, are separated to form a silicon-based 
slag. The resulting slag contains a high proportion of steel. In contrast, the melting of 
ferrous metals results in a completely nonmetallic slag because all the steel is used up 
in the melting process. Such slag mainly contains oxides of calcium, magnesium, and 
aluminium.

Depending on the cooling and solidification method of the molten masses (those 
from the processing of ferrous and nonferrous metals), there are a few basic types of 
slag, shown in Figure 1.2.

Crystalline slag is obtained by casting in a trench and cooling to ambient condi-
tions. Upon mass solidification, cooling can be accelerated by sprays of water, which 
results in the formation of cracks within the mass and thus facilitates subsequent 
crushing. This product is mainly crystalline (as indicated by the name), with a cellular 
or vesicular structure as a result of gas bubbles that formed in the molten mass [18].

Granulated slag is formed by quickly quenching (chilling) molten slag with 
water or air to produce a glassy state, with little or no crystallisation. After the 
granulated blast-furnace slag is formed, it must be dewatered, dried, and ground up 

Figure 1.1 Types of slag, according to the melted metal type

Figure 1.2 Types of slag, according to the cooling method
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before it is used as a cementitious material. Magnets are often used before and after 
grinding to remove residual metallic iron [19]. As a result of this process, sand-
size grains and often friable material like clinker are formed. The physical struc-
ture and gradation of the resulting slag depends on the chemical composition and 
temperature of the molten mass during cooling. Sand-size grains resembling dense 
glass are produced, and they contain oxides that are found in Portland cement, 
with a significant difference in the proportion of calcium and silicon. Like Portland 
cement, it has excellent hydraulic properties and, with a suitable activator (such 
as calcium hydroxide), it will set in a similar manner [18]. The rate of reaction 
increases with the fineness. Typically, this slag is ground to an air-permeability 
(Blaine) fineness exceeding that of Portland cement to obtain increased activity at 
early ages [19].

Expanded or foamed slag results from the treatment of molten slag with controlled 
quantities of water, air, or foam. Variations in the amount of coolant and the cooling 
rate will result in variations in the properties of the cooled mass. However, in general, 
this is a product of a more cellular and vesicular nature than air-cooled slag, and thus 
is much lighter in weight. Due to the variation in properties, the research literature 
often cites pelletized slag as a subtype of expanded slag. This slag is generated by 
a cooling method that involves cooling the molten mass using a limited amount of 
water, followed by chilling slag droplets thrown through the air by a rapidly revolv-
ing finned drum. Depending on the cooling process, the resulting slag particles may 
be angular and roughly cubical in shape, and thus more appropriate as aggregate, or 
they may be spherical and smooth, and therefore more suitable for use as a cement 
additive [18].

Use of a pelletizer, also referred to as air granulation, involves molten slag pass-
ing over a vibrating feed plate, where it is expanded and cooled by water sprays. It 
then passes onto a rotating, finned drum, which throws it into the air, where it rapidly 
solidifies into spherical pellets. This slag may also have a high glass content and can 
be used either as a cementitious material or, for larger particle sizes, as a lightweight 
aggregate [19].

The most common nonferrous slag are those originated in the processing of copper, 
nickel, phosphorus, lead, and zinc. The origin of copper and nickel slag can be seen as 
the result of a multistep process, as shown in Figure 1.3, and lead and zinc slags are 
formed in a very similar way. After initial processing (grinding), minerals are exposed 
to temperatures below their melting point. This process, called roasting, converts sul-
phur to sulphur dioxide. Then, reduction of the metal ion via the process of smelting 

Nonferrous
metal ore

Roasting where
necessary

(sulphide ores)

Material flow
Optional flow Disposal Use

Smelter slag

Smelting furnace Secondary furnaceMill and concentrate

Figure 1.3 Production process of copper, nickel, lead, lead-zinc, and zinc slag
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is accomplished with the roasted product dissolved in siliceous flux. This melt is then 
desulfurized with lime flux, iron ore, or basic slag during the process of conversion, 
and then oxygen is lanced to remove other impurities.

Lead, lead-zinc, and zinc slag are formed during pyrometallurgical treatment of 
the sulphide ores. This process is similar to the production of copper and nickel slag, 
including roasting, smelting, and conversion.

Phosphorous slag is a by-product of the elemental phosphorus refining process 
(Figure 1.4). Elemental phosphorus in the EAF is added to flux materials to separate 
it from the phosphate-bearing rock. The flux additives, whose role during this process 
is the removal of impurities, are mainly silica and carbon. In addition to silica and 
carbon, iron can be added in the furnace, which combines with phosphorus to form 
ferrophosphorus. By the removal of ferrophosphorus (or only phosphorus, if iron is 
not added), slag is also created.

The amount of nonferrous slag produced in these processes is not as great as 
ferrous slag. Therefore, researchers have tended to focus their investigations on the 
larger-volume waste materials. The very few studies that have focused on the basic 
properties of nonferrous slag and its possible applications in civil engineering are 
given in Tables 1.2 and 1.3.

Ferrous slag refers to slag generated during the production and casting of iron and 
steel, as shown in Figure 1.5.

The American Society for Testing and Materials (ASTM) defined blast furnace 
slag as “non-metallic product consisting essentially of silicates and alumina-silicates 
of calcium and other bases that is ‘developed’ in a molten condition simultaneously 
with iron in a blast furnace” [18]. Such slag consists primarily of impurities of iron ore 
(mainly silica and alumina) combined with calcium and magnesium oxides from the 
flux stone. The chemical composition of slag depends on the composition of iron ore, 
fuel, flux stones, and ratios required for efficient furnace operation.

Steel slag, a by-product of steel production, is generated during the separation of 
molten steel from impurities in steel production furnaces. Impurities consist of carbon 
monoxide and silica, manganese, phosphorus, and some iron in a form of liquid oxide. 
Combined with lime and dolomite-lime, these impurities create steel slag. Since there 
are three different procedures in steel production, depending on the type of furnace, 

Coke Silica

Phosphorus ore Electric arc furnace

Calcium silicate slag

Disposal Use

Ferrophosphorus
product

Figure 1.4 Production process of phosphorus slag
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Table 1.2 Physical properties of various nonferrous slag [20]

Property Nickel slag Copper slag
Phosphorus  
slag

Lead, lead-
zinc, and 
zinc slag

Appearance Reddish-brown 
to brown-black

Black Black to dark 
gray

Black to red

Texture Massive, angular, 
amorphous 
texture

Glassy; more 
vesicular when  
granulated

Air-cooled 
is flat and 
elongated; 
granulated 
is uniform, 
angular

Glassy, sharp 
angular 
(cubical) 
particles

Unit weight  
(kg/m3)

3,500 2,800–3,800 Air-cooled: 
1,360–1,440

Expanded: 
880–100

< 2,500–3,600

Absorption (%) 0.37 0.13 1.0–1.5 5.0

Table 1.3 Uses of slags in civil engineering [20–22]

Type of slag Use in civil engineering

Copper slag Aggregate in hot mix asphalt and concrete
Phosphorus slag Road base and subbase
Zinc, lead-zinc, and lead slag Aggregate in hot mix asphalt and cement concrete
Tin slag Aggregate in asphalt layers and unbound granular 

base layers, mineral wool production

Coke

Iron scrap
Iron ore

Iron blast
furnace

Exhaust gas to emission
control system Processing and reuse

Disposal
Exhaust gas

Steel slag
Steel

Steel furnace
Iron

Blast furnace slag

(limestone or dolomite)
Fluxing agent

Figure 1.5 Production process of blast furnace and steel slag
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these slags are often referred to by the type of furnace that produced them (Figure 1.6). 
Steelmaking slag is usually air-cooled.

For steel production, usually one of two processes (furnaces) is used today: BOF or 
EAF. The BOF process uses 25%–35% old steel (scrap), while the EAF process uses 
virtually 100% old steel to make new steel. Today in the United States, BOF makes up 
approximately 40% and EAF makes up about 60% of steelmaking [23].

1.3.3   History of slag utilisation

The British Isles recorded instances of iron processing at the time of the Celts in 700 
BC [24], while Aristotle in 350 BC wrote about the use of slag as a drug [25]. The 
use of slag from iron production was recorded in 1589 by the Germans for making 
cannon balls [26], and the first use of slag in construction was written about in the 
context of road base construction during the Roman Empire. The first modern roads 
with slag were built in England in 1813. By 1880, blocks cast from slag were used for  
paving streets in Europe and the United States. Since slag was commonly used as ship 
ballast in that era, it is likely that the Mayflower, the ship that transported the Pilgrims 
from Plymouth, England, to the American colonies in the New World, carried a load 
of this useful material.

When German businessman Emil Langen discovered the latent hydraulic prop-
erties of ground granulated blast furnace slag in 1862, it began to be used widely 
as a cement additive [27]. About half a century later, in 1909, the first official stan-
dard permitting slag to be used in the production of cement was issued in Germany, 
legally codifying the application of blast furnace slag in cement [28]. Another mile-
stone in the application of slag occurred in 1880, when the application of steel slag 
as a soil improver was confirmed [27]. Also, historical documents from the 18th 
century refer to the application of slag in masonry around Europe [26], while other 
data state that slag cement was used in 1930 during the construction of the Empire 
State Building [29].

Although slag proved its versatility well before the 20th century, for a long time 
it was used exclusively as track ballast for railroads in the United States. With the 
increased production, the need to find new areas of application also grew. One of the 
first areas of slag application in modern times was in the construction of military roads 
during World War I. Specifically, political circumstances throughout the world during 

Figure 1.6 Steel slag, produced depending on the steelmaking process
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the 20th century, as well as the rapid development of technology, created a favourable 
environment for even greater use of this material. Since then, the application of slag 
has been found useful in many areas, and the remaining chapters of this book pres-
ent an overview of its possible uses in civil engineering, including building and road 
construction.

1.4   Concluding remarks

A major promoter of slag as a material of great potential and broad application pos-
sibilities in Europe has been made by EUROSLAG, the association of organisations 
and companies concerned with all aspects of the manufacture and utilisation of slag 
products. On its website (http://www.euroslag.com/), the organisation regularly pub-
lishes statistics on production quantities of slag in Europe, as well as areas in which 
it is used. Given that iron and steel comprise up to 88% of the metals processed in the 
world [10], this organisation emphasises ferrous slag (and particularly, its disposal) as 
major problems. Thus, according to the latest EUROSLAG report [30] for 2012, 23 
million tons of blast furnace slag and 21.4 million tons of steel slag were produced; at 
the same time, the quantity of reused slag was even greater than the amount that was 
produced. More details on the production and various applications of different types 
of slag are presented in Chapters 4 and 5 of this book. The same report states that 
blast furnace slag has found its full application, while some share of steel slag remains 
unused and ends in dumping sites. For that reason, this type of slag became the subject 
of extensive research by the authors of this book.
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Ferrous slag: characteristics  
and properties
  

The term ferrous slag describes slag that is generated during iron and steel production 
and casting. Depending on the iron and steel production process, various slag types 
can be created, generally known as blast furnace slag and steel slag. Blast furnace slag 
is made during the melting and reduction of iron ore in a blast furnace, while steel slag 
is produced during the conversion of hot metal to crude steel or during the melting of 
scrap in various kinds of furnaces.

Given that the processing of iron and steel makes up to 95% of the total metal 
processing industry [1], the main waste disposal problem in the industry involves fer-
rous slag. The characteristics and properties of certain types of ferrous slag, which is 
important when considering civil engineering applications, are given next.

2.1   Blast furnace slag characteristics

Iron is produced in blast furnaces by the reduction of iron-bearing materials with hot 
gas. The large, refractory-lined furnace is charged through its top with iron in the 
form of ore, pellets, sinter, or a combination; flux as limestone, dolomite, and sinter; 
and coke as fuel. Iron oxides, coke, and fluxes react with the blast air to form molten 
reduced iron, carbon monoxide, and slag. In the furnace, raw iron is decomposed into 
molten iron and molten slag when it is melted at a temperature of 1500°C–1600°C. 
Molten iron is collected at the bottom of the furnace (hearth), while slag floats on the 
pool of iron.

Around 65% of the world’s steel production relies on blast furnaces [2], and blast 
furnace slag is created in large quantities as a by-product. The American Society for 
Testing and Materials (ASTM) defines blast furnace slag as a “nonmetallic product, 
consisting essentially of silicates and aluminosilicates of calcium and other elements 
that are formed in solution along with iron in the blast furnace” [3]. Such slag consists 
primarily of impurities of iron ores (mainly silicon and aluminium) combined with 
calcium and magnesium oxides of flux.

2.1.1   Physical-mechanical and chemical properties of blast 
furnace slag

The technical properties of blast furnace slag used in civil engineering depend on 
its chemical and physical properties. The chemical composition of slag depends on 
the composition of iron ore, fuel, and flux, as well as the ratios required for efficient 

2
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operation of the furnace. Furnaces must be charged with uniform feedstock to produce 
iron that is uniform in quality. This process also results in uniformity (within very nar-
row limits) for slag composition and chemical composition. Therefore, it can be said 
that 95% of blast furnace slag is composed of four main oxides: calcium, magnesium, 
silicon, and aluminium [3,4].

When melted at 1500°C–1600°C, blast furnace slag has about 30%–40% SiO2 and 
about 40% CaO, which is close in composition to Portland cement [5], the most widely 
used binder in civil engineering. Consequently, the reactions of activated blast furnace 
slag are analogous to those of Portland cement. Besides the oxides, blast furnace slag 
contains sulphur (originating from the coke), iron, manganese, and other trace ele-
ments. Table 2.1 presents the typical chemical composition of blast furnace slag.

Depending on the cooling method used for melted slag, different mineralogical 
compositions are created. Figure 2.1 presents the typical minerals of air-cooled blast 
furnace slag.

Table 2.1 Major chemical constituents in blast 
furnace slag [3,6]

Constituent Wt %

Lime (CaO) 32–45
Magnesia (MgO) 5–15
Silica (SiO2) 32–42
Alumina (Al2O3) 7–16
Sulphur (S) 1–2
Iron oxide (Fe2O3) 0.1–1.5
Manganese oxide (MnO) 0.2–1
Iron (II) oxide (FeO) ≤ 1
Chromium (III) oxide (Cr2O3) ≤ 1

Akermanite (2CaO∙MgO∙2SiO2)

Gehlenite (2CaO∙Al2O3∙SiO2)

Anorthite (CaO∙Al2O3∙2SiO2)

Wollastonite (CaO∙SiO2)

Dicalcium silicate (2CaO∙SiO2)

Merwinite (3CaO∙MgO∙2SiO2)

Monticellite (CaO∙MgO∙SiO2)

Melilite (Ca2MgSi2O7 – Ca2Al2SiO7)

Figure 2.1 Minerals of air-cooled blast furnace slag [3]
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Slag that is cooled rapidly after emerging from the furnace tends to form a glassy, 
noncrystalline structure, while slower cooling leads to crystallisation of a number of 
minerals, depending upon the relative proportion of major oxides in the slag [3]. Gen-
erally, melilite (Ca2MgSi2O7−Ca2Al2SiO7) and merwinite (3CaO·MgO·2SiO2) are the 
most common minerals presented in blast furnace slag, and most slags contain no 
more than four minerals depending on their chemical composition [3].

In addition to the influence of raw materials on the physical-mechanical and 
chemical properties of slag, maintenance of blast furnace slag is a significant issue. 
To protect the inside of the furnace against premature erosion and wear (especially 
below the taphole or at the corners of the hearth), titanium dioxide (TiO2) is used 
[2]. The addition of TiO2 to the burden has negative physical effects, such as higher 
porosity, higher residual moisture, darker colour, and lower reactivity, with a lower 
compressive strength of slag cement [7]. When the content of TiO2 in slag exceeds 
25%, it becomes ropy and foamy [8]. The presence of titanium oxide, as with titanium 
carbide and titanium nitride, induces changes in slag surface characteristics (surface 
tension and viscosity), which are favourable for stabilising foam in expanded or 
foamed blast furnace slag. However, large quantities of gas are produced, which is 
unfavourable, so titanium oxide can be reduced by operating with a low tempera-
ture and high oxygen potential in the blast furnace or with the generation of carbon 
monoxide.

Like any other slag, blast furnace slag may be crystalline, granular, or expanded, 
depending on how it was cooled. Over 90% of blast furnace slag is air cooled [3]. This 
method is very simple, but also time consuming; liquid slag is poured into beds and 
slowly cooled under ambient conditions. Under these conditions, a crystalline struc-
ture forms, which is then crushed and screened. Crushed air-cooled slag is sharp and 
cubical and has a surface texture ranging from rough and porous to glassy. Depending 
on the process of steel production, there are variations in the physical properties of 
slag. Generally, the density of air-cooled slag is greater than the density of the granu-
lar or foamy slag, but more specifically, the properties will depend on the metal being 
processed and details of the cooling process. This slag also has high hardness (5–6 on 
the Mohs scale) and lower thermal conductivity than ordinary aggregate. Due to its 
physical properties, this slag is commonly used as an aggregate in asphalt in concrete 
mixtures. As an aggregate, it is characterised by high resistance to freeze/thaw cycles 
and high resistance to abrasion. Added to concrete as a cement additive, this slag will 
increase the workability time of fresh concrete mixture. In addition to being used 
as an aggregate in concrete and asphalt or as a cement additive, this slag is used for 
constructing road substructure, as infill material, as railbed material, and as a filter in 
sewerage systems and their covering material and drainage layers [9]. The high stabil-
ity of air-cooled slag aggregate and its ability to lock up in granular base applications 
make it a valuable material for construction over soft ground.

As already stated, the air-cooling method is time consuming, so accelerated cooling 
is undertaken by introducing controlled quantities of water, air, or steam. This cooling 
method results in expanded or foamed blast furnace slag. It is a sharp, cubical, and 
coarse-textured material (which is coarser than air-cooled slag). Its density is about 
70% of the density of air-cooled slag [9]. Because it has lower density, it also has 
greater porosity. The main characteristic of this slag is its foamy structure, which 
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is created by two main factors [8]: (i) the speed of gas production in slag during its 
cooling, and (ii) whether slag performance is available for gas to discharge. Also, slag 
surface characteristics, especially surface tension and surface viscosity, affect the pro-
cess of foaming. Foam generation is directly affected by slag surface tension, while 
foam stabilisation is affected by slag surface viscosity.

Expanded blast furnace slag can be used as a lightweight aggregate in concrete, 
concrete blocks, and precast units. Nearly 90% of the resulting expanded slag is used 
in concrete as lightweight aggregate; compared with other aggregates, it provides the 
concrete with better thermal insulation and fire resistance [3]. It is also used as a 
cement additive, material for drainage, and as lightweight filling [9].

If a rolling or spinning drum is introduced into the blast furnace cooling process, 
with water and air as cooling agents, pelletised blast furnace slag is produced. Pellets 
can be more vitrified when rapid quenching is used, or more crystalline with slower 
quenching [10]. Pelletised blast furnace slag has a smooth texture, sealed surface,  
and rounded shape, unlike air-cooled or expanded blast furnace slag [9,10]. These  
physical properties result in the slag having lower porosity and water absorption than 
air-cooled and expanded slag, as well as improved workability and a lower cement 
requirement when used as an aggregate in concrete. It also has a greater bulk density 
than expanded slag. Its vitreous state results in relatively lower thermal conductivity 
than that of ordinary lightweight aggregate.

The production process defines the characteristics and potential uses of pelletised 
blast furnace slag. Crystalline pellets are used as a lightweight aggregate, in light-
weight concrete blocks or structural concrete, or for cement production. Usage for 
basement insulation purposes has also been described [10].

When uncontrolled quantities of cooling agent are used, granulated blast furnace 
slag is produced. This is a glassy, granular material that is formed when molten blast 
furnace slag is rapidly chilled, such as by immersion in water as the slag exits the blast 
furnace. Modern technologies have provided a more efficient technique, which uses 
high-pressure water jets that impinge on the stream of molten slag at a water-slag ratio 
of about 10:1 by mass [11]. This rapid cooling method minimises mineral crystallisa-
tion, resulting in fine, sand-sized particles composed mainly of glass.

After cooling, this slag is crushed, graded, or ground depending on the desired 
application. The grinding properties of the slag depend on its origin and chemical 
composition, which yield different levels of grindability and wear rates for the equip-
ment used [12]. Namely, during the production of blast furnace slag, some metallic 
iron is entrapped in it (so-called pig iron), resulting in high grinding-element wear. 
Because of the abrasive properties, grinding parts of the rollers used for blast furnace 
slag grinding have to be hardfaced.

Dried and ground glass in this type of slag are latently hydraulic, which means 
that they do not need lime to hydrate—just an alkaline environment. While the slag 
contains the same major oxides as Portland cement, glass in granulated blast furnace 
slag has different proportions of lime and silica. That is why hydration properties of 
granulated blast furnace slag depend on a glass content to a large extent. When mixed 
with water, this slag reacts by forming cementing hydration products. The strength 
of these cementing reactions will depend on the chemical composition of slag, glass 
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content (as stated previously), and the fineness of the grinding. For example, Al2O3 
(up to 13% in slag chemical composition) and MgO (up to 11%) increase the strength 
[13]. However, the presence of manganese (Mn) reduces slag hydraulic activity but 
stabilises the glassy phase. Namely, a high level of MnO is known to inhibit early-age 
hydration of cement but has no negative influence on long-term properties [13].

Chemical reactions of granulated blast furnace slag with water are slow and can be 
accelerated by the presence of calcium hydroxide, alkali, and cement. Because of its 
cementing properties, granulated blast furnace slag is often used as a cement additive, 
to be added directly to Portland cement or to hydrating limestone to produce a blended 
cement. It can also be added to Portland cement concrete as a mineral supplement [9]. 
The typical physical properties of blast furnace slag are given in Table 2.2, and the 
mechanical properties are described in Table 2.3.

2.1.2   Potential corrosive effect

Another important material property that affects the use of slag in civil engineering is 
pH value, which dictates the potential corrosive effect if slag is used in concrete. Blast 
furnace slag is mildly basic (alkaline), with a pH in solution of 8–10 [9]. Although it 
contains 1%–2% of elemental sulphur, the leachate is slightly alkaline and does not 
present a risk of corrosion for steel embedded in concrete that contains slag cement 
or slag aggregate. However, where blast furnace slag is in contact with stagnant water, 
discoloration may sometimes occur (typically a yellow/green colour) and an intense 
sulphur odour may be produced. Under these conditions, the stagnant water has a high 
concentration of calcium and sulphur and a pH value of about 12.5 [15]. When exposed 
to oxygen, sulphides within this yellow leachate react to precipitate elemental sulphur, 

Table 2.2 Typical physical properties of blast furnace slag [9]

Property Air-cooled slag Expanded slag Pelletised slag

Specific gravity 2.0–2.5 – –
Compacted unit weight (kg/m3) 1120–1360 800–1040 840
Absorption (%) 1–6 – –

Table 2.3 Comparison of mechanical properties of air-cooled blast 
furnace slag coarse aggregate and natural aggregate [9,14]

Property Slag aggregate Natural aggregate

Los Angeles abrasion test 35%–45% 15%–45%
California bearing ratio >100 80–100
Mohs hardness 5–6 3–8
Sodium sulphate soundness loss 12% –
Angle of friction 40–45 degrees 30–45 degrees
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producing a calcium thiosulphate (transparent solution). Ageing of slag may delay 
the occurrence of yellow leachate, but there is no guarantee that it will not occur if 
stagnant water is left in contact with blast furnace slag for a long period of time [4,9].

2.1.3   Decomposition of dicalcium silicate and iron

Besides the problems related to the presence of sulphur, another possible problem in 
using blast furnace slag in civil engineering is its disintegration. Slow-cooled (air-
cooled) blast furnace slag with a high amount of lime may form dicalcium silicates, 
which are prone to increasing their volume during cooling at an ambient temperature. 
This volume increase results in the decomposition of slag into powder, making its  
handling and storage problematic and giving it virtually no economic value. Decompo-
sition occurs prior to slag being used in construction, however, and it will not present 
a problem for the end user, but rather for the slag manufacturer [3,16]. This problem 
can be avoided by changing the chemical composition or by using a liquid slag cooling 
method. Thus, it is recommended that blast furnace slag be exposed to rapid cooling in 
order to prevent crystallisation of dicalcium silica [3]. In addition to dicalcium silica, 
slag disintegration can be caused by a higher proportion of iron oxide, which, paired 
with certain amounts of other constituents, can form components that will react with 
water and cause blast furnace slag disintegration.

2.2   Steel slag characteristics

Steel slag is a by-product of molten iron processing, and different types of steel slag are 
formed depending on a specific type or grade of steel and the furnace used during steel 
production. Unlike blast furnace slag, which is classified into different types depending 
on the cooling method, practically all steel slag is cooled naturally, by air under ambi-
ent conditions. Steel slag is classified depending on the furnace used for steel produc-
tion. The basic oxygen furnace (BOF) produces BOF steel slag, the electric arc furnace 
(EAF) produces EAF steel slag, and the ladle (LD) furnace produces LD steel slag.

2.2.1   Physical-mechanical and chemical properties

The composition of steel slag varies depending on the furnace type, composition of 
charges, and grades of produced steel. The typical chemical composition of steel slag 
is presented in Table 2.4.

Since BOF and EAF steel slags are basic results or by-products of the steelmaking 
process, they have a similar chemical and mineralogical composition, which includes 
two major compounds: calcium oxide and iron oxide. With regard to the chemical 
composition of LD slag, alloys added during production of different grades of steel 
have major influences, so it differs from those of BOF and EAF slag. The typical 
chemical composition of EAF, BOF, and LD slags is given in Table 2.5.

The typical mineral composition of EAF, BOF, and LD slags is given in Table 2.6.
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During the conversion of iron into steel in a BOF, a certain share of iron will not be 
recovered in the produced steel, and it will be incorporated within the BOF chemical 
composition. For that reason, the content of iron oxide (FeO or Fe2O3) can reach 38%. 
Other chemical compounds in BOF include silica (SiO2), ranging from 7%–18%; 
Al2O3, from 0.5%–4%; MgO, from 0.4%–14%; CaO, more than 35%; and free lime, 
up to 12% [17].

The EAF steelmaking process uses a high amount of recycled steel, so its influence 
on the chemical composition of EAF slag is significant and can vary much more than 
the chemical composition of BOF slag. The main compounds in EAF slag are FeO, 
ranging from 10%–40%; CaO, from 22%–60%; SiO2, from 6%–34%; Al2O3, from 

Table 2.4 General chemical composition of steel  
slag [6,17]

Constituent Weight (%)

Lime (CaO) 35–45
Magnesia (MgO) 2–9
Silica (SiO2) 11–17
Alumina (Al2O3) 1–6
Sulphur (S) ≤ 0.2
Iron oxide (Fe2O3) 0.9–38
Manganese oxide (MnO) 2–6
Iron (II) oxide (FeO) 16–26
Chromium (III) oxide (Cr2O3) 0.5–2
P2O5 Approx. 0
TiO2 0.4–3.0

Table 2.5 Typical chemical composition of EAF, BOF and LD slag 
(Wt. %) [17,18]

Constituent EAF BOF LD

Lime (CaO) 23.9–60 30–60 30–60
Magnesia (MgO) 2.9–15 0.8–13 1–12.6
Silica (SiO2) 9–20 7.8–20 2–35
Alumina (Al2O3) 2–9 0.98–5 5–35
Sulphur (S) < 0.25 Approx. 0.25 Approx. 0.25
SO3 0.1–0.6 0.1–0.8 0–0.3
Iron oxide (Fe2O3) 20.3–32.56 38.06 0.9–3.3
Manganese oxide (MnO) 2.5–8 0.3–4.3 0.2–1.4
Iron (II) oxide (FeO) 5.6–34.4 7–26.3 0–15
Chromium (III) oxide (Cr2O3) < 2 < 2 < 2
P2O5 0–1.2 0.2–4 0–0.4
TiO2 0.56–0.8 0.5–2 0.3–0.9
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3%–14%; MgO, from 3%–13%; and some other minor elements (namely, oxidised 
impurities like MgO, MnO, and SO3) [17].

Due to the specific process in which LD slag is produced, its chemical composition 
is highly variable, depending on the alloys fed into the LD furnace and the grade of 
steel that is produced. However, common chemical elements present in BOF and EAF 
slags are also present in LD slag: Al2O3 and CaO content is usually higher than that in 
EAF and BOF slag, while the FeO content is up to 10% [17].

The formation of all kinds of minerals in slag is influenced by the cooling rate and 
slag chemical composition. For blast furnace slag, rapid cooling results in a noncrys-
talline structure with a high amount of glass, which is responsible for its hydraulic 
activity. In contrast, low silica content in steel slag results in a crystalline phase, even 
with rapid cooling methods. High iron oxide content in steel slag (mainly in BOF and 
EAF slag) makes wustite (Fe1 -x- y,Mgx,Mny)Oz one of its main minerals. Other main 
mineral constituents of steel slag are dicalcium silicate (2CaO·SiO2), dicalcium ferrite 
(Ca2Fe2O5), merwinite (3CaO·MgO·2SiO2), and olivine (2MgO·2FeO·SiO2) [6,17]. 
In LD slag, polymorphas of C2S are frequently observed and are responsible for its 
high decomposition and expansive nature [17].

Physical-mechanical properties of steel slag are represented by its high angular 
shape and rough surface texture. Steel slag has high bulk specific gravity and moderate 
water absorption. Low impact value, high compressive strength, good polishing, and 
freeze/thaw resistance [6] are also very favourable steel slag characteristics that permit 
its main application as a substitute for natural rock or gravel materials. The absence of 
a glassy phase in steel slag also presents an opportunity for its main application, as an 
aggregate in a broad range of civil engineering fields.

If steel slag is used as an aggregate, special attention should be paid to its miner-
alogical form due to its potentially expansive nature. Before utilisation as an aggre-
gate, it is recommended that steel slag be washed out. Additionally, the use of slag 
containing more than 3% impurities and containing components of soft lime is not 
recommended [21].

Application of steel slag in Portland cement concrete is generally not common 
because of its alleged corrosive effects on metal parts embedded within reinforced con-
crete elements. Specifically, a small quantity of sulphur contained in slag is generally 

Table 2.6 Typical mineral composition of EAF, BOF, and LD slag 
(wt.%) [19,20]

Mineral EAF BOF LD

Tricalcium silicate—3CaO·SiO2 0 0 —
Dicalcium silicate—2CaO·SiO2 0 35–70 Present
Dicalcium ferrite—2CaO·Fe2O3 0 0–30 Present
Spinel MeO·Me2O3 (general formula) 5 0–20 —
Wuestite—FeO· 60 10–20 Present
Free lime—CaO 0 0–10 –
Bredigite—1.7CaO·0.3MgO·SiO2 10 0 —
Gehlenite—2CaO·Al2O3·SiO2 0 25 –
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considered to be of concern [4]. This belief is based on the fact that some types of fly 
ash promote the corrosion of metal parts in construction, which is attributed to the 
presence of sulphur in their composition. However, these types of fly ash were mainly 
composed of silica, alumina, and iron oxides, which all form acids in the presence of 
moisture. Calcium and magnesium oxide, which form an alkaline environment, are 
found substantially less in fly ash. Studies conducted in the past few decades have 
elucidated the conditions of corrosive effects of sulphur—sulphur is active only in an 
acidic environment, which encourages corrosion [4]. However, in the composition of 
steel slag, calcium and magnesium oxide are represented the most, which would create 
an alkaline environment in concrete and prevent the corrosion of metal embedded in 
the concrete. The reason why slag is still considered corrosive is mainly  economic—it 
is easier to declare slag as unfit than to investigate its potentially corrosive effects [4]. 
The typical physical properties of steel slag are given in Table 2.7, and the mechanical 
properties in Table 2.8.

2.2.2   Volume (In)stability

Potential volume changes in steel slag are attributed to the content of free calcium 
and magnesium oxide (free CaO and MgO) in its chemical composition [3,22]. Free 
CaO and MgO hydrate under the influence of moisture, which leads to large vol-
ume changes. In doing so, free CaO hydrates rapidly, causing large volume changes 
in the first few weeks. MgO hydrates slowly, contributing to long-term expansion 
that can extend to several years, even when using aged slag [22]. In Figure 2.2, the 

Table 2.7 Typical physical properties of steel 
slag [21]

Property Steel slag

Specific gravity 3.2–3.6
Compacted unit weight 1600–1920 kg/m3

Absorption Up to 3%

Table 2.8 Comparison of mechanical properties of steel slag  
and natural aggregate [18, 21]

Property Slag aggregate Natural aggregate

Los Angeles abrasion test 20%–25% 20%–40%
California bearing ratio Up to 300% 100%
Mohs hardness 6–7 3–4
Sodium sulphate soundness 

loss
< 12% —

Angle of friction 40–50 degrees —
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expansive nature of blast furnace and steel slag is presented with the variation in the 
blast  furnace–to–steel slag ratio.

This potentially expansive nature (i.e., volume changes up to 10% that were associ-
ated with the hydration of free CaO and MgO) can cause difficulties with products that 
contain such slag, which is one of the main reasons that it is considered inappropriate 
for use in Portland cement concrete or in concrete slab foundations [21].

The consequences of using volume-unstable slag inbuilt in construction are shown 
in Figures 2.3 and 2.4. Figure 2.3 shows the problem with asphalt concrete in the 
initial stage (Figure 2.3a) and final stage (Figure 2.3b) of destruction caused by vol-
ume instability of slag. Figure 2.4 shows a school building in which the soil moisture 
induced the expansion of slag used as filling; slag removal was necessary to avoid a 
collapse of the entire structure.

To prevent these and similar problems (before use of slag in concrete, for example), 
verification of its volume instability is required in accordance with current legislation.

Slag ageing when exposed to atmospheric conditions for a long period of time 
(i.e., weathering) is the simplest method of controlling volume instability, but it is not 
necessarily efficient. In addition to weathering often being a time-consuming process, 
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Figure 2.2 Volume change as a function of the blast furnace–to–steel slag ratio [23]

Figure 2.3 Consequences of volume-unstable slag inbuilt in an asphalt mixture; (a) road 
bump [24]; (b) asphalt-concrete collapse [25]
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it does not even ensure that expansion will be effectively prevented. For instance, rain 
reacts with free CaO and SiO2 to form a thin “protective” layer at the exposed surface. 
This layer prevents ageing of the slag inside the landfill. Therefore, occasional mixing 
of disposed material is necessary [25] (Figure 2.5).

The time required for slag ageing is individual and varies depending on its type and 
application; for example, the amount of free CaO and MgO will affect the time needed 
for ageing. Therefore, sometimes it may take only a few months of weathering or 
periodical spraying with water. According to Belgian and Dutch regulations, a 1-year 
ageing period is necessary for use in unbounded base layers of pavement, while an 
ageing period of up to 18 months for use as an aggregate has also been reported [21].

Although the use of slag in concrete is rejected in most cases in which slag volume 
instability is proved, that is not necessary. In fact, there are some nonstandard but 
effective methods for accelerated slag ageing.

Figure 2.4 Removal of slag applied as fill [25]

Figure 2.5 Accelerated hydration of instable components in slag; (a) slag splashing; (b) slag 
mixing [25]
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Ageing by steam was developed in Japan. One procedure consists of covering slag 
with a tarpaulin or sheet (Figure 2.6), injecting steam for a period of 48 h, uncovering 
the slag, and allowing natural cooling [25]. The entire procedure lasts 6 days. Another 
method of accelerated ageing involves exposing the slag to steam at a pressure of 0.5 
MPa for a period of 3 h [25]. Both procedures produce similar results—that is, a greatly 
reduced number of slag volume changes. In addition to suppressing volume instabil-
ity, corrections in the process of slag formation can be avoided, even the formation of 
instable components in a melted mass. According to research [25], adding silica sand 
in the liquid slag and blowing oxygen prevents the formation of free CaO and MgO.

The issue of forecasting the steel slag expansion ratio was reported by Wang [26], 
who gave the following expression for predicting the total volume changes:

 Es = 0.38 × γs × F  (1)

where Es stands for steel slag volume expansion (%), γs is compacted density  
(g/cm3), and F is free lime content of the steel slag (%).

To confirm the accuracy of Eq. (1), the author examined the volume expansion of BOF 
slag from three different suppliers, in conditions with and without the additional load 
(surcharge) that is weighing layers above the layer containing slag. The results of this 
experiment are shown in Figure 2.7. In this research, it was concluded that Eq. (1) for 
the prediction of volume change fit the test results well. It was also concluded that the 
layer under an additional load of 25 g/cm2 (which is approximately equal to a load from 
a 10-cm-thick asphalt layer above the layer with slag) reduced the expansion by 7%–8%. 
This means that if the expansion assumed by Eq. (1) is less than 7%–8%, no volume 
change will accrue due to the influence of the load (expansion will be annulled through 
the voids in the material).

Volume changes limit the use of steel slag in rigid pavement structures. But they 
can be controlled (in asphalt mixtures) or can even improve the properties of embed-
ded material if used in shoulders or unpaved parking areas.

Figure 2.6 Accelerated slag ageing by steam exposure under a tarpaulin [25]
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In addition, due to the exposure of slag aggregates to water and weathering, cal-
cium carbonate is formed, which produces a white sediment. It is precipitated in the 
form of a white powder and can block the drainage system and cause water retention. 
These blockages are especially dangerous if freezing occurs, which leads to major 
pavement damages. The possible formation of such sediment is attributed to slag con-
taining more than 1% CaO [21], and this phenomenon, as opposed to the expansion, 
cannot be prevented by ageing.

Another chemical element present primarily in LD slag is responsible for volume 
changes up to 10%. The dicalcium silicate (2CaO·SiO2) phase is stable at temperatures 
higher than 630°C, while at temperatures below 500°C, it starts its phase transformation, 
causing volume changes [17]. An additional negative consequence of 2CaO·SiO2 insta-
bility is the breakage of crystals and dust emergence during slow cooling of LD slag.

2.2.3   Decomposition of dicalcium silicate and iron

Compared to blast-furnace slag, steelmaking slag usually contains a much higher amount 
of lime, which can cause formation of dicalcium silicate, 2CaO-SiO2 (sometimes for-
mulated as 2CaO·SiO2), which can cause disintegration upon cooling due to a volume 
increase when changing from one crystalline form to another (from the β form to the γ 
form) [3]. This transition from β to γ form is accompanied by an increase in volume of 
around 12%, which results in the decomposition of slag into powder [27]. According 
to Mombelli et al. [27], formation of only 4 wt.% of γ-Ca2SiO4 is enough to cause slag 
disintegration. The decomposition of dicalcium silicate is shown in Figure 2.8.

Based on actual experience, if there is a danger of dicalcium silicate decomposition,  
it will occur prior to material being placed in construction. Therefore, it does not pose 
a problem for the end user [3]. However, altering the chemical composition of the slag 
and rapid cooling of the molten mass while preventing the crystallisation of dicalcium 
silicate can completely prevent this problem.
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Figure 2.7 Volume expansion results for three BOF slags with and without an additional load 
(i.e., surcharge) [26]
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The problem of iron decomposition is considered to be rare and characteristic for 
slag with a high content of iron oxide [3]. Such slag can, with a certain amount of 
other constituents, form compounds that will easily react with water and thus lead to 
the disintegration of material. However, decomposition of the β form of dicalcium 
silicate (also called larnite) in steel slag can be avoided by the addition of melted 
quartz in the slag flow [27]. Namely, quartz addition has a twofold effect: it reacts 
with calcium aluminates to form gehlenite, which inhibits the formation of larnite, 
and it simultaneously prevents its disintegration, thus avoiding the so-called dusting 
effect.

2.3   Stainless steel slag

According to data from the International Stainless Steel Forum [29], the worldwide 
demand for stainless steel is increasing, and production reached 41.7 million tonnes 
in 2014 alone. Along with increasing stainless steel production, the amount of slag 
formed as a by-product is growing.

Stainless steel slag includes EAF, argon oxygen decarburisation (AOF), and ladle 
metallurgy (LM) slag. The last two types of slag are generated during the basic refining 
process of making stainless steel. Although the chemical composition of these types of 
slag is highly variable, both AOD and LM slag is rich in Ca, Si, and Mg. The main min-
erals typically found in these various slags are dicalcium silicate (2CaO·SiO2), merwin-
ite [3CaO·MgO·2SiO2], bredigite [1.7CaO·0.3MgO·SiO2], and periclase (MgO) [30]. 
Dicalcium silicate undergoes a series of polymorphic transformations upon cooling, one 
of which is transformation from its β to its γ form, which leads to the disintegration of 
slag. According to [31, 32], the potential routes to avoid the formation of γ-dicalcium sil-
icate are chemical stabilisation by the addition of boron (B2O3) or nonboron compounds 
(MgO, Na2O, K2O, BaO, MnO2, and Cr2O3), changes in slag chemistry, and fast cooling.

Figure 2.8 Decomposition of dicalcium silicate [28]
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Environmental impact of ferrous 
slag usage in civil engineering
  

3
Slag is a waste material, and like any other waste disposed in landfills, it may affect the 
environment adversely. Therefore, in order to address the problem of existing landfills 
and prevent the need for new landfills, a current focus is finding new uses for slag. As 
civil engineering is an industry that depletes natural resources, the use of waste mate-
rials has increased greatly in recent years. From the sustainability point of view, the 
recovery of slag is positive from all perspectives, such as the following [1]:

 1.  Economically: Slag is cheaper than natural rock because it does not need to be mined, and if 
it is used, iron and steel companies do not have to pay disposal taxes.

 2.  Environmentally: Natural resources are spared and space in landfills is saved.
 3.  Socially: Slag is thought to have a low potential impact on human health and the environment.

According to Wang and Thompson [2], the comprehensive use of slag will have 
three significant benefits: substantial reduction in the dumping and stockpiling of this 
waste; protection of natural resources and energy requirements associated with obtain-
ing natural materials; and finally, the possibility of altering or modifying properties 
of the basic materials to produce special engineering materials that can be used for 
specific applications.

There is no doubt that reusing slag reduces the deposited amounts of these types of 
waste materials, with the potential for saving materials from natural sources. However, 
before deciding on the possible uses of steel slag, as well as any other waste material, 
it is necessary to consider all the pros and cons for each particular area.

This chapter examines the impact of slag on the environment in terms of assessing 
its radioactivity and heavy metal contamination, which should be done before any 
potential use as a material in civil engineering or its disposal in a landfill.

3.1   Radioactivity of slag

The source of potential radioactivity in slag is metal scrap, which is used as a raw mate-
rial and may have increased in radioactivity due to naturally occurring radionuclides or 
contamination from industrial or medical facilities. Worldwide studies describe a wide 
variety of findings regarding radiation contamination in steel scrap from the steelmaking 
process [3]. Such results support the idea of radiological control of waste that is used as 
construction material, because in addition to steel slag, fly ash may contain significant 
contamination with radionuclides. The most frequently present radionuclides in slag are 
137Cs, 60Co, 226Ra, 192Ir, 241Am, 232Th, and 90Sr [4], the increased levels of which may 
increase the exposure to ionising radiation of workers and the general population [5–8].
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Due to their long half-life, these radionuclides tend to be detected in slag before 
it is put to any further use. To be more precise, the activity concentration index 
may have a value of up to 0.5 mSv/y of limit values according to Radiation Protec-
tion Document 112 of the European Commission in cases when blast furnace slag 
is added to Portland cement [9]. Similarly, bricks made of slag may also be con-
taminated by radioisotopes [10]. Slag with high radium concentrations was used in 
some countries for decades as filling and insulating material in residential buildings, 
which in some cases caused annual exposure doses close to the occupational limits 
of 20 mSv/y [11,12].

There is specific concern when slag containing elevated concentrations of 226Ra 
was used as a building material for schools and kindergartens [13]. The applica-
tion of slag as roadfill may increase background radioactivity by several times 
[14]. In addition, the use of slag in roads and building materials may cause expo-
sure to ionising radiation by workers manufacturing road materials and building 
products containing slag, workers constructing buildings and roads using slag, and 
the general population exposed in car parks, playgrounds, and houses constructed 
from materials containing slag [15]. The importance of investigations into and 
monitoring of the possible toxic effects of exposure to radiation on living systems 
may best be seen from the fact that certain road surfaces may have a slag content 
of up to 90% [15].

From the perspective of radiation protection, the strict control of radioactivity of 
steel slag in road construction and buildings is crucial, as the general population, 
including children, could be exposed continuously to annual doses of ionising radia-
tion that may exceed 1mSv. According to some studies, radioactivity from slag does 
not reach levels that could cause health risks for the public in outdoor construction [7]. 
However, most countries prescribe reference levels for radioactive elements in build-
ing materials by applying activity indices or maximum permissible/recommended 
concentrations. The activity indices and maximally allowed or recommended concen-
trations in building materials intended for the utilisation of road structures in some 
European countries are given in Table 3.1.

Just as in the case of fly ash, the nature of the global market demands continuous 
control of raw materials, products, and waste. Contrary to historical industrial prac-
tices, production is no longer located close to the sources of raw material, but rather to 
the nearest and cheapest means of transportation. Thus, physicochemical characteris-
tics originating from the different geological backgrounds of raw material (and, con-
sequently, waste) have to be constantly monitored, as some continents are burdened 
with high natural radioactivity.

With regard to the current methods of radiation levels, online control for scrap 
metal may not be as reliable as on-site installed equipment for monitoring due to the 
shielding effect from uncontaminated scrap [3]. This is why additional measurements 
of final products containing slag are recommended.

The National Radiological Protection Board (NRPB) in the United Kingdom 
reported in 2003 that the release from all currently operating integrated steel produc-
tion plants in the country was less than 10 μSv y – 1 [15], which was below the dose 
limit to the general population of 1000 μSv y – 1. The same report stated that radon 
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concentrations in buildings constructed from materials containing slag that originated 
from radionuclides within the structure ranged from 7.0–10.8 Bq m-3. As European 
Union (EU) guidelines [20] recommend that the amount of radium in building materi-
als should be restricted to a level unlikely to exceed the design level for indoor radon 
introduced in EC recommendations (200 Bq m-3), the estimated indoor radon activity 
concentrations were below this level.

The results of this NRPB report [15] also showed that when an emanation fraction 
of 0.7% for slag is assumed, the concentration of radon arising from the slag in the 
building materials is 0.6 Bq m-3, and the total radon concentration arising inside build-
ings constructed using materials containing slag is 7.0 Bq m-3.The estimated radon 
concentration inside buildings constructed without slag is 9.9 Bq m-3. This implies 
that the use of slag as a component of building materials reduces the radon concen-
tration inside the building. However, when an emanation of 5% is assumed for both 
slag and concrete, the estimated concentration of radon originating from the slag in 
the building materials is 4.4 Bq m-3, and the total radon concentration inside buildings 
constructed using materials containing slag is estimated to be 10.8 Bq m-3. In conclu-
sion, the use of slag increases radon concentrations with respect to the use of standard 
building materials. The total estimated exposure level to a member of the public living 
in a house constructed using slag is 1.35 mSv y-1. The estimated dose from living 
in a house constructed with standard building materials is 1.27 mSv y-1. When an 

Table 3.1 Activity indices and maximum permissible/recommended 
concentrations of radioactive elements in building materials 
intended for use in roads in european countries [16–19]

Country Activity index (Bq/kg)

Maximum permissible/
recommended 
concentrations

Germany − CRa = 200 Bq/kg
Finland (CRa/700) + (CTh/500) + (CK/8000) + 

(CCs/5000) < 1
−

Latvia (CRa + CTh)/300 < 1 CK < 2500 Bq/kg
Lithuania (CRa/700) + (CTh/500) + (CK/8000) < 1 −
Norway (CRa/300) + (CTh/200) + (CK/3000) < 1 CRa < 200 Bq/kg
Poland 0.0027·CRa + 0.0043·CTh + 0.00027 · CK < 1 CRa < 185 Bq/kg
Luxembourg − CK < 5000 Bq/kg,

CTh < 250 Bq/kg and
CRa < 350 Bq/kg

Slovakia CRa + 1.25 x CTh + 0.086 x CK < 370 −
Croatia (CRa/300) + (CTh/200) + (CK/3000) < 1 CK < 300 Bq/kg,

CTh < 200 Bq/kg and
CRa < 200 Bq/kg

Note: CTh, CRa, CK, and CCs are the activity concentration values of 232Th, 226Ra, 40K, and 137Cs in material, 
respectively.
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emanation of 0.7% is used, the reduction in the radon concentration in the interior air 
leads to a reduction in the radon inhalation dose and a dose that is lower overall by 
0.12 mSv y-1 than that for standard building materials. It could be concluded that the 
use of slag in building materials does not have a significant radiological impact [15].

3.2   Environmental impact of cement replacement  
by slag

The production of cement releases greenhouse gas emissions both directly and indi-
rectly. The heating of limestone releases CO2 directly, while the burning of fossil fuels 
to heat the kiln emits CO2 indirectly.

Figure 3.1 shows how cement replacement by ground granulated blast furnace slag 
influences the total CO2 emissions per ton of cement, while Figure 3.2 shows the 
influence of slag proportion in cement on CO2 caused by one of the three selected 
factors in the cement-making process [21]. A higher proportion of slag in cement can 
significantly reduce total CO2 emissions. At the same time, the proportion of CO2 
emitted due to the calcination process, as well as the proportion of CO2 caused by 
thermal energy production, will decrease with an increase in slag proportion, as will 
the proportion of CO2 caused by electrical energy production.

By replacing 45% of ordinary Portland cement with blast furnace slag, a 37% reduc-
tion in total CO2 emissions will be achieved [22]. The total energy costs (thermal and 
electrical) make up about 30%–40% of the total production costs of cement [23]. This 
is why efficient energy utilisation has always been a priority in the cement industry. 
Efforts to reduce demands by using more efficient equipment and substituting fuels 
and raw materials to lower production costs have been undergone in recent years. Fig-
ures 3.3 and 3.4 show how the cement replacement by ground granulated blast furnace 
slag influences the total energy, as well as the electrical-to-thermal energy demand 
ratio needed for cement production. On the one hand, total energy use decreases with 
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Figure 3.1 Influence of cement replacement by ground granulated blast furnace slag on total 
CO2 emissions per ton of cement [21]
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increasing slag contents, but on the other hand, the proportion of electrical energy 
increases. This is caused by the decreased amount of burnt clinker, the higher fineness 
of slag cement, and the lower grindability of granulated, glassy, blast furnace slag.

Calculated with the data for the typical energy consumption for binder production 
given in Table 3.2, the savings in total energy demand achieved by replacement of 
Portland cement by granulated blast furnace slag would be even higher.

However, the technology that prepares steel slag for application in the cement 
industry may contribute to air pollution. Therefore, care should be exercised in the 
production of cement from steelmaking slag. To be more precise, a study conducted in 
the United States (south Camden, New York) showed that approximately 2%–13% of 
the total deposited particulate matter (PM) mass came from the preparation technolo-
gies during production of slag into raw material for the cement industry [25].

3.3   Slag landfill—acceptance criteria

Even when deposited at a landfill for future use, slag must comply with the require-
ments given in the Landfill Directive (1999/31/EC) [26] regarding environmental 
impact. This directive requires the separate disposal of waste to landfills for inert, 
nonhazardous, and hazardous wastes and set out the concept of waste acceptance cri-
teria for the different classes of landfill. Council Decision Document 2003/33/EC [27] 
provided acceptance criteria to be applied to granular wastes by member states. These 
included limit values for inert waste, stable, nonreactive hazardous wastes, and haz-
ardous wastes for organic matter, as well as limits on the leachability of a range of 
predominantly inorganic parameters. The latter were to be applied to eluate generated 
at a liquid-to-solid (L/S) ratio of 2 and/or 10 l/kg prepared according to the EN 12457 
[28–31] series of compliance leaching tests for granular wastes (Table 3.3) and/or 
initial C0 eluate concentrations from the upflow percolation test according to CEN/TS 
14405:2004 [32]. Since slag is not in the category of organic matter, the requirements 
given in [27] regarding limit values for organic matter should not be applied. Table 
3.4 gives the limit values for inert waste such as slag. In order to classify slag as inert 
waste, the concentrations of specific elements and components in eluate prepared by 
one of the methods given in Table 3.3 or by percolation testing should be within the 
limits given in Table 3.4.

Table 3.2 Typical energy consumption for binder production

Binder type
Energy consumption 
(MJ/t) [24]

Energy consumption 
(kWh/t)

Portland cement 5000 1389
Gypsum 5000 1389
Pulverised fuel ash 25 7,0
Granulated blast furnace slag 40 11,0
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3.4   Environmental impact of utilisation of slag  
in road, railway, and hydraulic construction

In construction, slag is usually employed in road and railway construction, as well as in 
hydraulic construction. In road construction, slag is typically used as a supplementary 

Table 3.3 Compliance test for leaching of granular waste materials 
and sludge

L/S Ratio Grain size of slag (mm) Number of steps

EN 12457-1 2 4 1
EN 12457-2 10 4 1
EN 12457-3 2 + 8 4 2
EN 12457-4 10 10 1

Table 3.4 Leaching limits for inert waste

Component L/S = 2 (mg/kg) L/S = 10 (mg/kg) C0 (Percolation) (mg/l)

As 0.1 0.5 0.06
Ba 7 20 4
Cd 0.03 0.04 0.02
Cr (total) 0.2 0.5 0.1
Cu 0,9 2 0,6
Hg 0.003 0.01 0.002
Mo 0.3 0.5 0.2
Ni 0.2 0.4 0.12
Pb 0.2 0.5 0.15
Sb 0.02 0.06 0.1
Se 0.06 0.1 0.04
Zn 2 4 1,2
Cl 550 800 460
F 4 10 2.5
SO4 560 (*) 1000 (*) 1500
Phenol index 0.47 1 0.32
DOC (**) 240 500 160
TDS (***) 2500 4000 -

*If the waste does not meet these values for sulphate, it may still be considered to be compliant to the acceptance criteria 
if the leaching does not exceed either of the following values: 1500 mg/l as C0 at L/S = 0.1 l/kg and 6000 mg/kg at  
L/S = 10l/kg. It will be necessary to use a percolation test to determine the limit value at L/S = 0.1 l/kg under initial 
equilibrium conditions, whereas the value at L/S = 10 l/kg may be determined either by a batch leaching test or by a 
percolation test under conditions approaching local equilibrium.
**If the waste does not meet these values for dissolved organic carbon (DOC) at its own pH value, it may alternatively 
be tested at L/S = 10 l/kg and a pH between 7.5 and 8.0. The waste may be considered as complying with the acceptance 
criteria for DOC at its own pH or a pH range of 7.5–8.0, if the result of this determination does not exceed 500 mg/kg.
***The values for total dissolved solids (TDS) can be used alternatively for the values for sulphate and chloride.
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cementitious material for hydraulically bound layers, as a replacement for aggregate 
for unbound and hydraulically bound materials, or in bituminous mixtures and surface 
treatments. In railway construction, slag is used as ballast, while in hydraulic con-
struction, slag can be used for riverbeds, riverbanks/embankments, and armor stones. 
In most of these structures, steel slag is very often used, primarily because of its high 
density.

The way slag is applied depends on its physical and chemical properties, which 
vary depending on the source. For use in unbound layers, slag aggregate has to fulfil 
the requirements of EN 13242:2002+A1:2007 [33]. If slag is used for asphalt pave-
ment, its properties must be in accordance with EN 13043:2002 [34].

Table 3.5, where typical energy consumption for aggregates production is given, 
makes it obvious why slag aggregate is so frequently used.

Since environmental acceptability is a fundamental principle for sustainable recy-
cling, apart from civil engineering properties, there is an environmental aspect of slag 
application that has to be taken into account. To be more precise, in the application of 
slag in road, railway, and hydraulic construction, the possible harmful consequences 
for the environment should be taken into account since these layers are in direct con-
tact with the surrounding soil and pollution can very easily reach groundwater. The 
major risk of pollution comes from the possibility of leaching heavy metals, which is 
described in more detail in the next section.

3.4.1   Leaching of heavy metals

The classification of waste materials such as slag with regard to soil and ground-
water protection used to be based on the total contaminant concentrations measured 
in solids. However, the total solid pollutant content in waste material rarely relates 
directly with total harmful element content released into the environment. The leach-
ing potency in materials such as slag is currently characterised by aqueous leaching 
tests considering the amount of harmful constituents being released in specific scenar-
ios [35,36]. Leaching tests are used to determine the availability and actual release of 
elements that can intrude and contaminate the groundwater and are usually performed 
in laboratories in a controlled environment [37]. However, the release of heavy metals 
is desorption-limited, and hence not a function of the total solid pollutant content in 
the waste material. So, currently integrated approaches for environmental assessment 
are based on the results of leaching tests, which combine mathematical release and 

Table 3.5 Typical energy consumption for aggregate production

Binder type
Energy consumption 
(MJ/t) [24]

Energy consumption 
(kWh/t)

Recycled aggregate 25 7.0
Primary crushed rock 50 14.0
Steel slag aggregate 40 11.0
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fate modelling and include technical and geographical factors [38]. Also, the toxic-
ity and bioavailability of metal contaminants to terrestrial organisms depend on soil 
properties such as soil pH (in soils with low pH, many metals are more mobile and 
available for uptake than in neutral or alkaline soils) and weather conditions (e.g., rain, 
humidity) [39].

The origin of raw materials and technological processes in the iron and steel indus-
tries define the type and contaminants of slag. Comparing 150 studies on slag applica-
tion, Piatak et al. [40] concluded that ferrous slag commonly has an acid-neutralising 
capacity and does not readily release environmentally significant amounts of most trace 
elements. In contrast, nonferrous slag may generate acid and release slag-type-specific 
trace elements when weathered. The elemental composition of slag depends on the 
feedstock composition and the metallurgic process employed, including any additives 
used. Undiluted leachates from slag may be toxic for aquatic organisms due to their 
specific sensitivity to elements such as Cu, Cr, Hg, Al, and Zn. In 2001, Japanese reg-
ulation limited levels of fluorine in iron and steel slag for use on land and strict control 
when slag-induced infiltration water is discharged to public waters [41].

Based on bioindicators, air cooled blast furnace slag has been reported to be the 
most toxic of all types of slag [7]. However, according to the results of studies on con-
crete containing ground granulated blast furnace slag, no leakage of substances that 
could cause possible health risks was detected [42]. Concerning blast furnace slag, 
sulphate as a mineral component may occur in higher amounts, but all tests confirm 
that this slag may be used in all areas of road construction except in areas with stand-
ing water. In this case, special tests have to be performed due to the conditions of the 
specific place in question [36].

It is a well-known fact that steel slag contains trace amounts of potentially toxic 
elements such as Fe, Mn, Ti, Al, Ca, Mg, and Cr [43]. In 2006, the UK Environment 
Agency and the Waste & Resources Action Programme in the United Kingdom initi-
ated a project to develop a quality protocol for steel slag, with the aim of determining 
whether the application of steel slag could present risks to the environment or human 
health. The results showed that an impact on groundwater and surface water quality 
from steel slag is unlikely [44]. Also, studying the release of slag elements into the 
water, they concluded that other than the rise pH value, which is caused by partial lime 
melting from slag and the closely related electrical conductivity, the excretion of other 
elements does not have a significant impact on the environment [36]. However, many 
studies are still focused on the leaching of heavy metals, especially Cr and V, which 
is of the highest concern regarding their possible health effects or bioaccumulation 
(which makes these two metals worthy of receiving special attention in this chapter). 
The potential toxicity and mobility of possibly harmful elements such as Cr and V 
depends on their total concentration and, more significantly, on their chemical form or 
speciation [45]. The possibility of Cr and V leaching from basic oxygen furnace (BOF) 
slag was studied by Chaurand et al. [45,46]. They concluded that the leaching of Cr, 
despite its considerable amount in BOF slag, is very small and harmless to the environ-
ment. On the other hand, these authors point out that V leaching is also significant in its 
most toxic chemical form—the pentavalent form. According to [47], vanadium release 
is higher than Cr due to its mobility via oxidation from V(III) to V (V). Vanadium 
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leaching is more present in carbonated slag due to the dissolution of Ca-vanadate [48]. 
Similar to the case of Cr, acidity increases the leachability of V (V) [49,50].

Tossavainen et al. [51] investigated the separation of heavy metals from steel slag 
that was modified in two ways for comparison with the original slag: remelting and 
water-granulation (rapid cooling) and remelting and cooling in the crucible (semirapid 
cooling). The conclusion was that the solubility of Cr, Mo, and V are very low, and that 
the rapid cooling of slag does not reduce the leaching of Cr.

In addition to laboratory leaching tests, Bialucha et al. [52] investigated the envi-
ronmental impact of steel slag embedded in the surface layer of unpaved rural road. 
Two sections were built; the first had a pavement composed of a 40-cm base layer 
of unbound natural stone and a 10-cm surface layer of unbound electric arc furnace 
(EAF) slag, while the other had two layers of the same thickness built only from the 
EAF slag. During the study, seepage water was collected in the middle, on the edges, 
and at a distance of 5 m from the edge of the road, in two layers at 70 cm and 1 m 
below the pavement surface. They concluded that there is a difference between the 
results of research conducted in the laboratory and on the test sections, and that it is 
difficult to correlate these data. In this study, the composition of filtered water was 
not significantly different with natural stone and with slag, while the level of leaching 
depended on the subbase characteristics on which a layer containing the slag was built.

In the case of steel slag applications in concrete production, very low leaching of Cr 
(VI) and Cr (III) is reported due to its immobilisation in the spinel phase [53]. According 
to [54], tests of possible environmental problems due to heavy metal leaching from con-
crete with steel slag aggregates showed minimal leaching and fulfilled the requirements 
of the relevant standards. Leaching tests performed in the experimental bituminous mix-
tures containing steel slag resulted in acceptable levels, except for total Cr (16.1g/L) and 
V (147.4g/L) [55]. If present, the leachability of hazardous and radioactive agents may 
be reduced by combining such materials with alkali-activated binders [56].

Table 3.6 shows the parameters and allowable values for assessing the validity of 
steel slag applications in road and railway construction and hydroengineering struc-
tures according to German law. Such verification, in accordance with the same legis-
lation, is to be conducted twice a year.

Normally, the pH value and electrical conductivity of BOF slag leachates are a little 
higher than in EAF slag leachates because of the higher Ca content. On the other hand, 
leachates of EAF slag may exhibit higher Cr content [57]. Table 3.7 gives the limit 
values for pH, electrical conductivity, and Cr content for these two types of steel slag.

Table 3.6 Important parameters and leaching concentration  
for steel slag in German law [36]

Analysed property Units Requirement

pH − 10–13
Electrical conductivity mS/m 500
Chrome mg/l 0,03
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However, in the United States, some states such as Maryland do not allow the use 
of waste materials with an effluent pH higher than 8.5 [58], which is a level that simul-
taneously increases the risk of heavy metal leaching.

In Europe, estimations of leaching are performed using the standardised leaching 
test, EN 12457 (1-4), which consists of a 24-h leaching sequence. EN 12457 consists 
of a four‐part batch leaching procedures in which particle size‐reduced material is 
extracted with deionized or demineralized water at room temperature. Parts 1, 2 and 
4 of the standard are single‐batch extractions at different L/S ratios and particle size 
requirements. Part 3 consists of a two‐step test with re‐extraction of the recovered 
material from the first L/S 2.0 mL/g extraction in a second extraction step at L/S of 
8.0 mL/g (cumulatively the L/S is equal to 10 mL/g). However, this test does not 
assess the long-term effects caused by atmospheric conditions and wear of structures 
in which slag is incorporated.

The major source of possible contamination of food by toxic metals from slag used 
in road construction is the bioaccumulation of metals in plants, most frequently in 
their roots, which are known to have a high intake of heavy metals (such as carrots). 
In the case of plants, the highest bioaccumulation of V is reported to be in lucerne 
(alfalfa) [59]. As some plants are applied during phytoremediation, as they bioaccu-
mulate heavy metals [60–62], it could be concluded that as a precautionary approach, 
such plant species should not be cultivated for human consumption next to roads and 
highways, as contamination by heavy metals may have origin both from traffic and 
from road construction materials.

Blast furnace and steel slag have also been used as liming materials and fertilisers 
for decades. Even though it is not a part of slag usage in civil engineering projects, it 
should be mentioned that the reduction in uptake of heavy metals from soil enriched 
with slag in plants has been reported [63–65]. In [10, 66], it was shown that by increas-
ing soil pH, steel slag reduced bioavailability and heavy metal uptake (Cd, Zn, Cu, 
Pb) in rice by 60% in multimetal contaminated acidic soils. Recently, it has also been 
shown that steel slag, after being technologically processed, can be used as a fertiliser 
in seawater, as it can provide iron to seaweed [67]. In addition to releasing elements 
into the water, the effect of the steel slag used as armor stone on settlement of inver-
tebrates has been monitored [36]. This study also showed that there is no difference 
between the effect of an ordinary natural rock and slag.

The Registration, Evaluation, and Authorisation of Chemicals (REACH) Working 
Committee developed a directive and safety data sheets for all types of iron and steel 

Table 3.7 Important parameters and leaching concentrations  
for two types of steel slag [36]

pH value
Electrical conductivity 
(mS/m)

Chromium 
content (mg/l)

BOF slag ≤ 11.5 ≤ 100 ≤ 0.02
EAF slag ≤ 11 ≤ 80 ≤ 0.03
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slag. Following REACH’s definition, most of the slag produced by the iron and steel 
industry throughout Europe will be registered as Substances of Unknown or Vari-
able Composition, Complex Reaction Products, or Biological Materials (UVCB sub-
stances) and are to be used in applications such as the production of cements and 
concrete products.

3.4.1.1   Vanadium

Vanadium expresses several toxicological effects on living organisms, such as distur-
bances of the cardiovascular, respiratory, and nervous systems and metabolism. It is 
present both in animals and plants at very low levels ranging from 0.5 to 2.0 μg/g of 
dry weight but in cases of soil contaminated with high levels of V even in nonaccumu-
lator plants, its levels may reach 144 μg/g. In plants, the majority of V mass remains 
in the root [68].

Cases of poisoning were described several times during the 20th century as slag 
was used widely as fertiliser [69]. Due to the trend of increased applications of V-con-
taining waste, there is increasing concern regarding the health of the general popu-
lation, because exposure to V in humans may result in health disturbances such as 
hypertension, dysrhythmia, systemic inflammation, hypercoagulation, various types 
of cancer, and bronchial hyperreactivity.

Due to extremely low levels of V in water and soil, measurements of its levels in 
water are not included in routine analyses in most countries and its upper permissible 
level is not measured and defined. Increased use of waste in construction and other 
industries, which may contribute to increased levels of V, will probably change this 
practice [70].

The toxicity of V leached from steel slag used in riverbank reinforcements on the 
freshwater aquatic organism hydroid Cordylophora caspia was reported in [71]. Vana-
dium leaching from steel slag with very low free lime content may cause an increase 
in V leaching above the limit values of some EU countries for both untreated and 
carbonated slag [72]. Accelerated steel slag carbonation at relatively low CO2 pressure 
was used in order to improve environmental pH and the leaching properties of steel 
slag, with specific focus on V leaching. Carbonation experiments are performed in 
laboratory columns with steel slag under water-saturated and unsaturated conditions 
and temperatures between 5°C and 90°C.

Improvement of steel slag pH is not compatible with maintaining an acceptable 
leaching level of V. In the production of steel slag aggregates for construction, the 
di-Ca silicate phase contains a substantial level of V and is the major source of V 
leaching. In fresh steel slag, V leaching is limited by the presence of portlandite. Car-
bonation of the slag leads to the transformation of portlandite to calcite and the release 
of V. This is why future investigations should focus on secondary binding mechanisms 
for V in the carbonated slag mixture [72].

Vanadium has inhibitory effects on the population growth of the brackish water 
hydroid C. caspia, and the inhibition potential depends on water salinity (lowered 
salinity increases the inhibition potential). Asadpour et al. [73] investigated the 
bioaccumulation and effects of Ni and V on the mortality and growth of Artemia 
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urmiana and Artemia franciscana, brine shrimps that live in saltwater lakes and 
ponds. After 24 h of exposure to Ni and V, results indicated that the mean length of 
animals on the 1st, 5th, 7th, and 11th day of life significantly decreases in compari-
son with control groups. Both species accumulate Ni and V in their bodies, and the 
results show that Ni is less toxic than V on Artemia.

In addition to exposure via leaching, it is important to stress that occupational 
exposure to V may occur from dust created by the grinding of slag. Inhalation of dust 
that contains several μg/m3 of V will cause coughing, breathing problems, and eye 
irritation. It has a prolonged time of elimination from the organism (up to two weeks). 
Although there are data on health risks related with occupational exposure to V, there 
have been no such investigations of construction workers involved in technologies that 
use vanadium-containing steel slag [74].

3.4.1.2   Chromium

Chromium is a highly toxic metal whose hexavalent form is an epithelial irritant and 
carcinogen. It is also toxic for plants and animals. Contrary to the hexavalent form, tri-
valent Cr is a micronutrient that is important to sugar and lipid metabolism in humans.

The permissible levels of Cr differ. The Environmental Protection Agency (EPA) 
in the United States regulated the total Cr limit in drinking water to 0.1 mg/L. Fol-
lowing the report of the European Food Safety Agency from 2014 [75], there are no 
maximum levels for Cr in food. A parametric value of 50 μg Cr/L for total Cr in water 
intended for human consumption and a maximum limit of 50 μg Cr/L for total Cr are 
laid down in Council Directive 98/83/EC and in Commission Directive 2003/40/EC, 
respectively.

Chromium in soil is a mixture of the trivalent and hexavalent forms, and the levels 
of these two forms depend on a number of factors, such as the presence of other ele-
ments (Fe, V, or sulphides) and level of organic matter [76]. Chromium (VI) leaches 
at neutral pH and Cr (III) at the acidic pH range [77]. The process is not affected by 
carbonation [78].

As opposed to the Cr in slag, which is trivalent, almost all Cr in leachate is hexava-
lent. The oxidation of trivalent Cr to hexavalent depends on particle size as reaction 
occurs in areas near the particle surface [48].

Trivalent Cr in LD slag (Linz-Donawitz process, representing approximately 
11% of steel production) is present in the trivalent form, which is less toxic and 
can accumulate in soil after long-term application. However, its uptake by plants 
is very low. Such low bioaccumulation is explained by a very strong fixation of 
trivalent chromium and other metals by slag to the soil, probably by the formation 
of sulphides [79]. Due to its high solubility, hexavalent Cr is also more bioavail-
able and toxic in lower concentrations than trivalent Cr. Despite this fact, recent 
regulations in Germany provide limits for levels of both trivalent and hexavalent 
Cr in fertilisers [80].

Among the plants with high uptake and bioaccumulation of Cr and used as food 
are wheat, lentils, peas, sunflowers, and Indian mustard (Brassica family), but in most 
plants, higher levels of Cr are also toxic [76, 81]. In plants, Cr mainly remains in the 
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roots. Chromium (VI) bioaccumulates in higher concentrations than Cr (III). How-
ever, after Cr (VI) uptake, plants mostly convert it to the less toxic Cr (III) [82, 83]. The 
source of exposure of humans is consumption of plants grown on contaminated soil, 
such as fields next to roads [84]. In addition, crab and fish, also frequently consumed 
by humans, can bioaccumulate Cr [85].

In [86], leachability tests based on diffusion were performed in order to estimate 
the environmental impacts of asphalt mixed with slag. The results indicated that Cr in 
leachates from asphalt composites with the addition of slag was present almost solely 
in its hexavalent form. However, the concentrations were very low (below 25 μg/L) 
and did not represent an environmental burden.

3.5   Environmental impact of the utilisation of slag  
in wastewater treatment

Acid mine drainage (AMD) forms when sulphide minerals have been exposed to 
oxidising conditions during mining and other excavation activities, such as highway 
construction. In the presence of oxygen and water, sulphide minerals oxidise to form 
sulphate-rich and often metal-laden soil. AMD can be toxic to vegetation and can 
reduce the potability of water supplies. Various active and passive water treatment tech-
niques have been developed during the last several decades to abate or control AMD. 
Active systems require the systematic and long-term addition of various alkaline chem-
icals, such as ammonia, hydrated lime, and caustic soda. These systems are often very 
effective at neutralising acidity. However, they are typically very expensive and require 
long-term commitments of personnel and maintenance. In contrast, passive treatment 
systems are less expensive and require very little maintenance. Passive treatment of 
AMD has largely relied on the dissolution of limestone to increase pH and alkalinity 
and precipitate metals. However, limestone is susceptible to armouring due to metal 
precipitation and has limited effectiveness in highly acidic or high flow discharges. A 
reliable, inexpensive alkaline source is needed for such situations. Laboratory and field 
studies indicate that highly alkaline steel slag may be a solution to this problem [87].

According to [79], blast furnace slag has a capacity to absorb phosphorus and sev-
eral heavy metals, such as Cd, Cu, Pb, Zn, Al, and Ca. This property has great potential 
to assist in the development of new types of cheap, environmentally harmless, and 
effective filters for water cleaning, stabilisation materials, cover for landfills, and other 
purposes. Phosphorus removal was confirmed by using another type of slag, basic 
oxygen steel slag, and also showed the capacity of this slag in the removal of iron, a 
problematic metal in mine water [88].

3.6   Concluding remarks

Zero waste politics aims to reduce the environmental burden of the Earth from xeno-
biotics and save energy by recycling waste. The balance between the free-market 
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economy and ecologically acceptable solutions is very unstable and sensitive. Human 
health risk and survival depend on this balance. Slag seems to be a good option as con-
struction material, but like other similar waste types such as fly ash, its application has 
to be done in conjunction with controlling its environmental impact and dissemination 
of possibly harmful agents. The control of emissions of heavy metals or radiation 
from buildings or any kind of constructions containing slag according to the available 
analysis should be performed not only in laboratory conditions, but also periodically 
during their lifetime. This is because so far, we have no experience regarding the 
behaviour of such structures over several decades, nor have we seen their impact on 
the environment once they become construction waste.

In cases of uncontrolled conditions, large populations such as occupationally 
exposed populations, the general population, and ecosystems may be exposed to 
the emission of xenobiotics from slag. In addition, the wearing of roads built from 
steel slag may increase V concentrations in air particulate matter, which currently 
are not routinely measured. This is why the harmonisation between current tech-
nologies of waste usage and monitoring systems for air, soil, and water is of such 
major importance, as currently no groundwater standards are available for cobalt, 
tin, and vanadium. To achieve a controlled environment of slag usage, the Steel 
Slag Coalition (SSC) was founded in 1995. This association, consisting of the pro-
ducers and processors of slag from ferrous metallurgy, independent and renowned 
chemical laboratories, and teams for risk assessment, is conducting research on 
the potentially negative impact of steel slag on humans and the environment [89]. 
The introduction of even low levels of highly toxic metals, such as hexavalent 
Cr and pentavalent V, demands close monitoring and further research, as soil is 
polyphasic in structure and its dynamics, fixation, and the release of elements and 
their uptake by the biosphere depend on a number of factors, such as pH, humidity, 
granular size, and temperature.

In the future, studies of the bioaccumulation of bioavailable metals in leachates 
from structures that contain slag should be encouraged, as extensive application of 
different types of wastes and slag has never been more important for human society.
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Through the centuries, iron and steel slag was used for various purposes. The earliest 
report refers to Aristotle, who described the use of slag as a medicament in 350 B.C. 
[1]. However, the main field of application of this material was for construction pur-
poses, and this remains the case today. Some of the first-known uses of blast furnace 
slag were in road building in the United States (since 1830), as a railroad ballast (since 
1875), as a concrete aggregate (since 1880), and in bituminous surfaces (since 1900) 
[2]. A major milestone in the usage of blast furnace slag was German entrepreneur 
Emil Langen’s discovery of the latent hydraulic properties, which took place in 1862 
[3]. Its mass application as a cement additive began from that point. Half a century 
later, in 1909, the first German standard was published that permitted the use of slag 
in cement production, which legally confirmed the use of blast furnace slag in civil 
engineering [4]. Today, in accordance with current European cement regulations, blast 
furnace slag can be found in 14 types of cement.

From the early 20th century, production of slag increased along with the develop-
ment of industry. According to EUROSLAG Association data [5], the production of 
blast furnace slag in Europe was 23.5 million tonnes in 2010 and nearly the same in 
2012, with 23 million tonnes produced. These data are drawn from a study among 
EUROSLAG members, European steelworks and processing companies. In Figure 
4.1, the production levels of different types of blast furnace slag, granulated and air-
cooled, for the years 2010 and 2012 are presented. In Europe, the production of gran-
ulated blast furnace was predominant. The general applications of blast furnace slag, 
again according to EUROSLAG Association data, are presented in Figure 4.2 [5]. 
Most blast furnace slag is used in cement production or as an additive to concrete. 
Another important use of blast furnace slag usage is in road construction.

As is apparent from these graphs, blast furnace slag has been used in civil engineering 
for many years, and numerous scientific and professional papers have been published 
on the results of laboratory and field research. In the following sections of this chapter, 
some of the most common applications studied by researchers worldwide are presented, 
highlighting the wide range of possible applications for this valuable material.

4.1   Slag application in the cement industry

As described in Chapter 2, granulated blast furnace slag consists of the same major 
oxides as does Portland cement, which explains why its first application was in 
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the cement industry. However, the relative proportions of the oxides differ between 
Portland cement and this slag.

The first blast furnace slag cement was produced in Germany, in 1800, by mixing 
slag and lime [6]. Even before 1800, however, the properties of such cement were 
studied in France. Since the 1860s, it has been used in commercial production, and in 
the United States, slag cement production began in 1896 [7].

However, early attempts at using blast furnace slag in cement production were not 
successful. Poor performance of the initial slag cement was often due to poorly granu-
lated slag and accelerators being added in large quantities without consideration of the 
long-term effects [7]. This even led to slag being prohibited in cement specifications. 
The reasons for abandoning production of this first type of cement in most countries 
were the inability of manufacturers to find suitable supplies of granulated slag, the 
slag’s sensitivity to deterioration in storage, and its low strength in comparison to 
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present-day Portland cement. Currently, a wealth of research exists on slag usage in 
cement production, processes have been developed for production, and the use of slag 
in cement is more developed. Possibly the most attractive feature of slag usage in 
cement production is the energy and financial savings in producing such a cement.

Today, blast furnace slag usage in the cement industry is known as slag cement. 
This term usually refers to either combinations of Portland cement and ground slag 
or to the ground slag alone. Within the current European cement standards, 14 listed 
cements may contain slag in different percentages by cement mass [8]. In Tables 
4.1 and 4.2, the compositions and designations of common cements covered by  

Table 4.1 Common cements containing blast furnace slag [16]

Main 
types Types of common cement

Main constituents
(percentage by mass)

Clinker

Blast 
furnace 
slag

Other 
constituents

Minor 
additional 
constituents

CEM II Portland- 
slag 
cement

CEM 
II/A-S

80–94 6–20 – 0–5

CEM 
II/B-S

65–79 21–35 – 0–5

CEM III Blast 
furnace 
cement

CEM 
III/A

35–64 36–65 – 0–5

CEM 
III/B

20–34 66–80 – 0–5

CEM 
III/C

5–19 81–95 – 0–5

CEM V Composite 
cement

CEM V/A 40–64 18–30 18–30 0–5
CEM V/B 20–38 31–49 31–49 0–5

Table 4.2 Sulphate-resistant common cements containing blast 
furnace slag [16]

Main 
types Types of common cement

Main constituents
(percentage by mass)

Clinker
Blast furnace 
slag

Minor additional 
constituents

CEM III Sulphate- 
resistant 
blast furnace 
cement

CEM 
III/B-SR

20–34 66–80 0–5

CEM 
III/C-SR

5–19 81–95 0–5
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EN 197-1:2011 [16] can be seen. All these cements are mostly mixtures of ground 
Portland cement clinker and blast furnace slag. Granulated blast furnace slag should 
contain calcium oxide (CaO), magnesium oxide (MgO), and silicon dioxide (SiO2), 
the sum of which should account for at least two-thirds of the mass. The remaining 
third contains aluminium oxide (Al2O3), with small amounts of other compounds. In 
addition, the ratio by mass (CaO + MgO):SiO2 should exceed 1.0. Cement with blast 
furnace slag is usually intended to be equal to ordinary Portland cement (CEM I) and 
to meet the same requirements. Adding higher amounts of slag results in a higher sul-
phate resistance and lower heat of hydration properties. When producing such cement, 
slag is usually the hardest to grind, and it forms the coarsest portion, while the cement 
is ground the finest [9]. A potential problem is moisture, which occurs in blast furnace 
slag during the granulation process. The presence of moisture requires dewatering the 
blast furnace slag before using it as an additive or as a mineral admixture to Portland 
cement [10]. According to [11–13], this cement increases strength, reduces permea-
bility, improves resistance to chemical attack, and inhibits rebar corrosion. In addition, 
blast furnace slag has a high resistance to freezing, thawing, chemicals, and seawater 
[14]. Therefore, it is recommended for concrete structures that require high durability. 
Concrete made with blast furnace slag cement sets more slowly than concrete made 
with ordinary Portland cement, depending on the amount of slag in the cementitious 
material. It also continues to gain strength over a longer period under production con-
ditions. This results in less heat of hydration and lower increases in temperature, mak-
ing avoiding of cold joints easier, but also possibly affecting construction schedules 
for which quick setting is required [13].

For a cement of extreme sulphate resistance, EN 197-1:2011 suggests that common 
cement contains blast furnace slag. Sulphate-resistant common cement is typically 
used for foundations because the presence of sulphates in the soil can lead to damage 
of ordinary cement [15].

The blast furnace cement (CEM III) in Table 4.1 is so-called low early-strength 
cement, indicated by L. Low early-strength CEM III cement conforming to the require-
ments in Table 4.2 can also be designated sulphate-resistant common cement. Com-
mon cement with blast furnace slag often has LH in its designation, which implies low 
heat of hydration.

In addition to EN 197-1:2011, European legislation includes five more types 
of cement containing blast furnace slag; four very low heat cements covered by  
EN 14216:2004 (Table 4.3) and a supersulphated cement covered by EN 15743:2010.

Very low heat cement has been found to be particularly useful in the grout for 
encapsulating nuclear wastes, and there may be other applications for which it is more 
important to avoid generating heat than to develop great strength (Table 4.4) [18].

Supersulphated cement is a mixture of ground granulated slag; calcium sulphate 
gypsum, which can be gypsum calcium sulphate dehydrate (CaSO4·H2O), hemydrate 
(CaSO4·1/2H2O), anhydrite (CaSO4) or any mixture of these substances; and a small 
amount of Portland cement clinker [7, 9]. This cement has excellent resistance to aggres-
sive agents (seawater, sulphates, chlorides, alkali hydroxides, and weak acids) and low 
heat of hydration. Compared with ordinary Portland cement, it is more susceptible to 
carbonation during storage and requires extra care during the initial curing period to 
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keep the surface moist [7]. Due to its high resistance, this cement is generally used in 
seawater work, concrete pipes exposed to aggressive groundwater, or in chemical plants.

To justify the widespread application of blast furnace slag as an additive to Port-
land cement, manufacturers found significantly decreased consumption of natural raw 
materials, lower energy demands (grinding slag for cement replacement requires only 
25% of the energy needed to manufacture Portland cement [10]), and specifically, 
lower CO2 emissions [20]. Figure 4.3 presents the required energy to produce different 
types of cement. As can be seen, a possibility exists for a significant reduction in fuel 
consumption by utilizing pelletized slag. It requires only 15% of the energy of Port-
land cement clinker because this slag does not need to be dried [21].

For the production of cement or cementitious materials, any type of blast-furnace 
slag can be used, but the most common is granulated or glassy slag due to its ease in 
handling and more rapid reactions between the glass and other raw materials [7]. As 
cement is hydrated, calcium silicate hydrates (C-S-H) and calcium hydroxide (C-H) 
form. The main influence on the development of strength is C-S-H gel. When slag is 
added, its silicates react with C-H, forming additional C-S-H gel and creating denser, 

Table 4.3 Very low heat cements containing blast furnace slag [17]

Main 
types Types of cement

Main constituents  
(percentage by mass)

Minor 
additional 
constituentsClinker

Blast 
furnace 
slag

Other 
constituents

VLH III Very low 
heat blast 
furnace 
cement

VLH III/B 20–34 66–80 – 0–5
VLH III/C 5–19 81–95 – 0–5

VLH V Very low 
heat 
composite 
cement

VLH V/A 40–64 18–30 18–30 0–5
VLH III/B 20–38 31–50 31–50 0–5

Courtesy of European Committee for Standardization, EN 14216: 2015 cement.

Table 4.4 Supersulphated cement [19]

Main 
type Type of cement

Main constituents 
(percentage by mass)

Additional constituents 
(percentage by mass)

Blast furnace 
Slag

Calcium 
sulphate Clinker Other

SSC Supersulphated 
cement

SSC ≥75 ≥5; ≤20 >0; ≤5 ≥0; ≤5
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harder cementitious paste with increased strength [22]. However, the rate of hydraulic 
reactivity of granulated blast furnace slag is slower than for ordinary Portland cement; 
thus, slag with greater fineness is usually used [23].

Aside from being used as a cement additive, blast furnace slag can be added to 
concrete separately, thereby achieving an effect similar to concrete in its fresh and 
hardened state. In European legislation, the usage of blast furnace slag as an additive 
to concrete, mortar and grout is covered by EN 15167-1:2006.

4.2   Slag applied as an independent binder

Slag has recently been investigated as an independent binder, where its binding prop-
erties are enhanced by alkali activators. In this case, slag is called alkali-activated 
slag or alkali-activated slag cement. In general, alkali-activated cement is a system 
in which an alkaline activator promotes one or more reactions in a natural or artifi-
cial inorganic solid, generating a material with cementitious characteristics. One such 
material is alkali-activated slag cement, which results from mixing granulated blast 
furnace slag and alkaline substances.

Alkaline substances/activators are classified into six groups (with M being an 
alkaline):

 •  Caustic alkalis (MOH)
 •  Nonsilicate weak acid salts (M2CO3, M2SO3, M3PO4, MF, etc.)
 •  Silicates (M2O·nSiO2)
 •  Aluminates (M2O·nAl2O3)
 •  Aluminosilicates (M2O·nAl2O3, SiO2)
 •  Nonsilicate strong acid salts (M2SO4)

Of all possible activators, NaOH, Na2CO3, Na2O·nSiO2, and Na2SO4 are the most 
widely available and economical [14]. Typical alkali-activated slag consists of ground 
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granulated blast furnace slag with 3.5%–5.5% (in mass) of Na2O added, usually as 
sodium hydroxide (NaOH) or water-glass [24].

The properties, workability, durability, and strength of alkali-activated slag are 
affected by factors such as the type and concentration of the alkaline activator, solution 
ratio, slag type and fineness, curing conditions, water/cement material ratio, activating 
solution/slag ratio, and the use of admixtures and fibres [25]. According to [26], the heat 
treatment has a significant accelerating effect on the strength development of slag paste. 
The same study concluded that sodium silicates provide the best activation, with the 
compressive strength of slag paste and mortar exceeding that of OPC (ordinary Portland 
cement) paste of the same water to binder (w/b) ratio. Increasing the amount of activators 
accelerates strength development and increases the 28-day strength of the paste [24].

Research on the alkali-activated slag has grown remarkably in recent decades because 
of numerous advantages such as fast development of strength, high resistance to chemi-
cal attack, and low heat release, as compared with normal Portland cement [24]. Further-
more, since the slag is an industrial by-product, the use of alkali-activated slag has many 
environmental advantages such as low energy cost, use of secondary raw materials, and 
low pollutant gas emissions. These advantages make it preferable to conventional bind-
ers in practice, and as a result, alkali-activated cement has found a variety of applica-
tions, such as transportation, industrial, agricultural, residential, mining, oil well cement, 
In addition, a major recent application is in waste management, including radioactive 
waste management and immobilization of toxic metals [27].

All the abovementioned research on alkali-activated slag as a binder has been con-
ducted in controlled laboratory conditions by mixing slag with alkali solutions (i.e., 
alkaline substances added to water), but a great challenge that remains is to investigate 
the possibility of producing dry powder alkali-activated slag cement as a ready-to-use 
product that can be packed in bags and mixed with water at the construction site. Dis-
covering a solution, in addition to publishing a European standard for alkali-activated 
binders, will definitely have a positive impact on the wider use of this binder within 
the European Union.

4.3   Slag applications in mortar

Another use of blast furnace slag in civil engineering was in mortar in the construction of 
the Empire State Building in the 1930s [28]. Due to its latent hydraulic properties, blast 
furnace slag is beneficial in mortar. The optimal use of slag in mortar has been observed to 
be 40% of the cement, which gives the concrete 19% more compressive strength and 25% 
more tensile strength than concrete made with ordinary Portland cement mortar after 180 
days of curing. The corresponding increase in tensile strength is reported to be 25% [11].

Granulated blast furnace slag causes slower strength development under standard 
curing conditions, but at the same time, the ultimate strength is higher for the same 
water-cement ratio. This slower strength development is why blast furnace slag is not 
recommended for use in applications in which high early age strength is required, as 
previously mentioned. However, early age strength development can be influenced 
by higher temperatures, which is beneficial for the strength development for mortar 
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containing a high level of blast furnace slag. Strength gain is much more rapid, even 
with an increase in curing temperature of only 10°C [29].

In addition to the usual applications of slag as a partial cement replacement and 
as an additive, recent research has investigated the use of slag as an alkali-activated 
binder in mortar. According to [30], higher compressive strength and tensile strength 
have been observed with higher curing temperatures. Another study [31] concluded 
that the highest strength for mortar can be achieved with 3.5% Na2O as an activator 
at 60°C or with 6.5% Na2O at 20°C, which means either with a higher concentration 
of alkali solution at a lower temperature or with a lower concentration of alkali solu-
tion at a higher temperature. These conditions resulted in strengths of at least 6 and 
20 MPa at 1 and 28 days, respectively, which are quite high values for mortar. At 56 
days, alkali-activated slag mortar showed more compressive strength than Portland 
cement mortar since the liquid/slag ratio does not influence the tensile strength of  
alkali-activated mortar [30]. In addition, higher drying shrinkage was observed in 
alkali-activated mortar than in Portland cement mortar [30]. Such conclusions on 
shrinkage have been confirmed [32]. According to [33], alkali-activated concrete and 
mortar have a lower total porosity and a larger fine pore structure than the respective 
Portland cement, which suggests a lower permeability and subsequently higher dura-
bility of alkali-activated mortar/concrete. In mortar containing alkali-activated slag 
binder with sodium silicate powder as an activator and river sand as the fine aggregate, 
fewer pores and a more compact structure could be achieved by increasing the slag 
content [32], which again supports the enhanced durability of such mortar.

Blast furnace slag can also be used as a fine aggregate substitute in mortar. Replace-
ment of 25% to 75% of fine aggregate with blast furnace slag increases the compressive 
and split tensile strength of mortar and improves the mortar joint crushing strength and 
brick pull/adhesion strength [34]. In addition, partial replacement of fine aggregates with 
blast furnace slag can significantly enhance sulphate resistance and reduce rapid chloride 
permeability as a result of the improvement in the microstructure of the mixes [35]. How-
ever, increasing the amount of ground granulated blast furnace slag ratio used as a fine 
aggregate replacement (natural sand) results in a decreased flow of mortar [36]. Using 
a suitable concentration of chemicals and superplasticizer (0.5%–1%), the flow can be 
maintained and workability close to ordinary Portland cement mortar can be achieved.

4.4   Slag applications in concrete

Concrete is the most commonly and widely used civil engineering material, so blast 
furnace slag applications are widely investigated with the goal of sustainable develop-
ment and environmental preservation. Slag can be used in concrete either as a binder 
or as an aggregate. As a binder, it can replace approximately 70–80 wt.% of Port-
land cement, with 9%–10% reduction of CO2 emissions from concrete manufacturing 
for every 10% of Portland cement replaced [37]. Used as an aggregate, slag usually 
replaces fine grade aggregate and can improve the concrete’s properties.

Slag usage in concrete is influenced by its fresh and hardened properties. Cement 
replacement by blast furnace slag results in more workable concrete, which is 
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generally much easier to compact by vibration, resulting in less entrapped air [38]. 
Due to a higher fines content, low slag content concrete are easier to finish, but at 
high replacement levels and low ambient temperatures (< 15°C), setting times can 
be extended 1–2 h. In this case, extra care may be needed to guard against moisture 
loss. According to [39], 50% replacement of cement with blast furnace slag results 
in improved mechanical properties and durability of concrete. However, early age 
strengths are considerably lower for concrete that incorporates slag because of its low 
initial rate of hydration. Acceleration of hydration reaction can be achieved by using 
chemical activators (with solutions with pH > 12 creating alkali-activated binder, as 
described previously), by increasing its specific surface or by raising its temperature 
[40]. Consequently, the rate of cement replacement by blast furnace slag depends on 
its application, as well as on climate conditions.

The positive effect on concrete durability properties results from slag’s latent 
hydraulic properties; secondary hydration reduces concrete porosity by blocking 
the capillary pores, resulting in lower permeability and diffusion coefficients than in 
ordinary Portland cement concrete [38]. This also makes the concrete microstructure 
denser, decreasing the penetration and diffusion of chloride ions and consequently 
achieving much longer transition periods and much lower chloride ion concentrations 
[41]. The pores become finer, and the change in mineralogy of the cement hydrates 
leads to a reduction in the mobility of chloride ions [42]. This enhanced durability of 
concrete with blast furnace slag favours its use in special fields of application, such 
as in constructing waterproof basements, dams, marine structures, bridges, telecom-
munication towers, and containment structures. A lower capillary porosity of concrete 
with blast furnace cement was reported in [43], which justified constructing a lot of 
catchment tanks in Germany with blast furnace cement. The beneficial effect of blast 
furnace slag on the alkali silicate reaction was reported in [44], and the effect has 
two parts: First, blast furnace slag cement has a denser pore structure than Portland 
cement, and this hampers different transport processes needed for alkali silica reac-
tion. Second, blast furnace slag cement has a lower pH than Portland cement, which 
reduces the alkali silica reaction (a higher pH means that more hydroxide, which is 
needed to break down the silica networks, is present).

Low early strength development resulting from a low initial rate of hydration of 
slag can be beneficial due to the low heat of hydration, which can decrease the thermal 
cracking of mass concrete [28]. When concrete is exposed to a heavy tensile load or 
shrinkage, cracks occur, allowing the ingression of aggressive agents, such as chlo-
ride, carbonate, and sulphate, which can lead to the corrosion of reinforcement bars 
and degradation of concrete. In cement paste with a high percentage of blast furnace 
slag, self-healing of cracks can be achieved more efficiently than in ordinary Portland 
cement concrete, again contributing to durability [45].

Concrete durability largely depends on the possible corrosion of reinforcing bars 
in an aggressive environment, resulting in cracking and spalling of concrete. Accord-
ing to [42], the replacement of 40% of the cement by ground granulated blast fur-
nace slag has no significant influence on corrosion rates of rebar in concrete, while 
with a replacement of 60% of the cement, the corrosion rate is significantly reduced. 
However, according to [41], the replacement of Type I cement (CEM I) by ground 



60 Characteristics and Uses of Steel Slag in Building Construction

granulated blast furnace slag by 40% or more by binder weight can more than double 
the corrosion resistance of a steel bar. Sufficient concrete cover thickness and proper 
cement type can delay chloride-ion attacks in an aggressive environment and provide 
protection against corrosion. The addition of ground granulated blast furnace slag 
causes a reduction in the pH value but does not adversely affect the concrete corrosion  
resistance. A high percentage of cement can reduce calcium hydroxide compared with 
pore refinement, resulting in lower concrete resistance to carbonation [42]. In the pres-
ence of carbonation, scaling can occur under the combined stressors of freezing-thawing  
and deicing salt. Subsequently, other attacks on the structure are more likely to dra-
matically decrease the concrete’s durability [28].

Concrete marine structures are probably the best way to test concrete durability due 
to the harsh environment conditions (e.g., salt and water presence and water splashing). 
Also, the ultimate test of the durability of structures is to measure their performance in 
practice. Research of 25- to 70-year-old marine construction made with blast furnace 
cement in the German part of the North Sea confirmed highly durable concrete; the 
main reason for problems were violations of the rules, such as high water/cement ratio 
or insufficient curing [46]. The higher capillary porosity in the carbonated surface 
layer of concrete made with blast furnace slag cement has been found to be the main 
reason for concrete scaling, while in laboratory conditions, the carbonation of blast 
furnace cement is much higher than in natural environments.

Besides mortar, alkali-activated slag can be used as an independent binder in 
concrete and with the same conclusions regarding the properties of concrete in its 
fresh and hardened state, as described in section 4.3. In addition, a good ductility of 
alkali-activated slag concrete is reported [47], which makes this concrete good to use 
where ductile designs are needed (i.e., in earthquake-prone areas).

As stated previously, the main disadvantage of using blast furnace slag in concrete 
is its reduced early strength development if used as a cement additive or replacement. 
However, if used as a fine aggregate, it will have a large surface area. Thus, more of it 
is available for hydration and pozzolanic reactions. Using ground granulated blast fur-
nace slag as an ultrafine aggregate, workability and consistency of fresh concrete can 
be improved, yielding a consistent mix and higher compressive and flexural strength 
after 3 days; that is, early age strength compared to a control mix (with natural aggre-
gate) can be achieved [48]. Self-compacting concrete with blast furnace slag used 
as the fine aggregate shows an increase in compressive strength at 365 days, higher 
autogenous shrinkage, self-desiccation generated by the slag hydration, and chemical 
shrinkage caused by slag reactivity [40]. Higher drying shrinkage as a result of slag’s 
higher porosity increases with the percentage of aggregate replaced by slag.

Used as a coarse aggregate in concrete, blast furnace slag reduces concrete work-
ability but increases compressive strength, while the splitting tensile strength and 
modulus of elasticity are similar to those of conventional concrete [49]. Also, concrete 
with coarse slag aggregate is more resistant to high temperatures; that is, this concrete 
has more residual compressive strength than conventional concrete.

Another characteristic of blast furnace slag concrete is lower chromium content, 
which is beneficial in terms of reduced skin irritation for workers who handle such 
concrete without any skin protection [28].
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4.5   Slag application in soil stabilization

The latent hydraulic properties of blast furnace slag and alkaline activation are also 
useful in soil stabilization. According to [6], a combination of lime and granulated 
blast furnace slag is commonly used in South Africa and Australia for soil stabiliza-
tion. The sulphate in the soil is known to be able to cause serious swelling in stabi-
lized clay. This sulphate-related swelling is associated with the formation of ettringite. 
Granulated blast furnace slag cement is known to be resistant to this kind of expansion 
and swelling.

As used in soil stabilization, a combination of ground granulated blast furnace 
slag and lime results in slower early-rate strength development, ensuring prolonged 
time for construction work (particularly compaction and levelling after slag addi-
tion), the ability to self-heal in the case of early-life overloading damage, long-term 
increased strength, and inhibited deleterious swelling caused by sulphates or sulphi-
des in soil [6].

Deep soil stabilization for both road construction purposes and building founda-
tions may also be accomplished with alkali-activated blast furnace slag. Results of 
laboratory investigation indicate that cement-activated, ground granulated blast fur-
nace slag has the potential for clay stabilization in deep stabilization when the aim is 
to achieve great pillar strength [50]. These results indicated that compressive strength 
increased with water content for stabilized clay, and the water/binder ratio decreased. 
With smaller amounts of binder, it is possible to achieve strengths of 300–600 kPa, 
and activated ground granulated blast furnace slag cement is a good binder when the 
aim of stabilization is high strength (in the range of 1000–3000 kPa).

Used as a soil stabilizer, slag can influence the environment, which has been 
discussed in more detail in Chapter 3.

4.6   Slag applications in road construction—pavement 
structure

As shown in Figure 4.2, about 24% of all blast furnace slag usage is in road con-
struction. Mainly, it is used as an aggregate in asphalt and concrete mixtures or as 
an unbound base and subbase layer. This is mainly due to its rough surface and high 
porosity, which result in highly stable layers and practically no effect from water con-
tent variation, which is advantageous during construction.

The main advantages of blast furnace slag, if used as an aggregate in embankment 
or fill, are the high stability and friction angle (40–45 degrees), the ability to stabi-
lize wet and soft underlying soil during construction time (particularly during early 
construction stages) and very little (or almost no) postcompaction settlement [10]. 
When used as an aggregate in embankment or fill, there is a possibility of an adverse, 
mainly aesthetic problem due to its chemical composition. Leachate from this mate-
rial can be prone to discoloration and sulphurous odour (as discussed in more detail 
in Chapter 2) so an adequate drainage system is required. Also, in Chapter 3, the 
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environmental impact of ferrous slag usage in civil engineering and all kinds of 
possible adverse environment impacts of slag are presented.

High stability and ability to “lock up” are also desirable when used in granular 
or unbound base layers. These properties provide good load transfer for pavements 
placed on soft, weak subgrade since angularity and high friction angle contribute to 
high bearing capacity with a California bearing ratio (CBR) greater than 100% [10]. 
Air-cooled blast furnace slag, even though is quite brittle and prone to breakdown 
under impact loading, has a hardness measured by the Mohs scale between 5 and 6 
(similar to durable igneous rock).

Even though blast furnace slag is good aggregate material for use in road con-
struction, combining it with different slag can result in material with enhanced prop-
erties. Combining blast furnace slag and ladle (LD) steel slag (produced during the 
Linz-Donawitz converter process) results in enhanced road construction material, with 
increased strength properties (uniaxial strength and CBR value) and freeze-thaw resis-
tance, with the best results associated with a mixture of 50% granulated blast furnace 
slag and 50% LD steel slag [51].

Latent hydraulic properties of blast furnace slag can be used for the construction of 
stabilized or hydraulically bound base layers. For these materials, obtaining maximal 
dry density and optimal water content is very important during construction to obtain a 
well-compacted (and thus good load-bearing) base layer with less compactive energy. 
The addition of granulated blast furnace slag to a fly ash–cement mixture results in a 
well-graded mass, with increased maximal dry density and decreased optimal water 
content of the compacted mixture [52]. Slag also influences compressive strength 
increase and CBR value. This is attributed to the reaction of free calcium oxide, reac-
tive silica, and alumina in slag during latent hydraulic reactions and additional forma-
tion of C-S-H gel.

In controlled low-strength materials, usually used as a backfill in lieu of compacted 
fill, ground granulated blast furnace slag increases slump flow and lowers the rate 
of bleeding [51]. However, the addition of slag does not significantly influence the 
workability and the water demand. It also increases compressive strength again as a 
result of its latent hydraulic properties. To keep compressive strength lower than the 
excavatability limit of around 2.1 MPa, slag content should be less than 50 kg/m3.

Other than usage in bound or unbound base layers, blast furnace slag can be used 
as an aggregate in both asphalt and concrete surface pavement layers. In asphalt, it 
can be used as a coarse or fine aggregate. Due to its vesicular surface and absorp-
tion, if used as an aggregate in asphalt, it requires a higher binder content than 
conventional aggregate. For example, air-cooled blast furnace slag used as an aggre-
gate in dense grade asphalt concrete demands asphalt cement content of about 8%, 
up to 3% more by weight of mix compared to conventional asphalt mix [10,53]. 
This characteristic of increased porosity compared to natural aggregate can also 
cause longer retention time for drying during hot mix asphalt manufacturing. With 
a slag shortage, if slag is used as aggregate in an asphalt mix, lack of consistency in 
the physical properties due to variability in the production process can cause prob-
lems during asphalt mix design and production, such as flushing due to high binder 
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content or ravelling due to low binder content [10]. Also, resistance of air-cooled 
blast furnace slag to impact is fairly low, and the material can break down under 
heavy traffic [10].

Nevertheless, air-cooled blast furnace slag application yields numerous benefits 
in asphalt. A high affinity for asphalt cement as one of its negative properties also 
contributes to improved adhesive binding between the slag aggregate and binder, 
resulting in excellent stripping resistance. The aforementioned good surface charac-
teristics, such as a hard, rough, highly angular, vesicular surface texture, result in high 
polish stone value (PSV), which also contributed good frictional resistance to a hot 
mix asphalt and surface treatment. So all advantages of slag usage in asphalt surface 
layers, like good friction resistance, good resistance to stripping, and fair wear resis-
tance, and all stated disadvantages make slag asphalt mixes recommended for use on 
light traffic pavement and in areas where hard braking and acceleration must be taken 
into account, as for slurry seals [10].

Application of blast furnace slag in concrete pavement is possible according to the 
same principles mentioned in Section 4.3. The slag can be used as an aggregate in var-
ious types of concrete structures associated with road construction: pavements, precast 
and prestressed units, foundations, curbs, and gutters [53]. As in ordinary concrete, 
slag cement for use in concrete pavement decreases concrete workability and influ-
ences a decrease in total air content in the mix, resulting in less slump and increas-
ing compressive strength, modulus of rupture, and modulus of elasticity compared to 
ordinary cement concrete, with less shrinkage [54]. In addition to ordinary concrete 
characteristics like compressive and flexural strength, concrete for pavement structure 
needs to be resistant to cyclical freezing and thawing, but also to the effects of deicing 
agents. Concrete’s resistance to the action of deicing agents is highly influenced by 
air content. According to [55], slag cement concrete without an air-entraining admix-
ture show significantly lower air content than ordinary Portland cement concrete, and 
for the same air content, the dosage of air-entraining admixture should be two times 
higher. Air entraining of concrete of as much as 5%–6% and high values of water/
cement ratio result in high resistance of concrete to the action of deicing agents. This 
finding supports the use of slag cement in deicing salt-resistant concrete with a 
water/cement ratio higher than 0.45.

Concrete as a durable material is particularly suitable for airport pavement struc-
tures. High exhaust temperatures, high-velocity blasts, high-pressure tires, and fuel 
spillage from jet aircraft create one of the most aggressive environments. Besides 
the aforementioned data on reduced early strength but increased long-term strength, 
some data indicate that even for 7-day compressive strength, there is a decreasing 
trend in compressive strength; however, that trend changes at the 50% slag replace-
ment level in cement paste [56]. In particular, that replacement level is stated to be the 
best suited to achieving the highest 28-day compressive strength of concrete, which 
can result in reducing the pavement thickness regardless of the design aircraft version 
(load) and subgrade reaction. However, pavement incorporating 70% blast furnace 
slag is more sustainable and eco-efficient in terms of fuel requirements and green-
house gas emissions.
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Applications of steel slag in civil 
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5
Due to its volume instability, steel slag was not useful as a building material for a long 
time. However, with the growth of the steel industry, and the amount of slag produced 
as a by- product, meant that the disposal or recovery of slag needed to be addressed 
properly. The turning point in the usage of slag in construction was in 1880, when the 
application of steel slag as soil improver was confirmed [1]. Since then, the possibility 
of its application in many areas has been explored.

According to EUROSLAG Association data [2], the production of steel slag in 
Europe was 21.8 million tonnes in 2010, and nearly the same in 2012, with 21.4 
 million tonnes produced. These data come from a study of EUROSLAG members and 
European steelworks and processing companies. In Figure 5.1, the production levels 
of different types of steel slag in 2010 and 2012 are presented. The graphs show that 
in Europe, the production of basic oxygen furnace (BOF) steel slag is dominant as a 
result of the high share of BOF steel production in the total amount of steel produced. 
In 2013, the total crude steel production in the world was 1606.3 million tonnes, of 
which 1139.4 million tonnes was BOF slag and 451.3 million tonnes was electric arc 
furnace (EAF) slag [3].

The general applications of steel slag, again according to EUROSLAG Association 
data, are presented in Figure 5.2 [2]. Most of the steel slag produced is used in road 
construction. Final disposal and interim storage, over 30% of produced steel slag pres-
ents the opportunity for finding new areas of application and can be an encouraging 
area for new research into steel slag utilization.

Two of the most discussed adverse properties of steel slag when it is used in civil 
engineering are its volume instability and higher density compared to natural materials. 
There are several ways of dealing with this problem, the easiest of which is slag weath-
ering over a specified period of time. As for higher density, that causes up to 21% higher 
lorry transport costs for steel slag than the cost of transporting the same amount of nat-
ural aggregate [4]. However, the use of slag reduces the amount of energy and emission 
that would otherwise be needed for natural aggregate extraction, crushing, screening, 
and cleaning, which compensates for this additional cost. In this chapter, this and other 
issues concerning steel slag utilization in civil engineering are addressed.

5.1   Use of slag as a raw material in clinker production

By definition, clinker is created by roasting limestone and clay. After the resulting 
material is ground and mixed with gypsum, cement is made. Replacing 20% a kiln 
feed with of slag allows for obtaining a kiln feed with steel slag allows for obtaining 
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better raw mix burnability in clinker production [5]. Also, the use of slag in clin-
ker form makes the production process more environmentally responsible than con-
ventional production methods. The presence of tricalcium silicate (C3S), dicalcium 
silicate (C2S), tetra calcium aluminate ferrite (C4AF), and dicalcium ferrite (C2F) 
provides steel slag with cementing properties. But the C3S content is much less than 
in Portland cement, which is why the prevailing opinion is that steel slag used in 
a kiln feed produces inferior quality clinker. A comparative chemical analysis of 
Portland cement clinker obtained by a conventional charging furnace and clinker 
obtained by replacing the kiln feed with 10.5% of steel slag showed that the pres-
ence of steel slag in the furnace did not significantly influence the mineralogical 
composition of cement clinker and its microstructure [6]. By using steel slag in 
the production of cement clinker, cement is obtained with a slightly lower need for 
water to achieve standard consistency and delayed setting time. Despite the well-
known high content of CaO and MgO within steel slag presenting potential volume 
instability problems, cement clinker with 6 wt.% and 14 wt.% of the fine fraction 
(< 160 μm) of steel slag from stainless steel production added to it seems to have a 
soundness of less than 1 mm [7]. This finding indicates that cement with steel slag 
clinker is not expansive above the admissible limits.
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Compressive strength development steel slag clinker cement is similar to the devel-
opment of compressive strength of ordinary cement clinker [6,7]. Based on these test 
results, it can be concluded that steel slag can be a high-quality raw material in a kiln 
feed during cement production.

The use of steel slag in clinker production can result in significantly reducing the envi-
ronmental footprint of two industrial processes: cement and steel production. At the same 
time, the quality of the final products will not be compromised. Steel slag dumping can 
be reduced, but the greatest environmental impact of slag use in clinker production is the 
reduction of CO2 emissions, which is achieved via several steps [7]. For slag utilization as 
a fine fraction of clinker production, this material requires no excavation and is very dry 
and fine; as a result, its preprocessing needs and costs are expected to be less than those 
of usual raw materials [7]. Mixtures with stainless steel slag most likely will require less 
energy during firing. Also, in view of the reduced limestone content in the raw blend, the 
energy required for limestone dissociation is reduced [7]. This limestone reduction can 
also result in lower CO2 emissions during clinker production. Calculation of CO2 emission 
reduction based on the chemical composition of the raw materials used in [7] showed that 
it is approximately 30 kgCO2/t when 6 wt.% slag is used and 65 kgCO2/t for 14 wt.% slag, 
compared to the reference sample (ordinary Portland cement). The potential hazardous 
impact of slag utilization in clinker production might be an increased level of Cr, which 
most likely will lead to higher Cr(VI) leaching levels. This problem can be addressed by 
introducing reducing agents such as ferrous sulphate, either the monohydrate (FeSO4·H2O) 
or heptahydrate (FeSO4.7H2O) form, or stannous sulphate (SnSO4).

5.2   Slag utilization as an aggregate in concrete

EAF slag contains a small proportion of amorphous silicon and a high proportion of 
iron oxide. It has little or no pozzolanic activity compared with blast furnace slag, 
which makes it unsuitable for use as a cement additive. The great hardness of steel 
slag has led to it being considered as an aggregate in concrete. Many studies have been 
conducted to explore this possibility.

In [8], steel slag was used to replace part of a fine aggregate fraction, in which silica 
sand (amounting to 15%, 30%, or 50%) or fine fraction was completely replaced by 
slag. In all the mixtures, the coarse aggregate was limestone. The influence that the 
percentage of slag had on the properties of fresh and hardened concrete in the strength 
classes of 25, 35, and 45 MPa was studied. As expected, due to the higher density of 
steel slag compared to natural aggregate, an increase in slag content increased the den-
sity of fresh concrete mix by 5%–20% over conventional concrete. This was stated to 
be one of the most important characteristics of steel slag aggregate concrete [9]. Also, 
as the share of slag in concrete increased, its consistency decreased.

As for compressive strength, replacing fine aggregate with slag by up to 50% 
achieved approximately the same or even higher values of compressive strength than 
the reference concrete, while concrete made of only slag aggregates had less com-
pressive strength [8]. The positive effect of slag on concrete’s compressive strength 
was more pronounced at the lower concrete strength class. The influence of slag on 
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the tensile strength was more pronounced than its effect on compressive strength. 
Namely, increased slag content in the total aggregate mass increased the tensile 
strength of concrete. The positive effect of slag on the tensile strength was also 
more pronounced at the lower concrete strength class. Replacing natural aggregates 
by slag created 1.4 to 2.4 times higher tensile strength and up to 1.3 times greater 
compressive strength (with 15% slag aggregate). The cause of the decline in com-
pressive strength with more than 50% slag aggregate was found to be due to slag´s 
fineness compared to sand. In particular, the increased amount of slag in concrete 
increases the total amount of the finely ground material. Therefore, a cement that 
will coat the grains is needed. By eliminating excessive amounts of fine particles in 
slag, there was a very positive effect on compressive strength at all maturing stages 
of concrete.

In [10], the effect of replacing a fraction of coarse aggregate in concrete with slag 
was studied. All the tested mixtures were made with the same amount of cement and 
with the same water-cement ratio. Compressive strength, ultrasound pulse velocity, 
absorption, and the corrosion of a mix with the ratio of slag in coarse fractions of 
45%, 50%, 55%, 60%, and 65% of the total weight of the aggregate with the reference 
concrete with limestone (with a coarse-to-fine ratio of 60:40) were compared. Increas-
ing the slag portion in the total mass of aggregate made the compressive and tensile 
strength of concrete increase as well. With the same coarse and fine aggregate ratio 
(60:40), slag concrete gained a slightly higher compressive strength and a slightly 
lower tensile strength compared to the reference concrete. The absorption and porosity 
of the mixture decrease as the slag portion increases, suggesting possible better dura-
bility properties of such concrete [10]. Ultrasound pulse velocity increased with the 
increase in slag portion, suggesting a greater modulus of elasticity of concrete with 
slag as aggregate in relation to the reference concrete.

A reduction in compressive strength and ultrasound pulse velocity after the expo-
sure to thermal variations during 60 cycles was also observed. One cycle consisted 
of exposing the samples to 70°C for 8 h and to 25°C for 16 h. Compressive strength 
decrease during thermal variation was reduced with slag aggregate portion increase 
in mixture. The effect of thermal variation on the ultrasound pulse velocity (and thus 
on the modulus of elasticity of concrete) was less pronounced in the concrete that 
contained slag than in the reference concrete. Although the increase in absorption due 
to thermal variations was more pronounced in mixtures containing slag than in the 
reference concrete, absorption of concrete containing slag was certainly less after heat 
cycles than the absorption of reference concrete [10]. In the same paper, the possibil-
ity of an aggregate corrosive action on steel was also studied. A substantial increase 
in the corrosion resistance of steel built in concrete containing slag compared to the 
reference concrete was found, and steel corrosion was more delayed with the increase 
in slag aggregate.

When analysing the influence of steel slag aggregate on the mechanical charac-
teristics of concrete (i.e., compressive and tensile strength), the interfacial transition 
zone (ITZ) between the aggregate particles and the cementitious matrix need to be 
considered. This ITZ is considered to be a weak zone of the concrete. In this region, 
the appearance of microbleeding around the aggregate particles, porosity, and some 
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microstructural features depend on several factors, such as aggregate quality and 
size, the water-cement ratio, the binder, and the age of the mix [9]. Also, the mor-
phology (i.e., quality) of ITZ plays an important role in concrete permeability and 
durability.

The presence of EAF steel slag in concrete creates a different ITZ morphology. In 
particular, a smaller and less hollow ITZ compared to natural rock aggregate concrete 
is a result of the slow migration of CaO from the core of the steel slag grains to its 
surface, resulting in the chemical evolution of CaO to calcium carbonate [9]. Due to 
a stronger ITZ within EAF steel slag concrete, shown by broken aggregate particles 
on the fracture surface after concrete mechanical rupture testing, improved concrete 
mechanical strength (compressive and tensile) results. However, since steel slag has 
a porous texture with multiple cracks and crevices, breakage under lower loads can 
be expected. In order to reduce the impact of this porous structure on strength char-
acteristics in concrete, steel slag aggregate can be pretreated by polishing in a Los 
Angeles abrasion machine. This polished coarse aggregate seems to have an improved 
quality, with a smoother surface and resistance to microcrack emersion. This results 
in a higher surface-dry density and lower water-absorption rate compared to regular, 
untreated steel slag aggregate [11]. Also, polishing treatment of coarse slag aggregate 
has an impact on concrete fatigue failures. For concrete with untreated slag aggre-
gate, fracturing of aggregates can be observed, and fatigue failure ends in the aggre-
gate-fracture type. On the other hand, in a case of polished slag aggregate, most of the 
aggregates are sound and fatigue failure ends in the interface-peeling type between 
paste and aggregate [11].

The characteristics of polished slag aggregate result in improvements in concrete 
characteristics such as fatigue strength, strain, acoustic emissions, and hardness of the 
materials under compressive fatigue loads. The other way of improving slag aggregate 
quality (particularly the ITZ) is by an accelerated carbonation treatment of steel slag 
aggregate. This carbonation process is conducted in a carbonation reactor that has 
been sealed to 70°C and vacuumed to −0.3 MPa [12]. Then CO2 was introduced into 
the reactor until the pressure reached 0.3 MPa. This process caused a change in the 
aggregate pore structure. It reduces the occurrence of pores with the diameter larger 
than 1 μm by 24.4% and increases the occurrence of pores with a diameter of less than 
1 nm by 67.9% [12].

After carbonation, the steel slag aggregate water absorption rate decreased, while its 
impermeability properties increased. The expansion ratio of the steel slag is also reduced 
due to the reduction of free CaO content. For comparison of ITZ strength for concrete 
with natural and steel slag aggregate, strength of carbonated steel slag and natural aggre-
gate was compared so as concrete compressive strength [12]. Although the crushing 
strength of carbonated slag aggregate was less than that of natural aggregate, compres-
sive strength of slag concrete has improved. When the concrete sample cross section was 
subjected to compressive strength testing, cracks did not go through the middle of the 
aggregate but traveled around the grain its self. Thus, the ITZ of the carbonated steel slag 
aggregate concrete is stronger and more rugged than that of natural aggregate concrete.

Carbonation of slag aggregate also has a beneficial environmental impact—
namely, reducing the leaching potential of certain elements. In analysis of the leaching 
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characteristics of stainless steel slag aggregate, Ca and Si were found to be those 
elements most appreciably affected by carbonation due to the changes in the mineral 
phases responsible for solubility control of these elements [13]. The leachability of 
Cr, one of the most toxic elements in slag aggregate, appeared not to be significantly 
affected by carbonation, although Mo showed some reduction in leaching.

5.3   Slag utilization as mortar aggregate

In addition to being used as concrete aggregate, slag can be used as an aggregate 
in mortar for masonry. The limiting parameter in the application of slag in mortar, 
given the small amount of thickness of the mortar for masonry, could be its expansive 
nature. The volume changes of mortar containing slag were investigated and compared 
with the volume changes of mortar with sand [10]. These changes were measured 
in the samples cured for 7 days in a humid environment and exposed to drying in 
the laboratory at 25 ± 2°C and 50 ± 5% relative humidity. The results pointed to an 
increased shrinkage of samples with sand compared to samples containing slag. Also, 
the change in length of mortar samples with sand and those with slag during exposure 
to a humid environment for a period of 4 months was tracked, and a significantly 
greater expansion was observed in the slag samples.

The influence of grain size of the slag as aggregate in the mortar on compressive 
strength has been investigated [14]. Steel slag was used, which was first weathered 
for 5 months and then was kept moist for 15 days in the laboratory before the test in 
order to reduce the possibility of expansiveness. The result of this treatment was the 
complete absence of free lime, which was reflected in the almost complete absence 
of expansion. The conclusion of this study was that slag granulation has a significant 
effect on the materials’ compressive strength, as well as on its water absorption. In 
particular, due to the increase in grain size, the grain-specific surface area is reduced, 
as well as the water required to achieve optimum moisture and absorption. With the 
increase in coarse fraction, increases in compressive strength occur as well.

5.4   Slag utilization in unbound base layers in pavement

Unbound base layers of pavement structures are mostly made of natural materials. 
Since these layers are substantially thicker than other layers (for instance, the average 
thickness of unbound base layer is of 20–45 cm, as opposed to 2–8 cm for the asphalt 
wearing layer), the use of alternative materials would contribute significantly to envi-
ronmental conservation. Thus, it is not surprising that the first use of slag in road 
construction was for the purpose of building these layers. About 35 years ago, a few 
test sections were built in Germany with slag embedded in unbound base courses [15].  
A comparison of layers containing steel slag and layers with natural aggregate in 
crushed gravel was performed. Layers containing slag achieved a higher bearing capac-
ity immediately after compaction, which is a big advantage over natural aggregate. 
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Specifically, pavement layers are very sensitive to external influences during construc-
tion due to the movement of heavy machinery. The increase in strength is caused by 
carbonate hardening due to free calcium oxide. Increased strength also occurs due to 
the specific structure of slag grains, which favours the fixing of grains after installation 
and compaction and forms a solid, compact, and durable surface that can accommo-
date heavy traffic [16]. For this reason, this material also can be used for constructing 
roads on weak soils since good grain interconnectivity provides good load transfer to 
the formation soil. Also, the occurrence of heavy rain during construction does not 
affect the quality of the built layers, and slag inbuilt into unbound base layers does not 
pollute the environment due to leaching [15].

5.5   Slag utilization in stabilized base courses  
in cement

Due to the positive characteristics of slag observed through its application in 
unbounded base layers, this material is being explored for use in the construction of 
stabilized (hydraulically bound) base layers. At first, the properties of different types 
of metallurgical slag (including EAF slag) with 2% of cement and lime added were 
studied in order to determine the impact of binders on the strength of the mixture [17]. 
This small amount of binder cannot act as a binder by itself, but it does activate slag. 
Of all the tested slags, EAF slag is the only one that consistently showed the advan-
tage of activation throughout every stage of hardening. Binder addition significantly 
accelerates the development of strength in all types of ferrous slag, which is especially 
pronounced during the first year of the material’s life.

In Belgium, during the construction of storage plateaus, steel slag generated from 
the production of stainless steel was used as an aggregate in cement stabilized base 
layers [18]. The mix composition was as follows: 78% slag (grain size 0/20 mm), 18% 
sand, 4% cement, and optimum moisture content of 8%. After the first day of mixture 
placing, volume changes of 0.4% was observed and 1.8%–2.9% after 7 days (an aver-
age volume change of 2.3%). The value of volume change did not represent a major 
problem in the construction and use of the plateau. To demonstrate the suitability of 
slag for use in stabilized base layers, 28 days of compressive strength was determined 
under a curing regime of 20°C temperature and humidity of 90%. The measured com-
pressive strength was 7 MPa.

Many authors cite the poor cementing and pozzolanic properties of steel slag  
[19–22]; therefore, new ways to improve that property have been found, and explo-
ration in this area continues. For example, improvement of cementing properties 
of EAF slag can be achieved by a special way of processing it before use [21]. 
Specifically, if the EAF slag is subjected to a remelting process and then cooled 
by water, there are significant changes in its composition and structure. Laboratory 
tests have shown that this method can increase pozzolanic strength by up to four 
times [21]. However, in BOF slag, lack of pozzolanic reaction after 28 and 90 hard-
ening days was observed, and the pozzolanic reaction cannot be achieved using only 
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this type of slag [22]. Therefore, BOF slag cannot be applied as the main constituent 
of hydraulic binders in road construction, but its free oxides can be used to activate 
other materials, such as blast furnace slag. For example, a mixture of blast furnace 
and BOF slag (with ratio of 52.5% of blast furnace slag and 42.5% of BOF slag) is 
the ideal, with the addition of the activator in the amount of 5%. This mixture does 
not show any problems in terms of expansion, and it was noted that with smaller 
fractions of BOF slag, greater compressive strength values can be achieved. Used 
as an activator for blast furnace slag, activation reactions take place more slowly 
than when cement is used as an activator, and greater thickness and more binder are 
necessary to achieve the same strength characteristics. Nevertheless, binders based 
on slag develop good strength in the stabilized mixes and are suitable for use in road 
construction [19].

For a mixture of steel slag, fly ash, and phosphorus gypsum, the best features are 
achieved at the slag-to-fly ash ratio of 1:1, with the addition of phosphorous gypsum 
in the amount of 2.5% [20]. This mixture achieves the value of 7 days of compressive 
strength of 1.86 MPa, and 8.36 MPa for 28 days. Also, the modulus of elasticity is 
similar to that of the standard mixture, but with better resistance to water.

5.6   Slag utilization in asphalt mixes

One of the first applications of steel slag in asphalt mixtures took place in 1969 when 
a trial section was built in the Hamilton-Toronto area, in which steel slag was incor-
porated into binder and surface course asphaltic concrete mixes [23,24]. There have 
been no problems with the quality and durability of asphaltic concrete pavement in 
this instance, and any surface popouts observed were minor. In 1974, the Ministry of 
Transportation and Communications constructed 17 asphaltic concrete test sections in 
Ontario to evaluate methods for improving rigid pavement skid resistance with thin 
overlays for extremely high traffic volume. The resulting data indicated a fairly high 
polish stone value (PSV) compared to natural aggregates (for steel slag 55–59, for 
sandy dolomite 53, and for limestone 41–45), which led to the conclusion that steel 
slag asphaltic concrete exhibited good skid and wear resistance [23–25]. It was noted 
that the wet road accident rate did not significantly exceed the dry road accident rate 
for steel slag asphaltic concrete surfacing, while the reverse was generally true of 
other surfacing [24].

The application of steel slag in asphalt layers eventually became popular in the 
United Kingdom, Germany, Japan, and China. Common to all areas where steel slag 
was first used is their link to the developing steel industry.

During the first construction of asphalt surface layers with steel slag, cracks and 
surface popouts occurred, which was later linked to the instability of slag due to free 
oxides of calcium and magnesium. All these developments were due to a lack of care-
ful material selection and improper construction [24,26,27].

Hydration of free oxides, which causes expansion, usually is prevented by hav-
ing a sufficient weathering period before the use of slag in pavement layers or by 
using some other method of accelerated aging, as discussed in Chapter 4. However, 
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it has been shown that aging is not the only criterion for the use of slag in asphalt 
layers if finer grain size fractions (13–13.2 mm) are used [23,24]. In the process of 
asphalt mix production, aggregate passes through the phases of washing, sieving, 
and drying, which causes the instantaneous hydration and expansion of slag.

Another condition that allows the application of slag without prior weathering is 
bituminous film coating of steel slag aggregate, which limits its potential for expan-
sion [23]. For aggregates of larger granulation, especially those larger than 19 mm, a 
minimum weathering period of at least 30 days is required. As an additional measure 
to prevent deformation due to expansion, content of less than 3% by mass of nonslag 
constituents [26] and no more than 6% portion of free CaO [24,28] is recommended. 
The criterion of free CaO is significantly stricter if no weathered slag is used. In that 
case, the percentage of free CaO is limited to 4% for application in bituminous lay-
ers and 7% for application in unbounded base layers [19]. As an additional measure 
designed to prevent the possibility of pavement deformation during its service life-
time, Canadian regulations limit expansion to 1% [26].

Although the negative effects arising from the presence of free calcium oxide have 
been highlighted so far in this discussion, there also has been some positive impact 
on the application of slag in asphalt mixtures. The presence of free CaO increases the 
resistance of slag to stripping of bituminous binder and increases its adhesion between 
the aggregate and binder [26,29] which contributes to greater durability of the wear-
ing courses. The increase in adhesion contributes to the very nature of steel slag as a 
by-product of steel production, which means that it cannot contain clay, which would 
reduce the adhesion [16].

Among the other advantages of steel slag for its use in asphalt mixtures, its physi-
cal characteristics should be mentioned as well. Sharp edges, proper grain shape, and 
rough surface texture also improve the adhesion of binder and aggregate and increase 
the coefficient of friction in bituminous surface courses over any natural aggregate. 
These physical characteristics, with proper particle size distribution, increase the shear 
strength and resistance to rutting [16]. This is the reason that steel slag asphalt mix-
tures are used most often in places where high abrasion resistance and good adhesion 
are required, such as industrial facilities, parking areas exposed to heavy traffic, and 
intersections.

High specific gravity and density of steel slag are among the highlighted physical 
properties, which are responsible for the increase in specific gravity and density of 
bituminous mixtures compared with natural aggregates [23,25,26]. The high specific 
gravity is an advantage in road maintenance during the winter. Also, a high stability of 
mixtures containing steel slag as an aggregate (which is up to 1.5–3 times higher than 
the standard mixture [23,26,29]) and excellent heat retention (except for a reduction 
in energy consumption during winter patching) contribute to patch durability. During 
construction, these mixtures showed great workability and heat retention and very 
good compaction properties [16,23,25,26].

Confirmation of the suitability of steel slag for use in asphalt mixtures was sup-
plied by research conducted at McMaster University, which found a 20%–80% greater 
modulus of elasticity of an asphalt mixture containing steel slag than that of a standard 
aggregate at a temperature of 29°C [23,24]. Tests have also shown lower values of the 
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Poisson coefficient than a standard mixture, which indicates greater asphalt mixture 
stability and resistance to plastic deformation [24]. Due to the given data and the 
pavement structure stress state, the possibility of designing pavement structures with 
reduced asphalt concrete thicknesses is indicated [23]. Hereby, compensation for one 
of the drawbacks of this mixture (namely, 15%–25% higher volume weight, which 
increases the cost of transportation of fresh asphalt mixtures) could be established. Of 
these drawbacks, an increased need for binders due to steel slag aggregate sharp edges 
and rough surfaces can be highlighted.

Steel slag as an aggregate can be used in both hot and cold asphalt mixtures. As 
the only limitation for its use, the amount of steel slag aggregate consisted in the 
mixture is stated. Hot mix asphalt containing 100% steel slag is susceptible to high 
void space and bulking problems due to the angular shape of steel slag aggregate. 
Mixes with high void space (100% steel slag aggregate mixes) are susceptible to 
overasphalting during production and subsequent flushing due to in-service traffic 
compaction [26].

Asphalt mixes containing steel slag required higher optimum proportion of bitu-
men compared to the asphalt with natural aggregate. The amount of bitumen in mixes 
with the natural aggregate ranges from 4.5%–5.0%, while in mixtures with slag added, 
it ranges from 4.7%–5.8% [30,31]. This is a result of high steel slag porosity, which 
lead to excessive asphalt absorption, which in turn leads to a high cost of asphalt 
production [32]. Another reason for increased binder content in slag asphalt can be a 
loose stack of impurities on the surface of steel slag aggregate.

For this reason, it is recommended the use of slag only as a replacement for finer 
or coarser aggregate fractions with applications in wearing asphalt layers. Table 5.1 
shows the values of the optimum binder content for different types of aggregates.

Asphalt concrete mixtures have the highest abrasion resistance if they contain 30% 
of slag aggregate, while 75% replacement of limestone by slag aggregates results in 
significant improvement in the mechanical properties of asphalt concrete [30]. Among 
all properties, Marshall stability is especially highlighted, which in this study ranged 
from 19.54–20.19 kN for asphalt concrete, while for the asphalt with natural aggregate 
ranged from 16.50–17.46 kN. That results in greater resistance to permanent defor-
mation of such surface layers and greater stiffness. Asphalt with slag aggregate shows 
1.9–2.4 times greater values of indirect tensile stiffness modulus for all test tempera-
tures, especially 20°C.

Table 5.1 Optimal binder content in asphalt mix 
depending on aggregate type [24,28,29]

Type of mixture % Weight of total mix

Asphalt concrete with natural aggregate 4.5–4.6
Asphalt concrete with slag 5.5–6
Porous asphalt with BOF slag 5.5–5.76
Slag with sandy limestone 4.7–4.8
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In order to further improve slag utilization in asphalt concrete, modified steel slag 
aggregate preparation can be adopted. As stated earlier in this chapter, steel slag aggre-
gate for use in asphalt mixture production can have impurities on its surface that affect 
final product quality. The modified method of slag aggregate preparation consisted of 
vibrating sieve, drum sieve, and high-pressure water jet treatment. Using this method, 
higher fine aggregate angularity and sand equivalent aggregate can be obtained [32]. 
Utilizing this modified aggregate, improved mechanical properties and deformation 
resistance, greater cohesive strength and moisture resistance, lower rutting depth, and 
higher dynamic stability of asphalt mixture can be achieved.

Testing of electrical conductivity also confirms slag as a better aggregate compar-
ing to natural materials. Electrical conductivity can be useful in special techniques of 
winter maintenance (e.g., airport runway maintenance). When measuring skid resis-
tance with pendulum skid resistance test, higher skid number (SN) values for asphalt 
concrete mixtures containing 30% slag aggregate (SN ≈ 100) than those of ordinary 
asphalt concrete (SN ≈ 85) [31].

Unlike applications in asphalt concrete, steel slag, particularly that produced by the 
base oxygen procedure (i.e., BOF slag) by up to 100% of aggregate in porous asphalt, 
can be replaced. Compared with porous asphalt containing an aggregate of crushed 
river stone, porous asphalt with BOF slag has several advantages. These asphalts are 
less susceptible to abrasion and have better properties in terms of traffic noise emis-
sions [29]. Better absorption due to high porosity and excellent surface water drainage, 
which contribute to higher traffic safety, are also shown in this investigation. BOF slag 
has a great particle shape and rough surface texture that exhibits a good interlocking 
mechanism and internal friction in porous asphalt. It all contributes to higher Marshall 
stability. Increasing the share of BOF slag in porous asphalt increases skid resistance 
and the stripping resistance due to the presence of lime.

Application of slag in asphalt mixture for rigid pavement rehabilitation was con-
structed in the province of Hubei, China [28]. Rigid pavement rehabilitation included 
a build of a new split mastic asphalt (SMA) layer for the construction of a 400-m-long 
road section. Expansion of the embedded layer was very slow; after 7 days, it reached 
only 1%, while the adhesion bond between the aggregate and binder were extremely 
good. This increases the wear resistance of the pavement so that it can endure higher 
traffic loads and higher temperature influences. Better resistance to permanent defor-
mation at high temperatures and better crack resistance at low temperatures were also 
shown.

In order to improve the road surface properties, asphalt layer containing BOF slag 
was built on a 2-km-long highway section. After two years of service, it showed excel-
lent behaviour due to the emergence of cracks and rut (Table 5.2) [33].

In addition to all positive impact of steel slag application in asphalt mixtures, the 
financial feasibility of using this material should be stated [30]. However, the use 
of BOF slag in asphalt mixtures has disadvantages as well. For example, the curing 
period of the asphalt surface layer before opening to traffic takes longer. In fact, with 
larger amounts of BOF slag, the heat inside the pavement takes longer to be released, 
and a longer stabilization time was needed to reach thermal equilibrium [34]. Since 
BOF slag is a porous material that can store heat, the accumulated heat was then 
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convected upward to replenish energy in the upper layer of the pavement. As a result, 
the cooling rate decreased in the pavement containing BOF slag.

5.7   Slag utilization in concrete pavement

Concrete that is built into rigid pavement does not differ significantly from concrete 
used in building construction. The properties of ordinary concrete containing slag 
were discussed earlier in this chapter; in this section, the essential characteristics of 
concrete for use in pavement structures are presented.

In the construction of industrial concrete pavement, except for high strength and 
high resistance to wear, chemical influence and durability are also preferred concrete 
properties. These materials are often very expensive, and multiple researchers have 
been trying to find new ways to improve the mechanical properties of concrete for 
use in industrial pavement. Therefore, concrete with different aggregate types have 
been compared: steel slag, limestone, and river sand, and with a small cement por-
tion (270 kg/m3), a low water-cement ratio (0.52), and a maximum aggregate grain 
size of 31.5 mm [35]. Mixtures with slag aggregate have showed better mechanical 
properties then concrete with natural aggregate. Coarse slag aggregates show a nearly 
50% improvement in wear resistance, which is especially important in concrete for 
industrial pavement. Adding steel slag aggregate causes a more than 40% increase in 
compressive and flexural strength over concrete with limestone aggregate, and these 
concrete mixtures can meet the requirements for industrial pavement. This provides 
an opportunity to preserve natural resources and achieve environment conservation by 
using this waste material in concrete production.

The state-of-the-art example of steel slag usage as an aggregate in concrete pave-
ment is a situation in Belgium where slag from stainless steel production is used as 
an aggregate in roller-compacted concrete pavement construction of a rural road with 
very light traffic [18]. Steel slag aggregate of 0/30-mm granulation was used, to which 
sand of 0/4 mm granulation was added to improve the workability and disposition 
of concrete. Before a test section was built, laboratory studies were conducted in 
which concrete with aggregate consisting of 85% slag, 15% sand, and 16% cement 

Table 5.2 Properties of asphalt surface layer containing  
BOF slag [33]

Property

Exploitation period

6 Months 12 Months 18 Months 24 Months

Bulk density of core (g/cm3) 2.511 2.520 2.524 2.525
Abrasion and friction coefficient 

(BPN)
62 60 56 55

Surface texture depth (mm) 1.2 0.9 0.8 0.8
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by aggregate weight was used. The study included 7-, 14-, and 28-day compressive 
strength measurement. After 7 curing days, the mean compressive strength of three 
samples was 26.7 MPa; after 14 days, 31.3 MPa; and after 28 days, 37.1 MPa. These 
findings encouraged continued research. Since aggregate segregation was observed on 
some samples, the composition of concrete that is embedded into the test section was 
partially altered by increasing the amount of sand to 20% and reducing the quantity 
of slag to 80%. Laboratory tests of embedded concrete showed mean compressive 
strength of 29 MPa at 7 days, mean compressive strength of 31.6 MPa at 32 days, and 
mean compressive strength of 36.2 MPa at 90 days, which was rated as very good.

5.8   Slag utilization in hydrotechnical structures

The high density of steel slag characterized it as a good structural material for hydro-
technical structures. In Germany and the Netherlands, about 400,000 tons of this 
material per year is used for slope protection. Specifically, a coarse aggregate is used 
to protect against high water [1]. The size of the aggregates ranges from 100–250 mm. 
Used for this purpose, the aggregate should have acceptable volume stability and be 
wear resistant. Steel slag with free lime content under 5%, or such material that has 
been weathered for at least three months, is considered to have acceptable volume 
stability [1]. In addition to slope lining, this material is used for water flow regulation 
and eroded riverbed reclamation to direct water into a navigable riverbed during the 
dry season [36].

5.9   Slag utilization for acid mine drainage treatment

Acid mine drainage or acid and metalliferous drainage (AMD) refers to the outflow 
of acidic water from metal mines or coal mines. AMD forms when sulfide minerals 
(particularly pyrite and marcasite) have been exposed to oxidizing conditions during 
mining and other excavation activities such as highway construction [37]. In the pres-
ence of oxygen and water, sulfide minerals oxidize to form sulfate-rich and often 
metal-laden drainage. Untreated AMD flowing into streams can degrade habitat and 
water quality, often producing an environment devoid of most aquatic life and unfit 
for use. In addition, AMD can be toxic to vegetation and can reduce the potability 
of water supplies [37]. Different active and passive water treatment techniques have 
been developed during the last several decades to control AMD. Passive treatment 
of AMD has largely featured the dissolution of limestone to increase pH and alka-
linity and precipitate metals. However, limestone is susceptible to armouring due to 
metal precipitation and has limited effectiveness in highly acidic or high flow dis-
charges. Unlike lime, steel slags do not absorb CO2 from the air and convert back to 
relatively insoluble calcite [38]. Some constituents of the slag (e.g., SiO32− and CaO) 
can neutralize acidity, of which silicic acid is less harmful to the environment than 
carbonic acid. Consequently, steel slag can be a suitable alternative to limestone for 
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the neutralization of AMD, and results shown in [37–42] indicate that steel slag can 
provide highly concentrated alkaline recharge to acid mine waste.
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The Croatian experience of steel 
slag application in civil engineering
  

Two slag landfills are located near the cities of Sisak and Split in Croatia. Air-cooled 
slag from steel production (originally electric arc) is deposited in both croatian land-
fils. The amount of slag deposited near the Sisak plant is estimated to be 1.5 million 
tons spread over 25 ha, while the amount of slag deposited in the Split Ironworks 
landfill is estimated to be 30,000 tons. Those landfills are shown in Figures 6.1 and 
6.2. Currently, this type of slag has limited application, primarily in the construction 
of field paths and, for soil improvement.

Foreign research cites many applications for blast furnace slag, which have been 
incorporated into regulations and tested by long experience with cement production. 
Because of its high density and hardness, steel slag is used considerably less; however, 
the high cost of slag disposal dictates the need to find new areas for its utilisation. 
Next, the results of investigations of Croatian steel slag uses in various fields of civil 
engineering are described.

6.1   Slag as a structural concrete aggregate

The possibility of utilising steel slag as an aggregate in concrete was investigated in 
the project E!4166—EUREKABUILD FIRECON, financed by the Croatian Ministry 
of Education, Science, and Sport. The project centred on the properties of hardened 
concrete made with steel slag aggregates from the landfills near Sisak and Split, under 
both normal exposure and fire conditions.

Due to its condition as disposed waste, slag available in Croatia typically cannot be 
used as an aggregate in concrete, and preparatory actions had to be undertaken before 
testing. These actions included manual selection of waste and coarse units of slag, 
manual sieving of materials and their separation into fractions (0–4 mm, 4–8 mm, 
8–16 mm, and >16 mm), watering of aggregate fractions designated for analysis (4–8 
mm and 8–16 mm), and manual selection using a magnet to collect aggregate particles 
containing metals (Figures 6.3–6.8). Slag separated into fractions is shown in Figures 
6.9 and 6.10.

Properties important for using slag as an aggregate in concrete (Table 6.1) 
were determined on coarse fractions (4–8 mm and 8–16 mm) in accordance with 
the standard EN 12620/AC:2006 [1], with volume stability testing as the only 
exception. In accordance with EN 1744-1:2004 [2], testing of aggregate volume 
stability was performed on mortar specimens prepared with an aggregate with a 
grain size of 0–20 mm and cement, and based on the results, slag was classified 

6
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Figure 6.2 The Split ironworks landfill

Figure 6.3 Slag in its natural state

Figure 6.1 Landfill near Sisak
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Figure 6.4 Coarse units of slag that has been manually selected

Figure 6.5 Waste that has been manually selected out of slag

Figure 6.6 Sieving of slag
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Figure 6.7 Using a magnet to select aggregate particles containing metals by hand

Figure 6.8 Washing slag

Figure 6.9 Slag as an aggregate, mix of fractions 4-8 and 8-16 mm
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in accordance with EN 12620/AC and then compared to the Croatian regulatory 
requirements [3]. The test results for each type of slag are given in Tables 6.2 and 
6.3. The amounts of free CaO and MgO in slag are listed in Table 6.4.

Considering the results shown in Tables 6.2 and 6.3, it can be concluded that both 
types of slag satisfy the Croatian technical requirements for reinforced concrete struc-
tures [3] with one exception: the volume stability of the specimen made with Slag 2. 

Figure 6.10 Slag as an aggregate, fraction 0–4 mm

Table 6.1 Testing carried out in accordance with  
EN 12620/AC:2006 [4]

Property Reference standard

Particle size distribution EN 933-1:2003
Fines content EN 933-1:2003
Particle shape—shape index EN 933-4:2008
Apparent particle density EN 1097-6:2002/AC:2004/A1:2005
Particle density on an oven-dried basis* EN 1097-6:2002/AC:2004/A1:2005
Particle density on a saturated and surface-dried*  

basis
EN 1097-6:2002/AC:2004/A1:2005

Water absorption EN 1097-6:2002/AC:2004/A1:2005
Petrographic description EN 932-3:2003
Volume stability—drying shrinkage EN 1367-4:2008
Chloride content** EN 1744-1:2004
Total sulphur content** EN 1744-1:2004
Acid-soluble sulphate content** EN 1744-1:2004
Dicalcium silicate disintegration EN 1744-1:2004
Iron disintegration EN 1744-1:2004
Resistance to fragmentation—Los Angeles test EN 1097-2:2004
Freeze-thawing resistance EN 1367-2:2004

*By pycnometer
**Not necessary if complete chemical analysis is obtained
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Table 6.2 Test results for slag 1 (Sisak) [4]

Analysed property Fraction

Class in accordance with  
EN 12620/property value/ 
description

Requirement in accordance with croatian 
technical regulation for concrete structures

Particle size distribution 4–8 mm Class GC85/20 Requested class: GC85/20
8–16 mm Class GC90/15 Requested class: GC90/15

Fines content 4–8 mm Class f1,5 Highest class permitted: f1.5

8–16 mm Class f1,5 Highest class permitted: f1.5

Particle shape—shape index 4–8 mm Class SI15 Highest class permitted: SI20

8–16 mm Class SI15 Highest class permitted: SI20

Apparent particle density 4–16 mm 3.49 Mg/m3 Requirements of the client and customer must be 
satisfied.Particle density on an oven-dried basis 3.09 Mg/m3

Particle density on a saturated and  
surface-dried basis

3.21 Mg/m3

Water absorption 3.7%
Grain shape 4–16 mm Isometric to elongated Requirements of the client and customer must be 

satisfied.Appearance of the surface Rough, spongelike
Roundness of the grain Square
Fragility No
Volume stability—drying shrinkage 0–20 mm 0.026% Permitted: 0.075%
Chloride content 4–16 mm 0% Permitted: 0.06% for reinforced concrete
Acid-soluble sulphate content Class AS1,0 Highest class permitted: AS1.0

Total sulphur content 0.3% Permitted: 2%
Dicalcium silicate disintegration 4–16 mm Not present Not permitted
Iron disintegration Not present
Resistance to fragmentation—Los Ange-

les test
4–16 mm Class LA25 Highest class permitted: LA35 for concrete of com-

mon allocation; LA30 for concrete in XF1 to XF4 
class of exposure (according to EN 206-1)

Freeze-thawing resistance 4–16 mm Class MS18 Highest class permitted: MS25 for concrete in XF1 to 
XF3 class of exposure; MS18 for concrete in XF2 
to XF4 class of exposure (according to EN 206-1)
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Table 6.3 Test results for slag 2 (Split) [4]

Analysed property Fraction

Class in accordance to 
EN 12620/property value/
description Requirement in accordance with TPBK

Particle size distribution 4–8 mm Class GC85/20 Requested class: GC85/20
8–16 mm Class GC90/15 Requested class: GC90/15

Fines content 4–8 mm Class f1.5 Highest class permitted: f1.5

8–16 mm Class f1.5 Highest class permitted: f1.5

Particle shape – shape index 4–8 mm Class SI15 Highest class permitted: SI20

8–16 mm Class SI15 Highest class permitted: SI20

Apparent particle density 4–16 mm 3.41 Mg/m3 Requirements of the client and customer must be 
satisfied.Particle density on an oven-dried basis 2.93 Mg/m3

Particle density on a saturated and 
surface-dried basis

3.07 Mg/m3

Water absorption 4.9%
Grain shape 4–16 mm Isometric to elongated Requirements of the client and customer must be satisfied
Appearance of the surface Rough, spongelike
Roundness of the grain Square to slightly rounded
Fragility no
Volume stability—drying shrinkage 0–20 mm Specimen did not harden Permitted: 0.075%
Chloride content 4–16 mm 0% Permitted: 0.06% for reinforced concrete
Acid-soluble sulphate content Class AS1.0 Highest class permitted: AS1.0

Total sulphur content 0.48% Permitted: 2%
Dicalcium silicate disintegration 4–16 mm Not present Not permitted
Iron disintegration Not present
Resistance to fragmentation—Los 

Angeles test
4–16 mm Class LA25 Highest class permitted: LA35 for concrete of common 

allocation; LA30 for concrete in XF1 to XF4 class of 
exposure (according to EN 206-1)

Freeze-thawing resistance 4–16 mm Class MS18 Highest class permitted: MS25 for concrete in XF1 to 
XF3 class of exposure; MS18 for concrete in XF2 to 
XF4 class of exposure (according to EN 206-1)
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This specimen would not harden, so it was not possible to evaluate the volume stabil-
ity. The inability of this specimen to harden was assumed to have been due to partial 
dicalcium silicate (C2S) disintegration. C2S disintegration could not be observed by 
testing, according to EN 1744-1:2004 [2], because of the limitation of the method 
used. A more detailed or sophisticated analysis of C2S in this slag would probably 
have shown a higher proportion of γ C2S (the unstable form of C2S) than β C2S (stable 
form C2S).

Given that γ C2S has low hydraulic properties [5], its presence in fine particles of 
slag could explain the inability of the concrete to harden. However, washing the slag 
aggregate and using only coarse slag fractions (4–8 mm and 8–16 mm) are assumed 
to prevent this problem. Therefore, only coarse slag fractions (4–8 mm, 8–16 mm) are 
used in concrete.

In further research, three groups of concrete specimens were created, each with a 
different concrete mixture (M, M1, and M2). The three mixtures were prepared with 
the same cement type (CEM I 52,5N) and content (400 kg/m3) and the same water-
to-cement ratio (w/c = 0.43), and superplasticiser (0.8% of the cement mass) was 
added. The reference mixture (M) was completely prepared with dolomite (fractions 
0–4 mm, 4–8 mm, and 8–16 mm). The other two mixtures, M1 and M2, were made 
with slag available within Croatia, which was used as a coarse aggregate (4–8 mm and 
8–16 mm), and with dolomite as a fine aggregate (0–4 mm). The cumulative sieving 
curve (C) of aggregates, obtained by mixing different aggregate fractions in precisely 
prescribed proportions, was the same for all three mixtures (Figure 6.11). A suitable 
overall grading of the aggregate (C) was determined by values lying between those 
two recommended curves (i.e., the Fuller and EMPA curves), which provide good 
aggregate packing and concrete properties [6].

The chemical characteristics of cement and aggregates are presented in Table 6.5. 
The properties of dolomite used for concrete preparation (the reference mixture) are 
given in Table 6.6.

Aggregates used for preparing concrete were first saturated and then surface dried. 
The process was performed by placing aggregates in a water tank for 24 h and then 
removing them and wiping excess water from the surface.

Details of the mixture are given in Table 6.7, and the properties of prepared con-
crete mixtures in their fresh state are given in Table 6.8. All testing of fresh concrete 
was performed according to the relevant European standards; density was measured 

Table 6.4 Content of free CaO and MgO in slag [4]

Applied method Analysed property

Property value (% of mass)

Slag 1 Slag 2

Combination of complexometric  
method (described in EN  
1744-1) and X-ray diffraction

Content of free CaO 0.28 0.22

X-ray diffraction Content of free MgO 4.82 4.21
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according to EN 12350-6:2009 [7], air content according to EN 12350-7:2000 [8], and 
consistency according to EN 12350-2:2000 [9]. For estimating the development of 
flexural and compressive strength over time, prisms measuring 10 × 10 × 40 cm were 
tested. Volume changes of concrete and the static modulus of elasticity were deter-
mined on prisms with the same measurements. For defining a concrete class, cubes of 
15 cm in the edge length were tested at 28 days.

All specimens were demoulded 24 h after casting, placed in a water tank for 7 days 
(Figure 6.12), and placed in a chamber with a temperature of about 20 ± 2 °C and a 
humidity level of 95 ± 5% for another 27 days. After 28 days, some specimens were 
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Figure 6.11 Cumulative sieving curve [4]

Table 6.5 Chemical properties of materials (% of mass) [4]

Compound/material Cement

Aggregates

Dolomite Slag 1 Slag 2

SiO2 19.74 0.49 17.08 14.24
CaO 63.35 31.78 24.98 31.52
Al2O3 5.33 0.10 5.40 7.60
Fe2O3 2.25 0.10 25.45 25.74
MgO 2.72 20.85 10.58 7.42
MnO 0.18 − 8.91 3.80
Na2O 0.3 0.01 0.12 0.13
K2O 0.84 0.01 0.13 0.08
SO3

2- − − 0.25 0.44
S2- − − 0.05 0.04
SO3 3.3 − − −
TiO2 − − − −
Loss on ignition (LOI) 1.34 46.64 4.99 4.71
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tested, and others were left in the laboratory room for a total of 90 days. The spec-
imens intended to be used for the measurement of volume changes were left in the 
chamber for 91 days. For corrosion susceptibility testing, a concrete specimen in the 
fresh state was placed in a closed mould and kept there for 28 days with no air or water 
exposure to avoid carbonation (Figure 6.13).

Flexural strength testing was performed according to EN 12390-5:2009 [10], and 
static modulus of elasticity testing was done according to HRN U.M1.025:1982 [11]. 
To reduce the number of specimens, the rate of compressive strength development was 
tested on the prism halves that remained after flexural strength testing. The compres-
sive strength of the 28-day-old concrete was tested according to EN 12390-3:2002 
[12]. All the testings are shown in Figures 6.14–6.17.

The possible corrosive effects of such concrete on reinforcing elements were esti-
mated by testing the pH value of the solution prepared with powder and distilled water, 
according to [13]. The pore solution used in experiments was produced by grinding 
and collecting concrete powder from hardened concrete specimens and mixing it with 
distilled water in a 1:10 ratio. After 24 h, the solution was passed through filter paper 
and the pH value of the filtrate was measured with a pH meter (Figure 6.18).

To estimate the possibly high rate of slag expansion, volume changes of slag con-
crete were compared with volume changes of reference concrete made with dolo-
mite, the commonly used natural aggregate. Concrete volume changes were measured 
according to HRN U.M1.029:1983 [14]. The specimens that were measured for vol-
ume changes are shown in Figure 6.19. Volume changes were examined on three 
prisms for each mixture and two measuring lines on each prism.

The compressive strength of the 28-day-old concrete cubes is shown in Figure 6.20. 
The flexural and compressive strengths of the observed specimens, which were 2, 28, 
56, and 90 days old, are given in Figures 6.21 and 6.22. The values achieved for the 
modulus of elasticity are shown in Figure 6.23. Each result is the average of testing 
three specimens for each property.

Because the same amount of cement was used in all three mixtures, along with the 
same w/c ratio, the same amount of superplasticiser and the same cumulative sieving 
curve of aggregates, the results demonstrate the crucial impact of an aggregate type 
on concrete mechanical properties. At 28 days old, the concrete with Slag 1 (M1) had 

Table 6.6 Test results for dolomite [4]

Analysed property Fraction Property value

Apparent particle density 0–4 mm 2.79 Mg/m3

4–16 mm 2.79 Mg/m3

Particle density on an oven-dried basis 0–4 mm 2.73 Mg/m3

4–16 mm 2.72 Mg/m3

Particle density on a saturated and surface-dried  
basis

0–4 mm 2.75 Mg/m3

4–16 mm 2.75 Mg/m3

Water absorption 0–4 mm 0.9%
4–16 mm 0.8%
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Table 6.7 Mixture details [4]

Mixture w/c
Superplasticiser 
(kg)

Cement 
(kg)

Aggregate (kg)

Dolomite, 
fraction 
0–4 mm

Dolomite, 
fraction 
4–8 mm

Dolomite, 
fraction 
8–16 mm

Slag 1, 
fraction 
4–8 mm

Slag 1, 
fraction 
8–16 mm

Slag 2, 
fraction 
4–8 mm

Slag 2, 
fraction 
8–16 mm

M 0.43 3.20 400 807 367 661 − − − −
M1 0.43 3.20 400 864 − − 422 723 − −
M2 0.43 3.20 400 841 − − − − 411 704
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86% of the compressive strength of the reference mixture (M), while the concrete with 
Slag 2 (M2) had 69% of the compressive strength of the M mixture (Figure 6.20).  
Figure 6.21 illustrates that both types of slag yield concrete with lower flexural strength 
in comparison with the reference mixture. The reduction of flexural strength of all 
56-day-old mixtures, shown in Figure 6.21, has no valid explanation. The lower values 

Table 6.8 Properties of fresh concrete [4]

Mixture
Density of fresh concrete  
(kg/m3) Air content (%)

Consistency by 
slump test (cm)

M 2530 0.9 20
M1 2643 2.0 20
M2 2574 2.3 20

Figure 6.12 Curing of samples

Figure 6.13 Sample of fresh concrete mixture for testing the pH value of concrete eluate
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Figure 6.14 Flexural strength testing

Figure 6.15 Compressive strength testing on prism halves

Figure 6.16 Compressive strength testing on concrete cubes with 15-cm edge lengths



Figure 6.17 Modulus of elasticity testing

Figure 6.18 Measuring of the pH value of concrete eluate



Figure 6.19 Volume change testing
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Figure 6.20 Compressive strengths of concrete cubes at the age of 28 days [4]
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Figure 6.21 Flexural strength development of concrete [4]
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of flexural strength of slag concrete compared to the same values for the reference 
concrete are in accordance with the values of flexural strength shown in [15].

The compressive strength (Figure 6.22) of mixtures with slag increased more than 
that of the reference mixture. When 2 days old, the M1 mixture achieved 77% of the 
compressive strength of the reference mixture, while the M2 mixture achieved 64% of 
the compressive strength of the M mixture. At the end of the observed period (after 90 
days), the M1 and M2 mixtures achieved 86% and 81% of the compressive strength of 
the M mixture, respectively. Lower values for compressive strength of slag concrete 
compared to reference concrete conflict with those presented in [15] and [16]. As for 
the modulus of elasticity (Figure 6.23), the M1 mixture developed 77% of the refer-
ence mixture value, while the percentage for the M2 mixture amounted to 67%. As a 
basis for comparison, the slag and limestone mixtures studied in [16] showed similar 
values for the modulus of elasticity.
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Figure 6.22 Compressive strength development of concrete [4]
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It is obvious that both types of slag yield concrete (M1 and M2) with lower 
mechanical properties compared to the reference concrete (M) were made with dolo-
mite aggregate. Since all the aggregates were in saturated and surface-dry conditions, 
lower values for the mechanical properties of slag concrete cannot be explained by the 
increased absorption of slag as an aggregate. Examination of the fracture lines of the 
test samples remaining after flexural strength testing revealed that all samples frac-
tured evenly throughout the cement paste and aggregate. Therefore, lower mechanical 
property values of the slag concrete can be explained by lower quality of slag as an 
aggregate in comparison with dolomite. However, considering the mechanical proper-
ties of the concrete with both types of slag, it may be concluded that these by-products 
might still be used as a replacement for a commonly used natural aggregate in struc-
tural concrete.

Given that all mixtures contained the same volume fraction of aggregates, the fil-
trate alkalinity (see the pH values shown in Figure 6.24) can be attributed solely to the 
aggregate. The ratio of alkaline and acidic components in the chemical composition of 
Slag 1 is (CaO + MgO)/(SiO2 + Al2O3) = 1.56, while the same ratio in Slag 2 is 1.78. 
It would be expected that the Slag 1 filtrate would have a lower pH value than the Slag 
2 filtrate; however, it had a higher pH value. Despite the results of the slag pH val-
ues being counter to expectations, the slag did not show potential for corrosion here. 
Specifically, a pH value above 9.5 is considered to be an alkaline medium, in which a 
passive (protective) layer of iron oxide forms on the surface of the reinforcement. This 
layer is very dense and impervious to corrosion reactants (O2, H2O), and thus it pro-
tects the reinforcement from corrosion in a normal, nonaggressive environment [17]. 
In addition, the pH values of Slag 1 and 2 concrete filtrates differ only slightly from 
the pH values of the filtrate of the concrete with dolomite. This means that the use of 
slag as a concrete aggregate is equivalent to the use of dolomite in terms of potential 
corrosive action.

In addition, susceptibility to corrosion was observed in samples exposed to an 
aggressive environment for more than 1 year. For long-term exposure to a simulated 
aggressive environment, concrete “lollipops” with embedded reinforcement were 
prepared (Figure 6.25). Steel rebar was placed in the centre of concrete specimens, 
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Figure 6.24 The pH values of filtrates [4]
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covered with concrete on all sides. An insulated copper wire was glued on one side of 
the reinforcing bar to serve as a connection for measuring corrosion parameters. These 
specimens were left in the humidity chamber for 28 days. After curing, the specimens 
were placed in a salt spray chamber (Figure 6.26), in which they were exposed to 
a simulated marine environment with cycles of wetting, drying, and spraying with 
3.5% NaCl solution under controlled temperature and humidity conditions. Corrosion 
parameters (potential and current) and concrete resistivity were periodically measured 
(Figure 6.27) during the course of exposure by using the galvanostatic pulse method.

From continuous monitoring of the corrosion potential, it was possible to estimate 
the tendency of steel toward corrosion. Comparing half-cell potential values of sam-
ples with dolomite aggregate (M) and those with slag aggregate (M1 and M2), the 
corrosion potential values of slag aggregate concrete were seen to be significantly 
lower than those of concrete with dolomite aggregate.

Figure 6.25 “Lollipops” with embedded reinforcement

Figure 6.26 Samples exposed to a simulated marine environment in a salt chamber
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From the corrosion current, the depth of corrosion could be calculated using  
Faraday’s law. The depth of corrosion was defined as the thickness of the reinforce-
ment cross section lost during corrosion.

From these measurements, the loss of reinforcement due to corrosion was found to 
be similar in concrete made with Slag 1 aggregate and concrete made with dolomite 
aggregate. In contrast, the corrosion penetration depth with time was higher with the 
mixture containing Slag 2 aggregate.

Given the pH values of the filtrates of concrete prepared with different types of 
slag aggregate and the results of corrosion process monitoring during exposure to a 
simulated aggressive environment in the salt spray chamber, it can be concluded that 
Slag 1 does not increase the risk of reinforcement corrosion in concrete that will be 
exposed to an aggressive marine environment. However, Slag 2 produces a negative 
influence on corrosion. This may indicate an increased risk that corrosion of rein-
forcement will occur if Slag 2 is used to prepare concrete that will be exposed to 
an aggressive marine environment. In that case, designing further protection of the 
concrete is recommended, such as by adding mineral and chemical admixtures or 
protective coatings.

Figure 6.28 shows the comparison of average values of deformation measured for 
the reference concrete mixture (M) and mixtures with slags (M1, M2). Each of the 
curves shown in the figure presents a mean line of 6 measurement lines (3 prisms × 2 
measuring lines per prism = 6 measurement lines).

The declining curves indicate the shrinkage of concrete specimens, and the increas-
ing curves indicate their expansion. Although Slag 1 contains a greater amount of free 
CaO and MgO, which might suggest that the slag mixture would have greater volume 
changes, no significant difference in volume changes was observed between the Slag 
1 and Slag 2 mixtures.

The presented test results do not indicate significantly different volume changes 
in slag concrete (M1, M2) compared to the reference concrete (M), meaning that the 
slags did not show an expansive nature. Such a result was expected due to previous 

Figure 6.27 Measuring of corrosion parameters
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long-term exposure of the studied slags to the influence of atmospheric conditions 
during the periods that the aggregate was being made from the original slag sample 
(6 months). During this period, there was enough time for the free CaO and MgO to 
react. Although the results of the volume stability of the slag mixture are satisfactory 
in this short reference period, testing of volume stability will continue. If slag shows 
volume instability, using a method for accelerating slag aging, such as steaming either 
by itself or under pressure, is recommended [18], which can effectively solve this 
problem. The use of accelerated aging methods will certainly increase the production 
costs of slag as an aggregate, but it will also keep it from being a waste material.

The results presented here are affirmative and justify the use of steel slag as an 
aggregate in structural concrete within Croatia. Additionally, using slag as an aggre-
gate can reduce the exploitation of natural aggregates and thus contribute to environ-
mental preservation.

Because slag is created at high temperatures, it is considered here as an aggre-
gate that could improve the fire resistance of concrete. For this purpose, five concrete 
mixtures were observed: concrete mixtures given in Table 6.7, as well as concrete 
mixtures with slag that was previously thermally treated (M1T and M2T). In mixtures 
M1T and M2T, slag was previously heated to the target temperature of 1000°C at a 
rate of 5°C/min, and then kept at a constant temperature for 1 h and cooled naturally. 
The appearance of slag during thermal treatment in a furnace is shown in Figure 6.29.

A number of properties of concrete were tested on 100 × 100 × 400-mm prisms. All 
specimens were demoulded 24 h after the casting and placed in a water tank for 7 days. 
Afterward, they were placed in the chamber (at a temperature of about 20±2°C and 
a humidity level of 95±5%) and kept there until the age of 28 days. At that point, the 
prisms were removed to the laboratory room until the age of 56 days, at which point 
the concrete specimens were exposed to high temperatures. The moisture content was 
0.6%–0.7% within the samples with thermally treated slag (M1T, M2T) and 3%–4% 
within the M, M1, and M2 samples. The specimens were put into the test furnace 
 (Figures 6.30 and 6.31), heated to target temperatures of 400°C and 800°C, and then 
kept at a constant temperature for 1 h. As per RILEM recommendations [19], the 
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Figure 6.28 Comparison of average values of volume changes [4]
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Figure 6.29 Thermal treatment of slag in a furnace

Figure 6.30 The test furnace

Figure 6.31 Samples in the furnace
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heating rate was 1°C/min. After the heating process was completed, the furnace was 
turned off and specimens were allowed to cool inside the furnace to prevent thermal 
shock. Upon the cooling of the specimens, their mechanical properties (compressive 
strength and static modulus of elasticity), weight, and pulse velocity were tested (Fig-
ure 6.32). The fire resistance of concrete mixtures was estimated by the impact of high 
temperature on the residual properties of the concrete specimens. The residual value of 
each property is expressed as the percent reduction of an observed property compared 
with its initial value in response to an increase in temperature (Figures 6.33–6.40).

In the temperature range from 20°C to 400°C, concrete mixtures with thermally 
untreated slag (M1, M2) had a smaller reduction in compressive strength compared 
to mixture M (Figures 6.33 and 6.34). At 800°C, those mixtures lost much more of 
their compressive strength than did mixture M. Concrete mixtures with thermally 
treated slag (M1T, M2T) showed superior behaviour at 400°C compared with all other 
mixtures, even experiencing an increase in compressive strength. However, at 800°C, 
those mixtures suffered a reduction in strength that was similar to mixtures with ther-
mally untreated slag (M1, M2) and showed no better performance than the reference 
mixture (M).

As for the modulus of elasticity (Figures 6.35 and 6.36), all mixtures were found to 
have reduced values with increased temperature. At 400°C, mixtures with slag (except 
mixture M2) showed better fire resistance than the reference mixture, especially in 
the case of mixtures prepared with slag that had been thermally treated. Again, the 
reduction in modulus of elasticity of all mixtures with slag was more pronounced than 
that of the reference mixture (M) after exposure to 800°C. Compared to thermally 
untreated slag, thermally treated slag ensured better fire resistance of concrete.

Figures 6.37 and 6.38 show the comparison of the residual weights of concrete 
prisms with temperature increasing in the furnace, expressed as a percentage of the 
initial weight (relative weight). In temperatures up to 400°C, the mixtures with ther-
mally untreated slag (M1, M2) lost slightly more weight than the reference mixture 
(M). Above 400°C, reference concrete experienced a greater reduction in weight than 
mixtures made of slag (M1, M1T, M2, M2T). This could be attributed to calcium 

Figure 6.32 Pulse velocity testing
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carbonate (CaCO3) within the dolomite decomposing into lime (CaO) and car-
bon dioxide (CO2), which occurs at a temperature of about 700°C [21-23]. Again, 
thermally treated slag ensured better fire resistance of concrete than untreated slag 
throughout the whole temperature range.

In order to estimate the degree of damage within the prisms due to exposure to high 
temperatures, the pulse velocity was measured. The assumption here was that a sig-
nificant decrease in velocity with an increase in temperature indicates a greater degree 
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Figure 6.33 Relative compressive strengths of concrete mixtures M, M1, and M1T subjected 
to high temperatures [20]
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Figure 6.34 Relative compressive strengths of concrete mixtures M, M2, and M2T subjected 
to high temperatures [20]
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of damage within the specimen. Figures 6.39 and 6.40 show a comparison of pulse 
velocities through prisms of all mixtures after exposure to high temperatures. Each 
result shown represents the mean value of six measurements. Figures 6.39 and 6.40 
illustrate that mixtures M1 and M2 experienced a slightly greater reduction in pulse 
velocity than mixture M for temperatures up to 400°C.

In contrast, mixtures M1T and M2T experienced less reduction in pulse veloc-
ity than mixture M. At 800°C, mixtures with thermally treated and untreated slags 
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Figure 6.35 Relative modulus of elasticity of concrete mixtures M, M1, and M1T subjected 
to high temperatures [20]
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Figure 6.36 Relative modulus of elasticity of concrete mixtures M, M2, and M2T subjected 
to high temperatures [20]
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showed worse fire resistance than mixtures with dolomite (M). This finding leads to 
the conclusion that a greater degree of damage occurred throughout the entire tem-
perature range within mixtures with thermally untreated slag (M1, M2) compared 
with the mixture made of dolomite. (The term damage includes microcracks that 
developed during the exposure of specimens to high temperatures.) Specifically, the 
most commonly used aggregates experience expansion during heating, while cement 
paste experiences shrinkage at the same time [23]. Differences in thermal behaviour 
between aggregate and cement paste result in the buildup of parasitic stresses that can 
lead to the weakening and disruption of the concrete at high temperatures [23, 24]. 
Thermal treatment of slag diminished that damage and ensured a smaller degree of 
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Figure 6.37 Relative weight of concrete mixtures M, M1, and M1T subjected to high 
 temperatures [20]
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damage to concrete with mixtures M1T and M2T in the lower temperature range than 
to concrete with dolomite (mixture M).

The results of microstructural analysis of concrete specimens (Figure 6.41) are 
presented in Figure 6.42. Concrete specimens with thermally untreated slag (M1, M2) 
showed cracks of smaller width than concrete specimens with dolomite (M) at 400°C. 
It seems that specimens with thermally treated slag (M1T, M2T) had an even better 
appearance as temperature increases. At 800°C, the cracks had a greater width for all 
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Figure 6.39 Relative pulse velocity of concrete mixtures M, M1, and M1T subjected to high 
temperatures [20]
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mixtures with slag (M1, M1T, M2, M2T) than for the reference mixture (M). How-
ever, using thermally treated slag instead of thermally untreated slag improved the 
concrete’s appearance.

To clarify the obtained results, a dilatometer analysis of cement paste and all aggre-
gates used in the concrete mixtures was conducted (Figure 6.43). Cement paste (C) 
was made of CEM I 52,5N with a w/c ratio of 0.43. The superplasticiser was not used 
in the cement paste preparation because it was assumed that it does not affect the 
fire resistance of mixtures. A dilatometer analysis of all aggregates used in concrete 
mixtures (dolomite–D, Slag 1–S1, Slag 2–S2, thermally treated Slag 1–S1T, and ther-
mally treated Slag 2–S2T) was also conducted. The samples of cement paste in 40 ×  
40 × 160-mm prisms were cured in the same way as the concrete samples. At the age 
of 56 days, samples of 5 × 5 × 20 mm in size were cut out of these prisms for the 
dilatometer analysis. The results of analysis are shown in Figures 6.44 and 6.45.

The decline of the curve indicates the shrinkage of the sample, while the rising 
curve indicates expansion. Given that more damage was recorded for mixtures with 
thermally untreated slag than for the reference mixture, it seemed that the difference in 
the expansion of aggregate and the shrinkage of cement paste was expressed more in 
mixtures prepared with thermally untreated slag than with dolomite. Contrary to these 
expectations, the results of the dilatometric analysis indicated a smaller difference in 
the behaviour of both slags when untreated (S1, S2) with cement paste (C) than in the 
behaviour of dolomite (D) with cement paste (C) during exposure to high tempera-
tures. However, it is apparent that thermally untreated slags were unstable throughout 
the temperature range, changing their behaviour from expansion to shrinkage. Ther-
mal treatment successfully stabilised both slags (S1T, S2T) and ensured their linear 
expansion during the heating. Such behaviour can be explained by transformation 
of the mineral composition [25]. Namely, as slag is heated, wüstite transforms to a 
new mineral, magnetite. This transformation is irreversible and makes slag stable at 
elevated temperatures. This means that if slag was previously heated to 1000°C, it 
remains stable after subsequent heating.

Figure 6.41 Samples for microstructural analysis
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M at 20°C

M1 at 20°C

M1T at 20°C

M2 at 20°C

M2T at 20°C

M1T at 400°C

M2 at 400°C

M2T at 400°C M2T at 800°C

M1T at 800°C

M2 at 800°C

M1 at 400°C M1 at 800°C

M at 400°C M at 800°C

Figure 6.42 Microstructural analysis of concrete mixtures at different temperatures [20]

The results showed that slag could improve the fire resistance of concrete at a 
lower temperature range (up to 400 °C). This improvement is especially promi-
nent with previously thermally treated slag. However, thermal treatment of slag 
increases the price of slag concrete, making it economically unacceptable for 
widespread use.
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Figure 6.43 Samples for dilatometer analysis
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Figure 6.44 The results of dilatometer analysis for cement paste, dolomite, Slag 1 and 
 thermally treated Slag 1 [20]

6.2   Slag usage in road construction

In addition to testing the application of slag in construction, slag from Croatian land-
fills can be used in road construction for all the layers of pavement structure. The 
results of studies in the usage of domestic slag in pavement structure (base layers and 
wearing course) are described next.

6.2.1   Slag usage in unbound layers

Research results of steel slag applicability in unbound pavement base layers are shown 
in Table 6.9. This material is suitable for building dams, embankments, and unbound 
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pavement base layers. Tests have also shown that steel slag does not contain organic 
matter, and there is no danger of pollution even though the pavement structure is in 
direct contact with the ground.

6.2.2   Slag usage in hydraulically bound base layers

Tests have also shown that steel slag is an equally good substitute for gravel or crushed 
stone aggregate in both stabilised cement and unbound base layers. Properties of a 
cement-stabilised mixture of slag, natural crushed stone, and 0.7% and 2% of cement 
(Class 42.5 N) meet the compressive strength criteria set by Croatian standards [27]. 

Table 6.9 Properties of steel slag as material for unbound base 
layers [26]

Analysed property Property value Standard requirement

Density (g/cm3) 3.831 −
Degree of nonuniformity 6.58 > 4
California bearing ratio (CBR; %) 198 Min. 80
Water absorption, mass % 0.8 Max. 1.6
Frost resistance (Na2SO4), mass (%) 0.05 Max. 7
Share of weak and weathered grain,  

mass (%)
0.4 Max. 12

Resistance to wear by Los Angeles 
method, mass (%)

17.4 Max. 45
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Figure 6.45 The results of dilatometer analysis for cement paste, dolomite, Slag 2, and 
 thermally treated Slag 2 [20]
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Even with application of gravel as aggregate and lower-strength-class cement [CEM II 
B/M (PS) 32.5 R], it is still possible to obtain a mixture that meets the strength criteria 
[28]. In mixes with slag aggregate, there are increases in compressive and indirect ten-
sile strength in mixes with 2% cement content. However, the values generally decrease 
in mixes with higher cement content (4% and 6%) with increasing slag content. These 
results are presented in Figures 6.46 and 6.47.

The amount of binder used tends to greatly affect the compressive strength of mix-
tures containing slag. Filling the surface voids of slag grains with cement paste causes 
an inconsistent improvement in strength with all mixtures. In Figure 6.48, microscopic 
images of gravel grain (a) and slag grain (b) are presented. It is clear that gravel grain 
is covered by cement paste, while the slag grain surface pores are filled by this paste. 
This phenomenon is shown in Figure 6.49, which presents the relationship between 
the compressive strength of mixtures with no slag and with 75% slag for various 
amounts of binder and all curing ages.

As the cement content increases, the difference in compressive strength between 
mixtures with and without slag decreases. At 6% cement, the compressive strength 
of the mixture with slag becomes less than that of the mixture without slag. Mixtures 
with 2% cement and 75% slag had a greater compressive strength than mixtures with-
out slag for all curing ages.
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Figure 6.46 Compressive strength for curing ages of (a) 7 days, (b) 28 days, and  
(c) 90 days [28]
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Based on EN 14227-1 [29], hydraulically bound mixes are classified according to 
28-day compressive strength and sorted into strength classes. All mixes with slag and 
2% cement fulfil this criterion for strength class C1.5/2.0. Mixes with 4% cement can 
generally be classified as strength class C3/4, while mixes with 6% cement cannot be 
reliably classified into one strength class because the cement content greatly affects 
the strength development in mixes containing steel slag.
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Figure 6.47 Indirect tensile strength for curing ages of (a) 7 days, (b) 28 days, and  
(c) 90 days [28]

Figure 6.48 (a) Gravel grain and (b) slag grain within a stabilised mixture specimen
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During the same study, the modulus of elasticity (static and dynamic) was also 
investigated. The standard test for determining the modulus of elasticity in hydrauli-
cally bound mixtures is defined by EN 13286-43 [30]. The results of this test were very 
inconsistent, varying greatly among samples within identical mixtures. For example, 
the static modulus of a mixture with only gravel aggregate varied between 8000 and 
18,000 MPa. Therefore, even though this static testing method is given by the European 
standard for characterising cement-stabilised materials, there are some problems.

First, its accuracy depends on the rate of loading, deformation effects, and the stress 
level at which the material’s elastic properties are determined [31]. Cement-stabilised 
materials are porous, and the forces applied during the static test crush the material, 
changing its porosity by an amount that depends on the magnitude of the applied load-
ing. These inconsistencies mean that the accuracy of the measured elastic properties 
is questionable. Second, directly evaluating the static modulus of elasticity is compli-
cated and time consuming [32]. These complications occur because cement-stabilised 
materials usually contain an aggregate of gravel or crushed rock. These aggregates 
create a specimen surface that is very textured and rough, which causes problems with 
positioning linear variable differential transformers (LVDTs) during measurements 
(Figure 6.50). The positioning of the LVDTs must be precise when determining the 
modulus of elasticity and Poisson ratio, so similar variation was found in the results 
for static modulus as those for the determination of Poisson’s ratio.
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In light of the results and the identified problems, it was decided to conduct further 
investigation through the measurement of dynamic modulus via the ultrasound pulse 
velocity and static modulus via the spatial digital image correlation method, namely 
three-dimensional (3D) digital image correlation (3D DIC). Ultrasound pulse veloc-
ity measurement, defined in EN 12504-4 [34] is a standard test method for concrete 
characterisation.

Cement-stabilised materials, also known as controlled low-strength materials or 
lean concrete, have a similar composition as regular concrete. Because of this sim-
ilarity, the properties of cement-stabilised mixtures were determined by measuring 
ultrasound pulse velocity, even though it is not a standard test in road construction. 
For method adjustment, the frequency of 54 kHz was used. For comparison, ultrasonic 
pulses at frequencies of 40–80 kHz can be used for concrete, while impulses at fre-
quencies of 20–250 kHz can be used for cement-stabilised materials. The test setup for 
this measurement is presented in Figure 6.51. The dynamic modulus of elasticity can 
be calculated using Eq. (6.1), with an assumed value of Poisson’s ratio equal to 0.25:

 
E = ρ ⋅ v2 ⋅

(1 + ν) ⋅ (1 − 2 ⋅ ν)
1 − ν  (6.1)

DIC is a nondestructive and noncontact method used to determine a loaded object 
surface deformation. The fundamental operating procedure is to compare images 
taken under different loading conditions, which is achieved by dividing the images 
into small subareas and tracking the movement of these subareas in comparison to 
the zero position (i.e., before a load is applied). The use of this technique, therefore, 
enables the measurement of an area’s full field deformation, which makes the tech-
nique useful for determining the collapse mechanism on various material specimens.

With an insight into the whole deformation field, it is possible to completely recon-
struct the crack geometry without extensive instrumentation [36]. Due to the coarse 
surface of specimens used in this research, a 3D DIC measurement is preferred over 

Figure 6.50 Sample with a mounted LVDT, demonstrating the difficulty of its positioning, 
and thus the questionable validity of the obtained results [33]
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classic, mechanical devices that are contact based. The testing itself is no different 
than with mechanical extensometers since the process of recording images can be 
automated. Image recording is done simultaneously with the acquisition of the analog 
inputs from the test machine (e.g., force and displacement signal). System software 
recognises surface patterns on digital images of the measuring object and allocates 
coordinates to image pixels. Spatial DIC measurement for the purpose of this study 
was implemented using Aramis 3D optical deformation analysis system, developed 
by Gesellschaft für optische Messtechnik (GOM). Figure 6.52 shows the Aramis 
main hardware components, together with the rest of the test setup. The results of this 
research are presented in Table 6.10.

The results of moduli determined by ultrasound pulse velocity (UPV) measure-
ment, depending on steel slag and cement content, are presented in Figure 6.53. 
Although there is a weaker correlation between the trend lines and experimental data 
sets, the equations given in Figure 6.53 can be used to estimate dynamic modulus from 
slag content, with a known value of dynamic modulus of a mixture without slag. The 

Figure 6.51 Ultrasonic pulse measurement of cement-stabilised steel slag mixtures [35]

Figure 6.52 Test setup for 3D DIC measurement [33]
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Table 6.10 Experimental program results of modulus of elasticity measurement [33]

Share in total aggregate 
content

Cement in 
aggregate mass Density UPV

Compressive 
strength

Elastic moduli 
(UPV) Elastic moduli (3D DIC)Gravel Steel slag

(%) (%) (%) ρ (kg/m3) v (μm/s) fc (MPa) Edin (GPa) Est (GPa)

100 0 2 2,19 2,278 1,38 9,55 0,936
75 25 2 2,30 2,504 1,35 12,01 0,975
25 75 2 2,56 2,485 2,72 13,17 1,334
100 0 4 2,25 3,055 2,99 17,55 3,617
75 25 4 2,34 2,923 2,78 16,69 2,706
25 75 4 2,53 3,081 4,54 20,00 3,650
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phenomenon of modulus increase with cement content, independent of slag content, 
is expected due to an increase in compression strength. The same can be said about 
dynamic modulus increase with slag percentage when cement content is omitted. The 
equation shown in Figure 6.53 may be considered valid for the investigated mixtures, 
with S expressed in terms of percentage and E in MPa. It should be noted that the R2 
value of the shown trendlines would be greater if the mean results of individual mix-
tures were used instead of the results for each tested sample.

The mixture with 4% of cement in aggregate mass and 75% of slag in aggregate 
composition has the highest modulus value (Edin = 20.00 GPa), and the lowest value 
is attained by a mixture that has 2% cement content without slag in aggregate compo-
sition (Edin = 9.36 GPa). These results are in accordance with those found in the lit-
erature, which range from 1–20 GPa, depending on the materials’ properties [37,38].

The primary advantage of using the 3D DIC method is the possibility of monitoring 
stress and strain in real time and presenting those results in a clear manner, as shown in 
Figure 6.54. The EN 13286-43 standard [30] provides guidelines in which the elastic 
modulus in compression is calculated using a force equal to 30% of the maximum 
force sustained, and a corresponding strain. Therefore, Figure 6.53 depicts the strain 
fields at 0%, 30%, maximum, and failure stresses. In addition, the provided visualisa-
tion enables the quantification of fracture properties in CSM and monitoring of crack 
progress. It can be seen that the crack formulation process is heterogeneous and that 
there are areas in the field with local deformations even below the 30% stress limit.

The results of static modulus of elasticity measurements by 3D DIC are presented 
in Figure 6.55. They range from 0.9–3.5 GPa, which is in accordance with data found 
in literature, ranging from 1.5–3 GPa, depending on the cement content [39]. When 
analysing the static modulus results shown in Figure 6.55, the trends established 
between groups of mixtures with 2% and 4% of cement content are very similar to 
those established for the dynamic modulus, shown in Figure 6.53. The increase of 
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Figure 6.53 Modulus of elasticity determined by UPV, depending on steel slag and cement 
content [33]
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Figure 6.54 Visualisation of the strain state during compressive testing [33]
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modulus with slag and cement content is the most obvious conclusion to reach. The 
highest modulus was recorded for the mixture that contained 75% slag aggregate and 
4% cement content (3.65 GPa), and the lowest value was recorded for the mixture 
composed entirely of gravel and 2% cement content (0.93 GPa). The beneficial effect 
of slag is more pronounced in mixtures with 2% cement. Mixtures with 4% cement 
and 75% slag attain the same values of modulus as a 100% gravel mixture, while the 
other percentages of slag (Figure 6.55) result in lower values of modulus. With cement 
content of 2%, the modulus value is constantly increasing with the percentage of slag 
in aggregate.

6.2.3   Slag use in wearing courses

6.2.3.1   Slag use in asphalt mixtures

Following trends with research worldwide, domestic slag also has been used in asphalt 
mixtures as the most common form of its application. By replacing the fractions 4–8 
and 8–16 mm of natural aggregate with slag from the Split landfill and fillers (stone 
dust) by electrofilter ash from a power plant in Tuzla and amorphous silicon dust, an 
asphalt mixture of increased density and stability was produced [40]. The results of 
this study are shown in Table 6.11.

Tests related to the application of steel slag from another Croatian landfill (i.e., the 
Sisak landfill) were also performed. This research resulted in the construction of a trail 
section as an example of good practice.

To test the suitability of steel slag from the Sisak landfill for its application in the man-
ufacture of asphalt mixtures, analyses commonly used to assess natural aggregate for the 
same purpose were conducted [41]. The results showed better physical and mechanical 
properties of steel slag in comparison with natural carbonate aggregate. The trail section 
was constructed in 2009 during the reconstruction of a county road. The width of the test 
field was 6 m, the length was 200 m, and the thickness of asphalt layer was 4 cm. In one 

Table 6.11 Physical and mechanical properties of asphalt mixture 
with waste material

Analysed property AC-11s AC (slag-Split) AC (fly ash) AC (SiO2 dust)

Stability by 60°C 
(kN)

11.10 12.40 15.30 12.20

Density by 25°C  
(kg/m3)

2619 2713 2528 2510

Voids content (%) 4.36 4.73 4.37 4.73
Voids filled with 

binder (%)
75.60 77.60 75.86 74.31

Density of stone 
mixture (kg/m3)

2883 3066 2782 2761

Share of bitumen 
(vol.%)

5.48 6.44 8.36 8.77
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lane, the worn existing course was replaced with an AC 11 type of asphalt with natural 
aggregate, and the other lane with AC 11 with 70% steel slag aggregate. The results 
(shown in Table 6.12) showed good physical and mechanical properties of the asphalt 
mixture with steel slag in comparison with the natural aggregate mixture.

During this investigation, no problems were encountered in the design or the place-
ment of asphalt with steel slag. Steel slag asphalt for the surface course had excellent 
wheel tracking and skid resistance and good wear resistance [41].

6.2.3.2   Slag use in pervious concrete

Pervious concrete, also referred to as porous or permeable concrete, is a material with 
the same basic components as standard concrete, but it is designed to have high poros-
ity (void content is between 11% and 35% [42]) and permeability (typically about 2–6 
mm/s). It contains a mixture of Portland cement, uniform coarse aggregate, either a 
small amount of fine aggregate or none, and water [43]. Due to its high porosity, per-
vious concrete has good drainage properties and high noise absorption characteristics, 
which are important elements for high-quality pavement. Its drainage properties have 

Table 6.12 Physical and mechanical properties of asphalt mixture 
with steel slag

Analysed property

AC 11
(Sisak steel slag 
aggregate)

AC 11
(carbonate aggregate)

Soluble binder content, % (m/m) 5.1 5.4
Bulk density (kg/m3) 2724 2368
Maximum density (kg/m3) 2927 2469
Void content, % (v/v) 6.9 4.1
Void in the mineral aggregate, % (v/v) 20.6 16.6
Void filled with binder, % (v/v) 66.3 75.4
Stability (kN) 15.2 11.7
Tangential flow (mm) 1.1 0.9
Flow (mm) 2.5 1.9
Marshall quotient (kN/mm) 6.1 6.2
Mass of dry sample (g) 1249.7 1243.5
Water sensitivity of bituminous  

specimens (kPa), at 25°
1608 1513

Water sensitivity of bituminous  
specimens (kPa), at 40°

1287 1215

Indirect tensile strength ratio (%) 80.0 80.3
Indirect tensile strength of bituminous 

specimens (kPa), at 5°
3988 3638

Indirect tensile strength of bituminous 
specimens (kPa), at 25°

1847 1700

Stiffness modulus (MPa) 7128 5642
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enabled its use in the construction of shoulders, bases, and subbases of roads. More 
recently, it has been used in the construction of the top layer or overlay of concrete 
pavement due to its good acoustic properties, which are similar to those of porous 
asphalt [42]. The high porosity of pervious concrete is also its main disadvantage since 
that is associated with a decrease in strength. The low strength of pervious concrete 
influences the stability and durability of a structure because of the susceptibility of the 
concrete to frost damage and its low resistance to damage caused by chemicals. These 
factors explain its limited application in the construction of high-traffic highways. In 
order to address these issues, studies on new components for pervious concrete are 
being conducted worldwide [43-45].

In order to verify the possibility of using Croatian slag in pervious concrete, five 
different concrete mixtures were prepared. This study was intended to determine the 
optimal mixture for pervious concrete to meet the requirements of Croatian legislation 
concerning pavement [46]. According to the General Technical Conditions for Road-
work [46], concrete for pavement is classified based on its 28-day compressive and 
flexural strengths. The required compressive strength for a very heavy traffic load is C 
35/45, while flexural strength must be 5.0 MPa. For a heavy traffic load, the required 
compressive strength is C 30/37 and flexural strength is 4.5 MPa, while the required 
load compressive strength and flexural strength for other traffic are C 25/30 and 4.0 
MPa, respectively. The first mixture in this study was a standard dense concrete mix-
ture, while the others were pervious concrete mixtures with two types of aggregates 
and proportions of aggregate fractions (Table 6.13). Crushed dolomite stone was used 
as a natural material, and steel slag from the landfill near the town of Sisak was used 
as a substitute aggregate material.

Pervious concrete mixtures M2 and M4 were prepared from coarse dolomite aggre-
gate (with fractions of 4–8 mm and 8–16 mm) and sand from the Drava River (with 
fractions of 0–2 mm); the mixtures M3 and M5 were prepared from a coarse steel slag 
aggregate (with fractions of 4–8 mm and 8–16 mm) and sand from the Drava River 
(with fractions of 0–2 mm); and the reference mixture (M1) was prepared entirely 
from dolomite (with fractions of 0–4 mm, 4–8 mm, and 8–16 mm). Each pervious 
concrete mixture contained 10% sand from the Drava River. The grain size distri-
bution of all aggregate fractions is shown in Figure 6.56, and the cumulative sieving 
curves of aggregates in specific concrete mixtures are shown in Figure 6.57. The grain 
size distribution of the aggregates was determined according to EN 933-1:2012 [47]. 
The designations M1–M5 in Figure 6.57 correspond to concrete mixtures M1–M5.

The dolomite or steel slag aggregates in mixtures were used with different propor-
tions of finer and coarser fractions (with ratios of 60:30 and 30:60). For all mixtures, 
the w/c ratio was 0.33. The cement was ordinary Portland cement, CEM II/A-M(S-V) 
42.5 N, according to EN 197-1:2011 [49], and with a density of 3.0 kg/dm3, according 
to EN 196-6:2010 [50]. The cement content was 300 kg/m3 for all mixtures except the 
reference mixture (M1). Fractions of aggregates were mixed first for 3 min with the 
cement in a pan mixer (DZ 100VS, Diemwerke). Water was subsequently added, and 
mixing continued for another 5 min.

The consistency was measured by slump testing according to EN 12350-2:2009 [9]. 
For all mixtures, it was 0 or 1 cm. Three specimens were prepared to determine the 
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Table 6.13 Mixture compositions [48]

Mixture

Characteristics M1 M2 M3 M4 M5

Water/cement proportion (w/c) 0.33 0.33 0.33 0.33 0.33

Cement (kg) 350.0 300.0 300.0 300.0 300.0
Water (kg) 115.5 99.0 99.0 99.0 99.0
Superplasticiser (kg) 3.5 0.0 0.0 0.0 0.0
Aggregate (kg) 2034.0 1783.7 2053.3 1783.7 2053.3
Components
Sand, 0–2 mm (%/kg) — — 10 178.4 10 205.3 10 178.4 10 205.3
Dolomite, 0–4 mm (%/kg) 40 813.6 — — — — — — — —
Dolomite, 4–8 mm (%/kg) 30 610.2 60 1070.2 — — 30 535.1 — —
Dolomite, 8–16 mm (%/kg) 30 610.2 30 535.1 — — 60 1070.2 — —
Steel slag, 4–8 mm (%/kg) — — — — 60 1232.0 — — 30 616.0
Steel slag, 8–16 mm (%/kg) — — — — 30 616.0 — — 60 1232.0
Total (kg) 2503.0 2182.7 2452.3 2182.7 2452.3
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individual mechanical properties. Specimens of pervious concrete were compacted with 
a compacting rod and specimens of reference mixture by a vibrating table. All speci-
mens were extracted from the moulds 24 h after the casting and placed in a water tank 
for 27 days at a temperature of 20°C ± 5°C in accordance with EN 12390-2:2009 [51].

At 28 days, the mechanical properties of the hardened concrete specimens were 
tested according to the relevant European standards. Compressive strength was tested 
on cube specimens of 15-cm edge length with a constant rate of loading of 0.5 MPa/s, 
according to EN 12390-3:2009 [12]. Density was tested on the same specimens using 
the principles described in EN 12390-7:2009, and the volume of the specimens was 
determined by water displacement [52]. The flexural strength of prism specimens 
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measuring 10 × 10 × 40 cm3 was tested by loading them at a constant rate of 0.05 
MPa/s according to EN 12390-5:2009 [10]. Dynamic modulus of elasticity was tested 
on prism specimens with the same measurements, using ultrasonic pulse velocity 
according to EN 12504-4:2004 [34]. Poisson’s ratio was selected to be 0.22 [53].

The total porosity was determined through the following steps: (1) determination 
of the dry mass and saturated surface-dried mass of the specimen (weighed in water 
and air); (2) calculation of density and apparent density from parameters from step 
1; and (3) calculation of solid material volume with a basic formula for density and 
isolated pore volume with a basic formula for apparent density, on the assumption 
that the total volume of the specimen was a sum of solid material volume, isolated 
pore volume, and connected pore volume. In addition to this calculation, porosity 
was determined by Avizo Fire 3D image analysis software, which is based on two- 
dimensional (2D) X-ray images (threshold segmentation method and characterisation 
of different pore spaces have been written about [54,55]. The structure of individual 
specimens (a 4.5-cm-diameter cylinder for all specimens, ranging from 5 to 6 cm in 
height depending on the specimen) was investigated by X-ray computed microtomog-
raphy (MicroXCT-400, Xradia). The X-ray energy was set to values of 140 kV and 
125 μA for all samples using the macro 0.39× objective (i.e., the field of view was 
between 17.0 and 50.0 mm), and 4000 projection images were taken from differ-
ent viewpoints; the pixel resolution was 34–46 μm, depending on the specimen. The 
connectivity of pores was defined as the ratio of volume of connected pore space and 
volume of total pore space [56].

Table 6.14 shows the results of the hardened concrete tests. The pervious concrete 
(M2–M5) had less compressive and flexural strength but more porosity and lower 
density than the reference mixture (M1), as expected.

As shown in Table 6.14, the total porosity in pervious concrete ranged from 14%–22%,  
but pervious concrete with dolomite aggregate (concrete mixtures M2 and M4) had 
greater porosity (by about 23%) than pervious concrete with steel slag aggregate (M3 
and M5). A higher proportion of the coarse fraction in mixtures (M4 and M5) with 
both types of aggregate (dolomite and slag) resulted in greater total porosity, which 
agreed with observations of the American Concrete Institute [57].

Table 6.14 Results of hardened concrete tests [48]

Mixture

Characteristics M1 M2 M3 M4 M5

Compressive strength (MPa) 69.50 21.90 26.50 26.60 20.20
Flexural strength (MPa) 9.70 4.90 4.00 4.00 2.80
Density (kg/m3) 2442.4 2095.0 2435.4 2076.6 2337.8
Total porosity (%) 6.30 21.29 14.24 22.20 19.27
Dynamic modulus of  

elasticity (GPa)
70.85 51.27 37.61 52.04 33.70
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Figure 6.58 Fractured pervious concrete, M4 (a) and M5 (b) [48]

Mixtures with slag (M3 and M5) showed greater density compared to mixtures 
with dolomite (M2 and M4), which resulted from the greater density of the slag as an 
aggregate. The higher density of concrete mixtures was observed in mixtures with a 
higher amount of small aggregate fractions (M2 and M3).

Concrete mixtures with dolomite (M2 and M4) had more flexural strength and 
dynamic modulus of elasticity than did mixtures with slag (M3 and M5). Flexural 
strength increased with a greater amount of small aggregate fraction (M2 and M3). 
The influence of aggregate type and size on compressive strength, as well as its influ-
ence on dynamic modulus of elasticity, were not observed.

Pieces of fractured specimens are shown in Figure 6.58. Contrary to [58], the influ-
ences of aggregate type and size were not observed here, and all specimens fractured 
in the same way, cracking evenly through their structure.

The results of pore space characteristics of pervious concretes obtained by micro-
tomography are summarised in Table 6.15, which presents the total volume of solid 
material and pore space, volume of connected pore space (pores that are connected to 
others and to the external surface), and volume of isolated pore space (pores that are 
not connected to the external surface). These values show that more total porosity was 
obtained in M2 and M4 (21.4% and 21.2%, respectively), but specimen M4 reached 
the greatest open (connected) porosity (Figure 6.58), which is crucial for the permea-
bility of pervious concrete.

Compared to specimens M3 and M5, in which the same proportions of material 
were used, only the aggregate was different (slag instead of dolomite) in M2 and M4. 
It is worth noting that with the use of slag, both the overall porosity and the open poros-
ity decreased significantly. It can be seen from Figures 6.59 and 6.60 in the case of 
slag (M3, M5) that total porosity and connected porosity were lower than the dolomite 
aggregate samples (M2, M4). Since the porosity obtained by hydrostatic weighing did 
not differ to a great extent among samples, samples with slag may possess capillary 
pores that were not detected by microtomography because of the resolution. But the 
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main parameter for characterising pervious concrete is pore connectivity, which was 
the highest in sample M4.

The microstructure and chemical composition of the polished cross sections of the 
pervious concrete specimens were examined by the backscattered electron image mode 
of low-vacuum scanning electron microscopy (SEM), using JEOL 5500 LV equipment. 
SEM analyses were performed to examine the interfacial zone between the cement 
paste and both types of aggregates, dolomite and slag. It is known from previous stud-
ies [59,60] that the contact zone between the cement paste and the aggregate is the 
system’s weakest point. This is partially due to the different morphology of the cement 
paste at the boundary with the aggregate, but also due to water being able to accumulate 
beneath the large grains, where the local w/c ratio is higher. The next influential param-
eter on the contact zone is physical interaction—that is, if the aggregate is rough and 
porous, then the cement paste penetrates the aggregate and forms a stronger bond [61].

As can be seen in Figures 6.61(a–b), the cement paste was homogenous with both 
aggregate types. Further, there was no difference (e.g., densification) in the cement 
paste at the aggregate boundary. The interlocking effect of the cement matrix with the 
slag aggregate can be clearly seen where the cement paste entered the open porosity 
on the boundary of grain of the aggregate [Figure 6.61(b)]. This was not the case when 
dolomite was used as the aggregate [Figure 6.61(a)]. Based on the results, the follow-
ing conclusions can be made:

 •  More total porosity is obtained in pervious concrete with dolomite aggregate compared to 
pervious concrete with steel slag aggregate.

 •  A higher proportion of coarse fraction in mixtures results in greater overall porosity.
 •  Surprisingly, connected porosity as a main parameter for the estimation of pervious concrete 

efficiency is influenced more by the aggregate’s type than its size. The microtomographic inves-
tigation showed that in the case of slag aggregate, both overall and open porosity are lower.

Table 6.15 Summary of pore space characteristics of pervious 
concrete obtained by microtomography [48]

Mixture

Characteristics M1 M2 M3 M4 M5

Total volume of solid 
material (mm3)

21,704.4 27,761.7 44,926.3 33,916.6 39,975.1

Volume of total pore 
space (mm3)

813.2 7565.8 7095.3 9143.3 4857.8

Volume of connected 
pore space (mm3)

163.1 4054.3 3478.4 6638.5 2883.2

Volume of isolated pore 
space (mm3)

650.1 3511.5 3616.9 2504.7 1974.6

Total porosity (%) 3.6 21.4 13.6 21.2 19.81
Connected porosity (%) 0.7 11.5 6.7 15.4 13.92
Isolated porosity (%) 2.9 9.9 6.9 5.8 5.89
Connectivity of pores 0.2 0.5 0.5 0.7 0.7
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(a) (b)

M1

M2

M3

M4

M5

Figure 6.59 X-ray microtomography images of samples M1 to M5; (a) detail of the XZ slice 
image and (b) 3D pore shape (gray indicates connected pore space; yellow indicates isolated 
pore space) [48]
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Figure 6.61 Backscattered electron SEM image of (a) M2 and (b) M3 [48]

 •  In the case of slag aggregate, the interlocking effect of the cement matrix with the slag 
aggregate is noticed because the cement paste penetrated into the open porosity of the slag 
aggregate. This interlocking effect might contribute to the higher mechanical strength.

 •  A higher quantity of small aggregate fractions (4–8 mm) influenced the greater density and 
flexural strength of the concrete mixtures.

 •  Pervious concrete does not satisfy the requirements for pavement concrete for 28-day 
strength according to General Technical Conditions for Roadwork [46], but it can be used as 
concrete block paving.

6.3   Environmental aspects of slag usage  
in road construction

In order to give complete insight into the possibility of using slag in unbound road lay-
ers or embankments through a multidisciplinary approach to its environmental impact, 
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leaching testing has been conducted as one of the standard test methods in assessing 
the environmental influence of slag. However, it has also been tested on earthworms to 
evaluate its impact on creatures directly exposed to slag influence when it is embedded 
in road embankment. Also, radioactivity measurement has been performed since it is 
known that slag may contain certain amounts of radionuclides such as 226Ra, 232Th and 
40K [62,63]. All those measurements have been conducted within the COST Action 
TU1301 – Norm4Building project, supported by the EU Framework Programme.

The leachability test was conducted according to EN 12457-2. One stage batch 
test at a liquid-to-solid ratio of 10/1 l/kg for materials with particle sizes below 4 mm 
(with or without size reduction) [64]. This procedure uses distilled/deionised water 
as the leachant, with a contact time of 24 h. The liquid-to-solid ratio is 10 L/kg using 
material with a particle size below 4 mm. Although in this research [65], slag is treated 
like coarse aggregate in road construction, 4-mm particles are tested since in general, 
leachability is assumed to increase when particle size decreases [66]. Reduction of 
the particle size will decrease the resistance against diffusion of substances out of the 
particle and increase the rate of release of substances that are not otherwise affected, 
resulting in less favourable conditions. The test results are presented in Table 6.16. 
Besides leaching tests, the total concentration of heavy metals in steel slag is deter-
mined in order to compare the available content with its leaching potential. The total 
heavy metal concentration is determined according to standards ISO 11466 and ISO 
11047 [67,68]. In order to determine the possible adverse steel slag impact on the 
environment, total element concentration and released concentration are compared. To 
do this, Eq. 6.2 [66] is used to convert mg/l of released element (content in leachate) 
to mg/kg, taking into account the liquid-to-solid ratio used in leachate preparation.

 
Subtance release (mg / kg) = Subtanceconcentration in eluate (mg / l)

× L / S ratio (l / kg)  (6.2)

Analysing the results of the total heavy metal content in two steel slag samples 
presented in Table 6.16, high values of the Ca, Mg, Cr, and Fe oxides are observed, 
which was expected according to the slag chemical composition presented earlier in 
this chapter. However, the content of these heavy metals in leachate is very low, rang-
ing from 0% (Ca, Mg, and Fe) to 0,02% (Cr). The reason why the elements are kept 
from leaching at levels proportional to their content lies in the material’s microstruc-
ture. The concentration of heavy metal in leachate depends on the way that element 
is incorporated into the aggregate matrix, which can make it inaccessible for contact 
with water (leachant) [66]. So, even under the conditions of size reduction to a fine 
granular material (as in this research [65]) or acidic conditions, the available heavy 
metal fraction for leaching may be a very minor portion of its total content.

On the other hand, even though the total concentration of V-pentaoxide is consider-
ably less than in Cr (242.12 mg/kg and 10563.00 mg/kg, respectively), vanadium con-
tent in leachate is the highest of all tested heavy metals (0,078% for Slag 1 and 0,037% 
for Slag 2). However, comparing the results of heavy metal concentration in leach-
ate and limit values for surface wastewater discharges according to Croatian regula-
tions [which are in accordance with the 2000/60/EC, 2006/118/EC, and 2006/11/EC  
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Table 6.16 Heavy metal concentrations in slag samples [65]

Component

Slag 1 Slag 2

Total content (mg/kg) Leaching (mg/L)
% Leached 
element

Total content 
(mg/kg) Leaching (mg/L) % Leached element

Al 7033.33 0.0685 0.010 2970.00 0.0792 0.027
Ca 106,000.00 0.0173 0.000 64,066 0.0526 0.001
Mg 131200.00 0.061 0.000 38,666 0.0643 0.002
Cr 10,563.00 0.221 0.021 7780.00 0.015 0.002
Ti 222.36 Not measured − 388,33 Not measured −
Mn 1778.00 Not measured − 581,00 Not measured −
Fe 9230.00 0.071 0.008 7153.33 0.0526 0.007
V-pentaoxide 242.12 0.0189 0.078 92.50 0.0034 0.037
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directives [69–71] (Table 6.17)], it can be concluded that tested steel slag does not 
present environmental risk in terms of leaching heavy metals. Even though trace 
amounts of vanadium are essential for normal cell growth, higher concentration of 
this element can be toxic [72]. Therefore, when steel slag is used in road construction, 
vanadium concentration must be monitored.

With the same sample of leachate prepared to determine heavy metal concentration, 
the pH value and dissolved oxygen (DO) are measured as well [65]. Namely, the tox-
icity and bioavailability of the metal contaminants to terrestrial organisms depend on 
soil properties, such as soil pH (in soil with low pH, many metals are more mobile and 
available for uptake than in neutral or alkaline soil) [74]. According to the Croatian 
regulation, the pH value of surface wastewater is limited to 6.5–9 [73]. The DO level 
in water (or leachate, in this case) is an important environmental factor indicating 
water quality since oxygen is necessary to all forms of life. It has a great influence on 
the lives of some sensitive animals and plants, which may relocate, weaken, or die if 
its level is too low or too high. Total dissolved oxygen concentrations in water exceed-
ing 25 mg/L can be harmful to aquatic life (especially for eggs and small larvae, and 
some fish and aquatic invertebrates may suffer from gas bubble disease) and if the DO 
level drops below 5.0 mg/L, aquatic life is put under stress [75,76]. DO levels fluctuate 
seasonally over a 24-h period and vary with water temperature and altitude: cold water 
holds more oxygen than warm water, and water holds less oxygen at higher altitudes. 
Also, for high levels of DO, corrosion of steel pipes can accelerate [75].

For this test, Multimeter 18.52.01 Eijkelkamp was used. The measurements were 
conducted at room temperature (24.3°C). The equipment and testing for DO and pH 
value determination are shown in Figure 6.62, and the results are presented in Table 6.18.

Analysing the results presented in Table 6.18, it can be concluded that both samples 
of slag leachate have a sufficient amount of DO within the range 5 mg/L < DO < 25 mg/L. 
This result contributes to the finding that the steel slag tested in this research does 
not present potential risk to the environment [65]. Based on the obtained results (DO 

Table 6.17 Heavy metal emission limit values for 
surface wastewater discharges [73]

Element Maximal limited value (mg/L)

Al 3
Cr–total 0.5
Cr (VI) 0.1
Fe 2
V 0.05
Cu 0.5
Zn 2
Mn 2
Hg 0,01
Fe 2
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Figure 6.62 Leachate pH and DO measurement [65]

Table 6.18 DO and pH values of leachate for two slag samples [65]

Property Slag 1 Slag 2

DO (%) 67.8 64.4
DO (mg/L) 5.66 5.36
pH 9.68 9.41

levels of 5.66 mg/L and 5.36 mg/L for Slag 1 and Slag 2, respectively), there is no risk 
of faster corrosion of steel pipes if steel slag is used in embankments.

Analysing the leachate pH values, slightly alkaline leachate is observed with pH 
values of 9.68 and 9.41 for Slag 1 and Slag 2, respectively, which is slightly more 
than the limit value of 9. This alkaline leachate is the result of the dissolution of Ca 
silicates, oxides, and carbonates [77]. This can have an impact on the environment in 
terms of calcareous crystalline crust formation, similar to natural travertine deposits. 
This phenomena can smother benthic and littoral aquatic habitats, reduce light pen-
etration to benthic primary producers, high pH values can be harmful to fish popu-
lations and increase chemical oxygen demand, high sulphate loadings, salinity, and 
amphoteric or anionic heavy metals (e.g., arsenic and selenium) [77,78]. However, 
leachate from tested slag samples is just slightly over the limit value of 9; therefore, it 
is expected that the alkaline leachate will be neutralised through interaction with the 
acidic soil [79].

Furthermore, in order to investigate the impact of steel slag as a road construction 
material, mortality and molecular biomarkers were measured on earthworms exposed 
to the extracts of two steel slag samples [65]. To prepare the extracts, 200 g of mate-
rial and 200 ml of distilled water were placed in the flask and then in a rotary shaker 
for 24 h. Thus, prepared extracts were exposed to earthworms using contact filter 
paper testing. The contact filter paper test is the acute toxicity test, which is performed 
according to OECD 207 protocol [80]. The principle of the test is to expose individual 
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earthworms to the test substance in glass plates whose surfaces are coated with a filter 
paper, and the test substance is distributed over the surface filter paper (Figure 6.63).

Earthworms are exposed to different dilutions (10%, 25%, 50%, 75%, and 100%) 
of two slag samples for 48 h (Figure 6.63). The control group (0%) contained distilled 
water rather than the extract. The results showed that exposure to extracts of both slag 
samples after 48 h did not lead to mortality in the earthworms.

After the period of exposure, earthworms were homogenised and the homogenates 
were centrifuged (9000 g, 30 min, 4°C) to obtain a supernatant (postmitochondrial 
fraction, S9) that was used to measure molecular biomarkers. The measurement of 
molecular markers showed that short-term exposure to different dilutions of tested 
slag samples did not have adverse effects on earthworms. As the measured enzymes 
are present in various organisms (including humans), it can be concluded that tested 
slags would have similar effects on them as well [65].

Table 6.19 shows the measured and calculated values of certain radionuclides in 
slag samples.

Figure 6.63 Earthworms exposed to slag samples using the filter paper contact test [65]

Table 6.19 Measured and calculated values of radionuclides  
in two slag samples [65]

Radionuclide

Activity concentration (Bq/kg)

Slag 1 Slag 2

238U 27,9 ± 2.6 24,9 ± 2.7
232Th 13,3 ± 0.4 6,3 ± 0.4
235U 1,5 ± 0.1 1,0 ± 0.1
226Ra 22,6 ± 0.8 17,1 ± 0.8
210Pb 20,3 ± 1.2 30,8 ± 1.3
40K 82,5 ± 0.9 105,3 ± 1.0
7Be 1.8 ± 0.3 1.8 ± 0.4
137Cs 4.0 ± 0.1 7.1 ± 0.1
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Gamma spectrometric analysis detected the presence of natural radionuclides such as 
40K; the members of natural uranium and thorium radioactive series, 232Th and 235U; and 
7Be. In addition to these, 137Cs was detected as well. The activity index of each croatian 
slag is calculated and compared with the maximum allowed values different countries. 
Also, the activity concentration values of certain radionuclides are compared with the 
recommended concentrations in building materials intended for use in road structures 
[65]. A comparison of results regarding this aspect is shown in Table 6.20.

It can be seen from Table 6.20 that the activity indices and activity concentration 
values for both slags are below the allowed values in each of the countries in the study. 
In that sense, these slags should not be considered as radioactive waste, and thus there 
is no reason not to use it as a building material in road construction [65].

The results shown here indicate that the analysed slags present no hazard to the 
environment if used in road construction (unbound pavement layers or embankments).

6.4   Concluding remarks

The results of the research presented in this chapter concern the possibility of the use 
of slag in a wide variety of civil engineering areas. However, these are the results of 
scientific studies that have not yet become part of practical application. Although Cro-
atia encourages the use and reuse of waste declaratively, it does not punish its disposal. 
Also, during this crisis, both iron factories stopped operating, and, currently, there is 
no continuous production of slag in Croatia that would make it necessary to achieve 

Table 6.20 Estimation of the possibility to use steel slag as a building 
material in road construction in terms of radioactivity [65]

Activity index (Bq/kg) Activity concentration value

Country Slag 1 Slag 2 Slag 1 Slag 2

Germany − − 22.6 < 200 Bq/kg 17.1 < 200 Bq/kg
Finland 0.070 < 1 0.052 < 1 − −
Latvia 0.120 < 1 0.078 < 1 82.5< 2500 Bq/kg 105.3< 2500 Bq/kg
Lithuania 0.069 < 1 0.050 < 1 − −
Norway 0.169 < 1 0.124 < 1 22.6 < 200 Bq/kg 17.1 < 200 Bq/kg
Poland 0.141 < 1 0.102 < 1 22.6 < 185 Bq/kg 17.1 < 185 Bq/kg
Luxembourg − − 82.5 < 5000 Bq/kg, 

13.3 < 250 Bq/
kg and 22.6 < 350 
Bq/kg

105.3 < 5000 Bq/kg, 6.3 
< 250 Bq/kg and 17.1 
< 350 Bq/kg

Slovak 
Republic

46.320<1 34.031<1 − −

Croatia 0.169<1 0.124<1 82.5 < 300 Bq/kg, 
13.3 < 200 Bq/
kg and 22.6 < 200 
Bq/kg

105.3 < 300 Bq/kg, 6.3 
< 200 Bq/kg and 17.1 
< 200 Bq/kg
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uniformity in its quality. Uneven quality is a problem that plagues slag, as well as all 
other recycled aggregates whose possibility of application in the particular area of civil 
engineering has been scientifically proven, which interferes with their use in practice.
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The Indian experience of steel slag 
application in civil engineering
  

7

7.1   Introduction

India is the third-highest producer of crude steel in Asia, according to the World 
Steel Association (WSA) report 2014 [1]. The majority of steel slag is used for earth 
filling in low laying areas. Slag chemical properties are very similar to those of natural 
aggregates, and steel slag can be used as a replacement for them. In addition, steel slag 
can be used as aggregates in filters in wastewater engineering; it also positively affects 
the removal of various heavy metals from wastewater.

There are many steelmaking plants in India. The production of iron or steel is asso-
ciated with the generation of solid waste material like slag. Usually, 1 metric ton of 
steel production produces 1 tonne of solid waste. Large steelmaking plants generates 
about 29 million metric ton of waste material annually [2].

Slag is an ideal material to use in the base course and subbase course. It can transfer 
heavy loads very easily and also prevents water from penetrating the subgrade soil, 
which will help in reducing heaving due to expansion of the soil beneath the surface. 
Slag aggregates also contribute to durability and economy because it is more cost- 
effective than the natural aggregates they replace [3].

Steel slag reduces the porosity and permeability of soil, which increases waterlog-
ging. It can be used as pavement material in many different forms. It can be used as 
a base or subbase material, either in a waterbound or unbound condition. It meets all 
the requirements of the Ministry of Road Transport and Highways (MoRTH). As per 
the Indian Road Congress (IRC) IRC:37–2001, Rs 5 lakh/km can be saved by using 
slag when constructing flexible road when it is used from the bottom subbase layer to 
the top [2].

Over the last 15 years, test roads have been constructed on an experimental basis 
in Visakhapatnam (AP), Bokaro (Bihar), Rourkela (Orissa), and Delhi using waste 
material from steel plants on an experimental basis [4].

This chapter describes an experiment performed to evaluate the strength char-
acteristics of steel slag. The objective of this study was to reduce the use of natural 
resources and promote the use of waste materials. The physical properties, chem-
ical properties, and engineering properties of this material, such as sieve analysis 
of fine and coarse aggregate and specific gravity, were studied. Slag was evaluated 
for strength by measuring the direct shear strength, using the California bearing 
ratio (CBR).
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7.2   Analysis of Indian steel slag
7.2.1   Physical properties of steel slag

The physical characteristics of slag, like weight, size of particles, and structural prop-
erties, vary according to the type. Processed steel slag is strong, hard, durable, and 
dense, and consists of roughly cubical particles that make it especially suitable for use 
in road construction. Steel slag is not expansive in nature, but if so water quenching is 
the first step in the weathering of steel slag, which may be essential to provide a stable 
and non-expansive construction material.

In the cooling process, lime in the slag may be hard burned. It has a hard outer shell 
or surface that masks the unsound, soft inner core of unhydrated lime. Lime must be 
saturated by water in order for the particle to be stable. In Table 7.1, the physical prop-
erties of Indian steel slag are shown.

7.2.2   Chemical properties of steel slag

Table 7.2 shows the mineralogical and chemical composition of steel slag. It can be 
seen that the iron percentage in the steel slag is very less.

Table 7.1 Physical properties of Indian steel slag

Physical Property Steel Slag

Colour Black
Specific gravity 2.76
Appearance Crystalline
Compacted unit weight (kN/m3) 20.98–23.34
Absorption (%) 0.93% of total weight

Table 7.2 Chemical composition of steel slag

Element Weight (%)

CaCO3 9.65
SiO2 51.82
MgO 1.13
Al2O3 1.78
Ca 17.98
Ti 0.38
Cr 0.39
Mn 2.14
Fe 6.44
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Also, calcium oxide and calcium are at lower levels, so expansion will be less 
of a problem. Here, slag can be used as an aggregate in the construction of roads. 
Fig. 7.1 represents the energy dispersive spectroscope analysis of steel slag.

7.3   Experimental analysis

In India, Maharashtra Industrial Development Corporation (MIDC) Jalna was declared 
as “steel industrial zone of Maharashtra State” by the Government of Maharashtra 
State. Metaroll (Rajuri Steel Industries), Mauli Steel Private Limited, S.R.J Pitty Steel 
Pvt. Ltd., Kalika steel are some of the steel manufacturers of the MIDC Jalna; steel 
slag is collected from these manufacturers. After the collection of steel slag, the geo-
technical properties and particle size distribution curve are determined. The values 
of liquid limit, plastic limit, and plasticity index are determined by Atterberg’s limit 
apparatus, and the values of maximum dry density (MDD) and optimum moisture 
content (OMC) are determined by the Standard Proctor test apparatus. Using the CBR 
test apparatus, the California bearing ratio (CBR) value is determined. To determine 
the CBR value, the sample is soaked for 96 h, and dry steel slag was taken.

7.3.1   Engineering properties of slag

7.3.1.1   Determination of the specific gravity of steel slag

Specific gravity determines the heaviness or lightness of a material with reference to 
a standard material. Slag particles with more specific gravity are stabler and stronger. 
However, this does not indicate the behavior of a soil mass under external loads. Spe-
cific gravity is also useful for soil mineral classification and hydrometer analysis. In 
addition, it is useful in the computation of a hydraulic gradient. For soils containing 
soluble salts, kerosene may be preferred instead of distilled water. Conventionally 
oven-dried soil is used [5].

Figure 7.1 Energy dispersive spectroscope analysis of steel slag
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From these details, the specific gravity of the slag is 2.71, which is greater than 2.65. 
This shows that the steel slag is strong and may not heave. (The density of boulder filling 
should not be less than 2.65 be as stated in MoRTH.)

7.3.1.2   Water content and water absorption of steel slag

The water content of slag is found by oven drying. In this method, slag samples are oven 
dried at 105oC to 110oC for 24 h and found the difference between the weights before put-
ting and after removing it from oven and water content of the steel slag found to be 7.62%. 
For water absorption testing, these aggregates are placed in the water for 24 hours and 
again the difference of weights is taken before placing in water and after withdrawing from 
water. The water absorption of steel slag has been determined and is found to be 0.93%.

7.3.1.3   Grain size distribution of steel slag

Steel slag consists of different particle sizes in various quantities (Table 7.3). Particle 
size and their distribution affect engineering properties. Sieves are used for separating 
the different sizes. Sieving can easily separate the coarser and finer particles. Air-drying 
is enough if the soil contains less than 5% moisture content, and dry analysis may be 
adopted. Coarse-grained soils with little or no fine particles then it needs dry anal-
ysis only (as per MoRTH, Grading requirements of coarse aggregates are shown 
in Table 7.5. Coarse aggregates must be in the range as given in table 7.5). If the 
soil contains more than 5% fines particles (passing 75 μ fraction) then these samples 
should be dipped in water for 24 h. Wet analysis is necessary to separate particles 
smaller than 75 μ. The cumulative percentage by weight retained on any sieve is the 
sum of the percentages by weight retained on all the sieves up to and above that sieve.

Percentage passing on any sieve (Percentage finer) =  
100 − Cumulative percentages by weight retained by sieve

From Fig. 7.2, steel slag aggregates are well graded and can be used in construction 
of waterbound macadam road [6].

Table 7.3 Grain size distribution of steel slag

Sr. No.
IS Sieve 
(mm)

Mass of Slag 
Retained (g)

Cumulative 
Mass Slag 
Retained (g)

Cumulative 
Percentage 
Retained

Percentage 
Finer

1 75 0 0 0 100
2 53 1522 1522 15.22 84.78
3 26.5 3312 4834 48.34 51.66
4 9.5 1852 6686 66.86 33.14
5 4.75 1429 8115 81.15 18.85
6 2.36 685 8800 88 12
7 0.425 443 9243 92.43 7.57
8 0.075 452 9695 96.95 3.05
9 Pan 305 10000 100 0
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The material to be used for the work shall be natural sand, murum, gravel, crushed 
stone, or a combination thereof, depending upon the grading required. Materials like 
crushed slag, crushed concrete, brick metal, and kankar may be allowed only with the 
specific approval of the project manager. The material shall be free from organic or other 
deleterious constituents and conform to one of the three gradings given in Table 7.4.

Slag passes through 425 μ (0.425 mm) sieve for all the grading. According to IS: 
2720 (Part 5), liquid limit and plasticity index should not be more than 25% and 6%, 
respectively [7].

Depending upon the grain size distribution, one can decide whether soil should be 
used. As stated by the specification manual of MoRTH, the grading of the material is 
very close to the type-II aggregates used for the specification. All the other tests are 
required before a decision can be made on using the aggregates.

Figure 7.2 Particle size distribution of steel slag.

Table 7.4 Grading for close-grained subbase materials

IS Sieve Designation

Percentage by Weight Passing the IS Sieve

Grading I Grading II Grading III

75.00 mm 100 – –
53.00 mm 80–100 100 –
26.50 mm 55–90 70–100 100
9.50 mm 35–65 50–80 65–95
4.75 mm 25–55 40–65 50–80
2.36 mm 20–40 30–50 40–65
0.425 mm 10–25 15–25 20–35
0.075 mm 3–10 3–10 3–10

Adopted from Ministry of Road Transport and Highways. Specification of road and bridge works, Section 300 and 400, 
2000.
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7.3.1.4   Determination of Atterberg’s limits

Atterberg’s limits are liquid limit, plastic limit, and plasticity index. The liquid limit 
is the moisture content at which the groove, formed by a standard tool into the sample 
of soil taken in the standard cup, closes for 10 mm on being given 25 blows in a stan-
dard manner. At this limit the soil possess low shear strength. The identification and 
classification of fine-grained soil is done with the help of liquid and plastic limits. For 
cohesion-less soil, however, the liquid limit is meaningless. The potential for swelling 
can be indicative from high liquid limits coupled with a high plasticity index. Soil 
with low clay content has to be tested soon after being mixed thoroughly with water. 
In the case of tearing of the sides of groove in Attergberg’s limit apparatus, the groove 
may be cut in stages. Soils sometimes tend to slide instead of flowing. In such cases, 
discard the result and repeat the process until flowing takes place. If there is continued 
sliding, report that the liquid limit could not be obtained. Most clay has a liquid limit 
of the order of 50%–90%; however it can exceed 100%.

Consistency in fine-grained soils means the properties of friability, stickiness, plas-
ticity, and resistance to deformation. They can be categorized as very hard, hard, stiff, 
medium, soft, and very soft. The difference between liquid and plastic limits is called 
the plasticity index, and it represents the range of water content over which the soil is 
plastic. The plasticity index, in combination with water content at liquid limit (wL), 
indicates how sensitive the soil is to the changes in moisture content. Sands, gravel, 
and peat do not posses plasticity and are reported as being nonplastic (wP = 0). Both 
liquid and plastic limits depend upon the amount and type of clay present in soil 
(IS-2720-Part 5-1995).

Table 7.5 Grading requirements of coarse aggregates as per MoRTH

Grading Size Range IS Sieve Designation
Percentage of Aggregates 
Passing by Weight

1. 90–45 mm 125 mm 100
90 mm 90–100
63 mm 25–60
45 mm 0–15
22.4 mm 0–5

2. 63–45 mm 90 mm 100
63 mm 0–100
53 mm 25–75
45 mm 0–15
22.4 mm 0–5

3. 53–22.4 mm 63 mm 100
53 mm 95–100
45 mm 65–90
22.4 mm 0–10
11.2 mm 0–5

Adopted from Ministry of Road Transport and Highways. Specification of road and bridge works, Section 300 and 400, 2000.
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The liquid limit of steel slag cannot be obtained due to noncohesiveness or reduced 
cohesiveness of the particles. The plastic limit and the plasticity index of steel slag 
cannot be estimated due to the fact that steel slag is low-plastic in nature.

7.3.1.5   Shrinkage limit determination

From these observations, the average value of the shrinkage limit is 12.90, and 
volumetric shrinkage is 0.66%. At the shrinkage limit, if water content is reduced 
further, air enters the voids of the soil and keeps the volume of voids constant. 
From the shrinkage limit, shrinkage factors like shrinkage ratio, shrinkage index 
and volumetric shrinkage can be determined. This limit is needed for studying the 
swelling and shrinkage properties of cohesive soil. The shrinkage factor helps in 
the design problems of structure made up of this soil or resting on such soil. It 
helps in assessing the suitability of soil as a construction material in foundations, 
roads, embankments, and dams. The state of the given soil can also be found from 
the shrinkage limit. Volumetric shrinkage is the decrease in volume (expressed as 
a percentage of the soil mass when dried) of a soil mass when the water content is 
reduced from a given percentage to the shrinkage limit. The shrinkage index is the 
numerical difference between the plastic limit and shrinkage limit of the remolded 
soil [8].

7.3.1.6   Maximum dry density and optimum moisture  
content for steel slag

Density is the most easily determined property of soil. It is the basic parameter to 
which all other engineering properties are related. The density of soil in compacted 
soil is used as the quality control measure of earthwork in embankments. In natural 
soil, it helps to determine bearing capacity, calculation of settlement, and the stability 
analysis for slopes. Bulk unit weight varies with the type of soil, moisture content, 
and compaction. Higher unit weight means higher shear strength, greater impervi-
ousness (low permeability), less compressibility, less settlement, and greater ultimate 
bearing capacity. Engineering properties of soil are improved with increases in the 
unit weight of soil from Fig.7.3 and Table 7.6, it is clear that OMC is 9.62% and 
MDD is 2.39 gm/cc [9].

7.3.1.7   Determination of California Bearing Ratio

CBR is defined as the ratio of the test load to the standard load, expressed as the per-
centage for 2.5 and 5.0 mm penetration of the plunger in soil sample. It is considered as 
to be one of the most commonly used and widely accepted tests. It can be used to anal-
yse existing pavements, layers by layer, with respect to their strength and load-carrying 
capacity. The CBR test also helps in identifying the cause of road pavement failure.

The CBR values are usually calculated for the penetration values 2.5 mm and 5.0 
mm. Generally, the CBR values at 2.5-mm penetration will be greater than that at 
5-mm penetration. In that case, the former is to be taken as the CBR values for design 
purposes.
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Figure 7.3 Water contents versus dry density (9.62% optimum moisture content, 2.39g/cm3 
is the maximum dry density).

If the CBR values corresponding to a penetration of 5 mm exceed that for 2.5 mm, 
the test is repeated. If identical results are obtained again, the CBR value correspond-
ing to 5-mm penetration is taken for design purposes. The CBR value shall be reported 
to the first decimal place [9].

To determine the CBR test for unsoaked steel slag, do the following:
Observations:
Optimum moisture content  = 9.62%
Weight of empty mould  = 3662 gm
Weight of mould + compacted soil  = 8987 gm
Weight of compacted soil  = 5325 gm
Volume of mould  = 2032.21 cm3

Bulk density  = 2.62 gm/cc
Dry density  = 2.39 gm/cc
CBR  = (Pt/Ps) × 100

where Pt = the corrected unit test load and Ps = the unit standard load for the same 
depth of penetration.

CBR (2.5 mm) = (350.98/1370) × 100 = 25.62%
CBR (5.0 mm) = (420.74/2055) × 100 = 20.43%
CBR value of unsoaked steel slag is 25.62%

To determine the CBR for a wet steel slag sample, do the following:

Observations:
Optimum moisture content  = 9.62%
Weight of empty mould  = 3662 gm
Weight of mould + compacted soil  = 8987 gm
Weight of compacted soil  = 5325 gm
Volume of mould  = 2032.21 cm3

Bulk density  = 2.62 gm/cc
Dry density  = 2.39 gm/cc
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Table 7.6 Determination of maximum dry density and optimum moisture content for steel slag

Sr. No.

Determination No. 1 2 3 4 5 6

Percentage of Water Added 4% 6% 8% 10% 12% 14%

1 Mass of the empty mould (wm) (gm) 3510 3510 3510 3510 3510 3510
2 Mass of mould + comp. soil (w) (gm) 5865 5935 6129 5969 5831 5740
3 Mass of compacted soil (gm) 2355 2425 2629 2459 2321 2230
4 Volume of mould (Vm) (ml) 999.81 999.81 999.81 999.81 999.81 999.81
5 Mass of dry soil (gm) 2000 2000 2000 2000 2000 2000
6 Bulk density (g/ml) γ = (w − wm)/Vm 2.35 2.42 2.62 2.45 2.32 2.23
7 Moisture content (w) (%) 6.50 7.50 9.62 11.34 13.65 15.79
8 Dry density (g/ml) γd = γ/(1 + w) (g/cm3) 2.21 2.25 2.39 2.21 2.05 1.93
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From the proving ring graph that results, by interpolation, we get

CBR (2.5 mm) = 292.12 /1370 × 100 = 21.32
CBR (5 mm) = 390.22 /2055 × 100 = 18.99
The CBR value of unsoaked steel slag is 21.32%. The detailed observations are 

expressed in Table 7.7 and results are represented in Fig. 7.4.

The determination of abrasion value of steel slag
Observations:
The aggregate abrasion value should not exceed 30% by weight of the aggregates for 
the wearing surface. In addition, it should not increase 50% by weight of the aggre-
gate for concrete to be used for nonwearing surface [IS: 2386 (Part 4)]. The aggregate 
abrasion value can be determined as:

Weight of original slag sample (w1) = 10 kg
Weight of coarser material than 1.7-mm IS sieve (w2) = 7 kg
Percentage of wear:

 
percentage wear = 100×

(w1 − w2)

w1  

 
= 100 × (10 − 7)

10
= 30%  

The abrasion value of slag is within IS specifications; therefore, this aggregate can 
be used for the road as the abrasion is within specified limits.

The determination of steel slag impact value can be done as follows:
The aggregate impact value should not exceed 45% by weight of the aggregate 

for concrete other than the wearing surface. The aggregate impact value should 
not exceed 30% by weight for a concrete wearing surface, such as runways, roads, 
pavements, and floors [10], IS: 2386 (Part 4) Average impact value of steel slag 
is 13.90%

The slag has a good level of strength for impact loading, as the value is within the 
IS specified limits.

The determination of crushing value of slag is as follows:
The aggregate impact value should not exceed 45% by weight of the aggregate for 

concrete other than wearing surface. The aggregate impact value should not exceed 
35% by weight for concrete wearing surface such as runways, roads, pavements, floors 
etc. [10] IS: 2386 (Part 4). The average crushing value of the steel slag aggregate is 
5.20%

The compacted thickness for a Grade 1 layer shall be 100 mm, while for Grade 2 
and Grade 3 layers, it shall be 75 mm. The binding material to be used for water-bound 
macadam as a filler material meant to prevent raveling must be designated as suitable 
by the engineer with a plasticity index (PI) value of less than 6, in accordance with IS: 
2720 (Part 5) [7].
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Table 7.7 California bearing ratio test observations

Penetration (mm)

Dial Gauge Reading Load CBR (%) Dial Gauge Reading Load CBR (%)

Unsoaked Soaked

0 0 0 0 0
0.5 66 140.74 64 138.02
1 98 214.14 94 204.68
1.5 134 283.46 112 244.56
2 156 327 129 279.64
2.5 161 350.98 25.62 134 292.12 21.32
3 173 371.12 144 306.02
3.5 178 388.04 146 317.98
4 180 392.4 158 344.44
4.5 188 409.84 167 364.06
5 193 420.74 20.47 179 390.22 18.99
5.5 210 457.8 188 409.84
6 213 462.16 193 418.56
6.5 218 475.34 201 438.58
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The quantity of binding material to be used depends on the type of screenings. Gen-
erally, the quantity required for 75-mm compacted thickness of water-bound macadam 
will be 0.06–0.09 m3/10 m2 and 0.08–0. 10 m3/10 m2 for 100-mm compacted thick-
ness. The abovementioned quantities should be taken only as a guide for estimating 
quantities for construction and other purposes. Application of binding materials may 
not be necessary when the screenings used are of crushable type such as murum or 
gravel.

The surface of the subgrade/subbase/base to receive the water-bound macadam 
course shall be prepared to the specified guidelines provided by MoRTH and cross 
fall (camber) arid (which is provided for road to remove rainwater quickly from road 
surface) made free of dust and other extraneous material. Any ruts or soft yielding 
spots shall be corrected in an approved manner and rolled until a firm surface is 
obtained if necessary by sprinkling water. Any subbase/base/surface irregularities, 
where predominant, shall be made good by providing the appropriate type of profile 
corrective course (leveling course) to Clause 501 of these specifications. As far as 
possible, laying water-bound macadam course over an existing thick bituminous 
layer may be avoided since it will cause problems with internal drainage of the 
pavement at the interface of two courses. It is desirable to completely pick out the 
existing thin bituminous wearing course where water-bound macadam is supposed 
to be laid over it. However, where the intensity of rain is low and the interface drain-
age facility is efficient, water-bound macadam can be laid over the existing thin 
bituminous surface by cutting 50-mm × 50-mm furrows at an angle of 45 degrees 
to the center line of the pavement at 1-m intervals into the existing road. The direc-
tions and depth of the furrows shall be such that they provide adequate bondage and 
serve to drain water to the existing granular base course beneath the existing thin 
bituminous surface.

The physical requirements of coarse aggregate as per MoRTH are listed in Table 7.8.

Figure 7.4 Load against a penetration curve
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7.3.2   Testing of natural aggregates

7.3.2.1   Sieve analysis

In mechanical soil stabilization, the main principle is to mix a few selected soils in such 
a proportion that a desired grain size distribution is obtained for the design mix. Hence 
for proportioning the selected soils, the grain size distribution of each soil is to be first 
known. From sieve analysis, it can be concluded whether aggregates are well-graded 
gravels, poorly graded gravels, well-graded sand, or poorly graded sand. Fig. 7.5 shows 
that aggregates are well-graded gravels.

Table 7.9 gives the sieve analysis for natural aggregate.

Table 7.8 Physical requirements of coarse aggregate

Sr. No. Test Test Method Requirement

1 Los Angeles abrasion value
Aggregate impact value

IS: 2386 (Part 4) [11] 40% maximum

2 Combined flakiness and
elongation indices (total)

IS: 2386 (Part 4) [11] 
or IS: 5640 [13]

30% maximum

3 Water absorption IS: 2386 (Part 3) [12] 2% maximum
4 Liquid limit of material

passing 425 μ
IS: 2720 (Part 5) [7] Not more than 25%

5 Plasticity index of material
passing 425 μ

IS: 2720 (Part 5) [7] Not more than 6%

Aggregate may satisfy the requirements of either of two tests
If the water absorption is more than 2%, a soundness test shall be carried out as per IS: 2386 (Part 5)
Adopted from Ministry of Road Transport and Highways. Specification of road and bridge works, Section 300 and 400, 2000.

Figure 7.5 Sieve analysis of natural aggregate
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Table 7.11 Determination of CBR for aggregates

Sr. No. Test 1 Test 2 Test 3

1 Determination of OMC (%) 13.15 13.14 13.13
2 Determination of MDD (gm/cc) 1.84 1.85 1.86
3 Determination of CBR (%) 21.58 23.08 22.13

Table 7.10 Determination of maximum dry density (MDD)  
and optimum moisture content (OMC) for aggregates

Sr. No. Test 1 Test 2 Test 3

1 Determination of OMC (%) 13.10 13.15 13.11
2 Determination of MDD (gm/cc) 1.85 1.86 1.84

Typical Atterberg’s limits of the natural aggregates
Average liquid limit  = 23.23%
Average plastic limit  = 17.79%
Average plasticity index  = 5.31%
Table 7.10 gives the determination of MDD and OMC for aggregates.
The results shown in Table 7.10 are at average, 13.12% for OMC and 1.84 gm/cc 

for MDD which has been represented in Fig. 7.2.
Table 7.11 shows the determination of the CBR value for aggregates.
The results obtained from Table 7.11 are at average 13.14% for OMC, 1.85 gm/cc, 

for MDD, and 22.26% for CBR.
The determination of impact value, flakiness index, and water absorption for the 

aggregate are shown in Table 7.12.
The average of the impact value is 11.89%, flakiness index is 22.42%, and water 

absorption is 1.19%.

Table 7.9 Sieve analysis for natural aggregate

Sr. No. IS Sieve Size Test 1 Test 2 Test 3

1 53 100 100 100
2 26.5 78.5 81.45 73.05
3 9.5 60.5 72.85 65.00
4 4.75 49.5 54.95 55.00
5 2.36 30.25 41.20 40.15
6 0.425 15.5 18.50 20.54
7 0.075 3.6 4.05 4.95
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7.4   Comparative analysis of steel slag aggregates  
and soil aggregates

From Table 7.13, comparison of steel slag aggregates versus natural aggregates, it is 
possible to use steel slag as aggregates in the construction of road. As main important 
tests such as, abrasion, water absorption, crushing, impact, MDD and OMC also show 
positive results.

7.5   Cost analysis

Cost analysis for road construction depending upon finance required for the various 
construction activities of road construction by utilizing steel slag.

The abstract information for a 1-km length of road is given in Table 7.14 (lead and 
lift is considered for only 5 km). For construction of road there will be various stages 
such as cleaning of site, excavation for WBM road, rolling (compaction) at various 
stages, supply and laying of materials, etc.

Table 7.12 Impact value, flakiness index, water absorption  
for the aggregate

Sr. No. Determination of Values (%) Test 1 Test 2 Test 3

1 Impact value 11.55 12.05 12.09
2 Flakiness index 22.35 22.51 22.40
3 Water absorption 1.50 1.05 1.04

Table 7.13 Comparison of steel slag aggregate versus natural 
aggregates

No. Test Steel Slag Aggregate Natural Aggregate

1 Water content 9.67% 14.28%

2 Dry density 2.39 gm/cm3 1.81 gm/cm3

3 Specific gravity 2.71 2.60
4 Plasticity index, plastic limit, 

and liquid limit
Nonplastic 4.5%

20.5%
5 MDD 2.39 gm/cm3 1.85 gm/cm3

6 OMC 9.62% 13.14%
7 CBR Unsoaked at 2.5 mm 25.62% 22.26%

Soaked at 2.5 mm 21.32% 17.6%
8 Impact value 13.90% 11.89%
9 Flakiness index 4.80% 22.42%
10 Water absorption 1.0% 1.19%
11 Aggregate crushing value 5.20% 10.21%
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Table 7.14 Abstract sheet for 1-km road

Sr. No. Quantity (m3) Description Unit Rate Amount

1 112.5 Supplying 60-mm trap/granite/quartzite/gneiss stone 
oversize metal at the roadside, including conveying 
and stacking etc. (including blasting)

Per cubic meter 382.56 Rs 43,038

2 375 Supplying 40-mm trap/granite/quartzite/gneiss stone 
including conveying and stacking etc. (including 
blasting)

Per cubic meter 397.67 Rs 1,49,126

3 237.51 Supplying hard murum/kankar at the roadside, including 
conveying and stacking

Per cubic meter 195.64 Rs 52,336

4 93.57 Supplying soft murum at the roadside, including  
conveying and stacking

Per cubic meter 230.56 Rs 21,573
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As like spreading of materials, compacting of materials, and excavation these activ-
ities will be the same as use of the steel slag. Material only metal like, 60 mm aggre-
gates, 40 mm aggregates hard murum and the soft murum that will be replaceable as the 
properties of the steel slag aggregates and the natural aggregates that will be replaced. 
The total cost required for the road construction is Rs 266,073.00. For the hundred per-
centage replacement of steel slag, it requires only the transportation charges. It means 
that Rs 199,555.00 can be saved by replacing natural aggregates with steel slag aggre-
gates (considering 25% transportation charges).

7.6   Comparative analysis between MoRTH standard  
and experimental method

From Table 7.15, specific gravity, crushing value, abrasion value, water absorption 
impact values show positive results, and as slag is nonplastic and very less incohesive, 
steel slag can be used as aggregates in road construction (cannot be obtained because 
of less cohesion and low plastic in nature).

7.7   Conclusion

In India, systems are developed for utilization of steel slag and to raise awareness 
among industrialists and the public that how slag can be used in construction. 
Figs. 7.6–7.8 are some examples where steel slag is used for construction of water 
bound macadam road. It is very important that steel slag that is used in construction be 
obtained from a supplier who has a quality control program in place to minimizes the 
amount of unsound particles. From the analysis given in this chapter, the characteristic 
strength of steel slag aggregates and natural soil aggregates are about equal, and some 
results are found to be more than equal. It means that the steel slag is found to be stron-
ger as like natural soil aggregates. The conclusions to be drawn here are as follows:

 •  The abrasion value of steel slag aggregates found to be 25.66% which is within the specified 
limits as per MoRTH, and IS: 2386 (Part 4). It should be less than 30%.

 •  With regard to impact value, steel slag is suitable for use instead of natural aggregates. The 
impact value of the steel slag aggregates is found to be 13.90% of the total weight as per IS: 
2386 (Part 4) and MoRTH. It should be less than 30%. So these steel slag aggregates can be 
used to replace natural aggregates.

 •  The crushing value of the steel slag aggregate is found to be 5.20%.
 •  The CBR value of the steel slag aggregates is found to be 21.32% and 25.62% for soaked 

and unsoaked conditions, respectively.
 •  The impact value of steel slag aggregates is found to be 13.90%. The aggregate impact 

value should not exceed 45% by weight of the aggregate for concrete other than the wearing 
surface. The aggregate impact value should not exceed 30% by weight for concrete wearing 
surfaces such as runways, roads, pavements, and floors [IS: 383-1970, IS: 2386 (Part 4)].

 •  Due to the rough surface of steel slag particles, they prevent the skidding of vehicles. Due to 
this effect, on sloping and curved roads, slag can be used as skidding resistance particles on 
the topmost layer.
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Table 7.15 Comparison between MoRTH and experimental analysis

Sr. No. Property of Steel Slag
Analytical Method (as per MoRTH) Natural 
Aggregates Experimental Method (results of steel slag)

1 Specific gravity Minimum 2.6 2.71
2 Grain size distribution Well-graded Well-graded
3 Bulk density 1.52 to 1.75 gm/cm3 2.62 gm/cm3

4 Dry density N/A 2.39 gm/cm3

5 Liquid limit Not more than 25%
N/A

Cannot obtain
6 Plastic limit Cannot obtain
7 Plasticity index Not more than 6% Cannot obtain
8 Shrinkage limit N/A 12.90%
9 MDD N/A 2.39 gm/cm3

10 OMC N/A 9.67%
11 CBR 20–30% 21.32–25.62%
12 Aggregate crushing value Less than 15% 5.20%
13 Aggregate abrasion value 30–40% 30%
14 Flakiness and elongation index Maximum of 40% 4.80%
15 Water absorption Maximum of 2% 0.93%
16 Aggregate impact value Maximum of 30% 13.90%
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Figure 7.6 Approach road for Aurangabad–Jalna Highway MS, India

Figure 7.7 WBM approach road Aurangabad–Jalna, MS, India

Figure 7.8 Approach road to the Dhanlaxmi Steel Ind. Pvt. Ltd at MIDC, Jalna, MS, India
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7.8   Scope of future research

If steel slag is used, natural resources can be preserved in steel industrial areas. Slag 
can be used for various purposes. There is much more to explore about steel slag as a 
civil engineering material, including the following:

 •  The study of friction created between the road and vehicle tyres
 •  The effect of temperature on steel slag aggregates
 •  The effect of steel slag and plastic waste as a binder on the properties of soil
 •  The study of the properties of steel slag when used with hot mix binder
 •  The use of steel slag as aggregate in concrete
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Recommendations for future 
research
  

Because more and more structures are built every year, there is a growing demand 
for raw materials and energy. Until recently, natural materials were used predomi-
natly in civil engineering projects, but the amount of these is limited. In modern civil 
engineering, the use of unconventional materials is becoming more and more fre-
quent. Figure 8.1 illustrates current and future trends in civil engineering practices, 
which in some way were the impetus for the authors to write this book.

Some materials that are being increasingly used in this area are fly ash, glass, used 
tiers, and various kinds of slag. Use of these materials not only reduces the space 
necessary for their disposal, since they are waste materials/by-products, but also the 
energy necessary for obtaining materials that are usually used in civil engineering. 
In addition, their use allows reserves of natural materials like gravel and sand, which 
until now had been essential for civil engineering, to be preserved.

A large quantity of stone, gravel, or sand is used daily in civil engineering. This 
devastation of natural wealth and exhaustion of natural stocks can be prevented by the 
use of unconventional materials like waste materials and industrial by-products. The 
use of those materials contributes to a more rational use of good-quality aggregate 
and also helps resolve environmental problems that arise from the disposal of waste 
material. With new structures being built around the world every day, millions of 
tons of raw materials are used and natural stocks are impoverished. At the same time, 
developed countries must confront a growing problem with waste materials. However, 
small countries such as Croatia share the same problem of facing the lack of the space 
that would be necessary for waste material disposal.

It is estimated that 13.2 million tons of waste material per year (or 2.97 tons per 
resident) is produced in Croatia. At the same time, the need for natural materials for 
civil engineering projects is growing apace.

To summarize, the comprehensive utilization of different waste materials in civil 
engineering will have significant benefits, including a substantial reduction of dump-
ing and stockpiling of waste, the protection of natural resources and reduction of 
energy requirements associated with the obtaining of natural materials, and finally, 
the possibility of altering or modifying properties of these basic materials to produce 
special engineering devices and tools for specific applications [1].

The steel industry is one of the biggest polluters of the atmosphere, as the emission 
of carbon dioxide (CO2) is proportional to the amount of steel produced. In addition, 
this industry creates large amounts of waste materials/by-products that must be appro-
priately disposed of. In order to reduce the negative impact of the steel industry on the 

8
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environment, numerous studies have been conducted to explore new ways of recycling 
slag as a by-product in steel production.

As stated in previous chapters, slag utilization has great potential in civil engi-
neering. But for the sake of assessing the real possibilities for slag application in civil 
engineering, it is necessary to provide an overview of the available quantity of this 
material. Figure 8.2 shows the amount of blast furnace iron and crude steel produced 
in the world between 1980 and 2014 according to recent data from the World Steel 
Association official website [2, 3], and it is given here with the aim to estimate the 
total quantity of available slag.
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The amount of slag produced is largely determined by the overall chemistry of the 
raw material charges in the furnaces [4]. Therefore, estimating the total amount of 
slag in the world that is generated in a given period requires some assumptions on the 
amount of slag developed per tonne of iron or steel.

The data available in the research literature vary. According to [4], for a blast fur-
nace, the chief determinant that influences the slag quantity is the overall grade of the 
iron ore. For an ore feed grading 60%–66% iron, 0.25–0.30 tonnes of blast furnace slag  
will be produced per tonne of crude iron. Lower-grade ores yield more slag—sometimes 
as much as 1.0–1.2 tonnes of slag per tonne of crude iron. On the other hand, the quantity 
of 0.25–0.3 tonne of slag per tonne of iron is recorded in [5]. Steel slag output also var-
ies, depending on both the feed chemistry and the type of furnace used, but is typically 
about 0.2 tonne of slag per tonne of crude steel [4]. According to [6], the quantity of 
slag developed per tonne of steel produced in the electric arc furnace is 0.15. According  
to [7], Nippon steel specifies 0.3 tonne per tonne of pig iron for blast furnace slag 
and about 0.1–0.15 tonne per tonne of molten steel for steelmaking slag. To create  
Figure 8.3, which shows the total estimated amount of ferrous slag in the world generated 
in the period 1980–2014, the authors adopted the assumption of 0.3 tonne of iron slag 
per tonne of pig iron and 0.15 of steel slag per tonne of crude steel, as those were the 
most frequently mentioned data in the literature.

Not taking into account slag generated before 1980, which may have been used 
already in some civil engineering structure or lies trapped in a forgotten landfill some-
where, it can be concluded that a huge amount of potentially useful material is avail-
able, which could replace natural resources. In order to handle such a huge amount of 
slag, slag associations in some countries, as well as in Europe, were established that 
focus on the manufacturing and uses of slag and the promotion of slag as a product. 
Some of these associations are listed in Table 8.1.
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To exchange information concerning the management of metallurgical slags in 
their countries, Australasian (Iron and Steel) Slag Association, Brazilian Slag Associ-
ation/Brazil Steel Institute, Canadian Slag Association, Euroslag, National Slag Asso-
ciation, and Nippon Slag Association have joined to form a network called the World 
of Iron and Steel Slag.

The authors of this book found it interesting to take a look at the distribution 
of certain type of slag by regions of the world. Figure 8.4 shows the share of each 
region in the total iron and steel production in 2014 according to [2, 3] and thus the 

Table 8.1 Associations related to slag

Country/Region Name of association Year founded

United States National Slag Association 1918
Germany Technical Association for Ferrous Slag  

(Forchungsgemein-schaft Eisenhuetten-schlacke)
1968

Japan Nippon Slag Association (NSA) 1978
United Kingdom Cementitious Slag Makers Association 1985
Australia Australasian (Iron and Steel) Slag Association 1990
Canada Canadian Slag Association –
Europe European Slag Association 2000
United States Slag Cement Association 2012
Brazil Brazilian Slag Association –

(a) (b)European Union
8,0%

Other Europe
0,9%

C.I.S.
6,7%
North America

3,5%

South America
2,6%

Africa
0,5%

Middle 
East
0,2%

Asia and 
Oceania
77,6%

European Union
10,1% Other Europe

2,3%

C.I.S.
6,4%

North America
7,3%

South America
2,7%

Africa
0,9%

Middle East
1,8%

Asia and 
Oceania
68,5%

European Union: Austria, Belgium, Bulgaria, Croatia, Czech Republic, Germany, Finland, France, Greece, Hungary, Italy,
Latvia, Luxembourg, Netherlands, Poland, Portugal, Romania, Slovak Republic, Slovenia, Spain, Sweden and United
Kingdom; Other Europe: Albania, Bosnia-Herzegovina, Macedonia, Montenegro, Norway, Serbia, Switzerland and Turkey;
C.I.S.: Azerbaijan, Byelorussia, Kazakhstan, Moldova, Russia, Ukraine, Uzbekistan. North America is Canada, Cuba, El
Salvador, Guatemala, Mexico, Trinidad and Tobago, United States. South America: Argentina, Brazil, Chile, Colombia,
Ecuador, Paraguay, Peru, Uruguay, Venezuela; Africa: Algeria, D.R. Congo, Egypt, Ghana, Kenya, Libya, Mauritania, 
Morocco, Nigeria, South Africa, Tunisia, Uganda, Zimbabwe; Middle East: Iran, Israel, Jordan, Oman, Qatar, Saudi Arabia, 
Syria, United Arab Emirates. Asia: China, India, Indonesia, Japan, D.P.R. Korea, South Korea, Malaysia, Mongolia,
Myanmar, Pakistan, Philippines, Singapore, Sri Lanka, Taiwan, Thailand, Viet Nam; Oceania: Australia, New Zealand

Figure 8.4 Share of various regions in the total iron (a) and steel production (b) in 2014
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distribution of the total amount of blast furnace/steel slag generated by each region. 
Asia and Oceania are the regions where the greatest quantity of both types of slag 
is generated. In all other regions covered by Figure 8.4 both slag types are equally 
covered.

While all iron products made today come from blast furnaces, steel is mainly pro-
duced in basic oxygen furnaces (BOFs)—73,4% of the world production, in fact [3]. 
Steel production in Siemens-Martin (SM) furnaces is almost nonexistent today, being 
only a negligible percentage (0.6% of the world’s production) in Asia. Using data on 
crude steel production by the process/furnace used [3], an assessment was made on 
the share of each steel slag type in the total steel slag production in Europe for 2013 
(see Figure 8.5). “Europe” here refers to the European Union plus Other Europe. It 
is evident from Figure 8.5 that most of Europe uses the basic oxygen process in the 
production of steel.

While blast furnace slag has a long history of use as an industrial by-product, 
going back almost 100 years in the United States and 150 years in Europe [8], 
steel slag was less popular. This can perhaps be explained by the vast amount of 
blast furnace slag available [6]. However, this statement can be considered only 
partially correct; although blast furnace slag is available in the world in great 
amounts, its quantity today is not so dominant over steelmaking slag. Therefore, 
both slag types are interesting to scientists today, who are looking into the possi-
bility of developing new uses for them. An overview of the possible uses of iron 
and steelmaking slag in civil engineering (given in Chapters 4 and 5 in greater 
detail) is summarized in Table 8.2.

While slag usage in civil engineering has been shown to be justified on a scien-
tific level, its practical application has failed in some countries. Figure 8.6 shows a 
comparison of the amount of the steelmaking slag generated per capita in the period 
1980–2014 [3] in Germany and Japan, as examples of countries in which slag has been 
incorporated into practical applications, as opposed to Croatia.

The failure in the practical application of steel slag in Croatia is probably due to 
the small amount in which it is formed and the variations in its produced quantities 
over the analysed period. All of the abovementioned data result in inconsistent qual-
ity of the slag, so it is difficult to standardize and find permanent areas where it 
can be used. In contrast, Germany and Japan have a long tradition of producing and 
using steel slag. Moreover, Japan and Germany have standards for its application, 
whereas Croatia does not.

In Europe, there is a tradition of slag utilization standardization, but only in coun-
tries with a longstanding connection to the steel industry. For example, in 1909, the 
first German standard for Portland slag cement (slag contents < 30%) was published, 
and in 1917, the first standard for blast furnace cement (slag contents < 85 %) was 
published [9].

In 1941, the German norm DIN 4301 was published, which described the necessary 
properties of steel slag and setting standards to comply with [10]. The use of steel 
slag is regulated further via the specifications that deal with the quality of mineral 
aggregate for asphalt manufacturing. In Germany, the document “Technical Terms 
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Table 8.2 An overview of the possible uses of iron and steelmaking 
slag in civil engineering

Blast furnace slag Steelmaking slag

Addition in Portland cement production x
Mineral admixture for concrete preparation x
Kiln feed in cement clinker production x
Independent binder in mortar/concrete x
Independent binder in soil stabilisation x
Aggregate in concrete x x
Aggregate in mortar x x
Aggregate in pavement unbound base layers x x
Aggregate in cement stabilized base courses x x
Aggregate in asphalt mixes x x
Aggregate in concrete pavements x
Armourstone in hydrotechnical structures x
Aggregate for acid mine drainage treatment x
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Figure 8.6 Comparison of steel slag generated from 1980–2014 for Germany, Japan,  
and Croatia

of Delivery for aggregates used in road construction, published in 2004, amended in 
2007” has laid out the relevant test methods and norms for slag. This document regu-
lates the frequency of mandatory testing and certification by independent laboratories 
and describes the criteria for internal quality assurance that the steel works which 
bring the slag to market must meet.
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In the United Kingdom, the first standard for Portland slag cement was published in 
1923, while in 1986 the first British standard for ground granulated blast furnace slag 
as a concrete addition was released [9]. In Chapters 3, 4 and 6, more details about 
current European standards were discussed.

In Japan, there is also a long tradition of slag usage and standardization. The pro-
duction of Portland blast furnace slag cement has begun in 1910, while the Japanese 
national standard for that type of cement was set in 1926 [11]. Since then, the Nippon 
slag association (NSA) and the Japan Iron and Steel Federation (JISF) have promoted 
the institution and adoption of Japanese Industrial Standards (JIS), which are pre-
sented in Figure 8.7.

Today, the EU Waste Framework dictates the goal for various types of waste to be 
recycled, reused, or otherwise recovered by 2020. To keep up with those demands, 
many universities, institutes, and government organizations have been involved in the 
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Figure 8.7 Japanese Industrial Standards of iron and steel slag [12]
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research and development of secondary or recycled materials. Some of the first proj-
ects supported by the European Commission dealing with waste reuse were ALT-MAT 
(ALTernative MATerials in Road Construction) and COURAGE [13, 14], begun in 
1998 and 1999 respectively, which gave insight into the use of these materials and 
helped in creating a legal framework for it.

The concepts of sustainability should be the norm for all aspects of human devel-
opment today. In the construction industry, this mandates the conservation of natu-
ral resources and minimal impact on the environment. The application of secondary 
“alternative materials” in civil engineering, which features the most exploitation of 
natural materials, presents a more rational and economically and ecologically suit-
able solution. The term alternative materials covers all materials except natural virgin 
materials, and usually refers to construction and demolition waste and a variety of 
industrial by-products. In the countries of the European Union, a wide range of such 
materials have been used as a substitute for standard building materials for a number 
of years. For these materials to be applicable, they should meet certain criteria, show a 
satisfactory level of performance, and be cost-effective when compared to traditional 
materials.

Many studies have been carried out dealing with the technical characteristics of 
alternative material usage in civil engineering, and many of them have been presented 
in this book. But today, it has become increasingly important to devise new standards 
for eco-friendly materials and products and to investigate potential adverse environ-
mental impact of alternative materials. In Japan, these issues are incorporated in 2011 
within the “Guidelines for Introducing Environmentally Sound Qualities and Inspec-
tion Methods into the JIS of Slags for Concrete and Road (Text and Explanations)” by 
the Technical Committee on Civil Engineering and the Technical Committee on Archi-
tecture [12]. According to these guidelines, the most critical exposure environment of 
slag aggregate used for general purposes is the reuse of a demolished concrete struc-
ture as a subbase course material. Also, the most critical environment of using slag for 
road construction is either the condition of slag reuse as a subbase course or subgrade 
material when the slag was used for subbase, or the condition of slag reuse as a sub-
base course material after mixing in asphalt when the slag was used for a hot asphalt 
mix. In either case, environmentally sound qualities of the slag aggregate are specified 
in accordance with the applicable soil environment standards, groundwater environ-
ment standards, and specified standards (elution levels, chemical compositions).

When using waste materials as slag in civil engineering, the environment and 
human health can be threatened in three ways. First, some waste and by-products may 
contain concentrations of trace metals (such as As, Cd, Cu, Cr, Hg, Pb, and Zn) or 
trace organics (benzol, phenol) that are higher in concentration, more environmentally 
mobile, or both than those found in conventional materials. Second, it may contain 
highly alkaline materials (e.g., free lime), high concentrations of soluble salts, or very 
fine particles that may be susceptible to dusting and may also be respirable. Third, it 
may contain volatile organic material (such as chlorinated hydrocarbons) or inorganic 
material (such as As, Hg, Cd, Pb, and Zn) that could be released in high-temperature 
environments [15]. A detailed analysis of the potential adverse environment impact of 
slag usage in civil engineering is presented in Chapter 3 of this book.
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In accordance with the material covered in previous chapters in this book, it can be 
concluded that shortcomings in the use of alternative materials primarily stem from 
the lack of knowledge about these materials, the lack of practical experience with 
them, and the lack of standards and regulations, and not from the lack of the alterna-
tive materials themselves as building materials. So the authors of this book greatly 
agree with the findings of Sherwood [16], who laid out the following steps that could 
stimulate a greater use of alternative materials:

 •  Develop new or supplement existing standards and technical conditions for alternative mate-
rials, which would cover their fields of use and the sought-after properties. This would avoid 
using the current standards for using standard materials. These new technical conditions 
should facilitate the use of alternative materials.

 •  Learn from the experience of other countries in the use of alternative materials, their stan-
dards, and technical conditions. For a long time, developed European countries have been 
included in programmes to research the possible applications of alternative materials.

 •  Develop guidelines for the use of alternative materials that would also inform all participants 
in construction of the possibilities of use of these materials, familiarise them with the results 
of ongoing research, organise seminars or conferences on the topic of the possibilities of use 
of alternative materials.

 •  Alter the perspectives of members of the construction industry concerning the use of alter-
native materials. The main reason for the lesser use or avoidance is the lack of an initiative 
for the use of nonstandard materials. There is substantial positive experiences of alternative 
materials use, and these experiences need to be transfered to construction industry. In order 
to introduce new materials and technologies into the construction industry, public need to be 
familiar with all possible benefits and potential problems of using new technologies.

 •  Administrative measures to increase the use of alternative materials are needed, such as 
proposing the use of specific alternative materials, introducing taxes on the use of natural 
aggregates, introducing taxes on the disposal of waste in landfills, and introducing require-
ments that all projects must include a share of waste or recycled materials and preserve 
high-quality materials for high grade uses.  
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