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Abstract
The Linz–Donawitz (LD) slag is an industrial waste generated in Linz–Donawitz process of steel making. It is not gaining 
importance in construction industry because of its volume instability, and presence of excessive phosphorous and sulphur 
content. Suitable accelerated ageing and masking of harmful materials can improve the engineering properties of LD slag. 
The research shows that it is possible to use LD slag in sustainable construction applications including cementitious binders, 
aggregates in pavement and concretes, building products, soil improvement, etc. However, its use is presently limited to 25% 
of the total quantity generated and the rest is dumped as landfill. Thus, there is a strong need to review the available literature 
to explore the gainful utilization of LD slag in various applications. Aim of this paper is to highlight the potential of LD 
slag for a broad range of applications based on the published research over the past decade along with the recent research 
and developments. Physico-mechanical properties, microscopic characteristics, and mineralogical composition of LD slag 
observed in various studies are also reported. Efficacies of LD slag utilization in construction are also presented. This paper 
also discusses current challenges for its usage.
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Introduction

India faces major environmental challenges due to waste 
generation and inadequate waste collection, transport, treat-
ment, and disposal. Environmental and economic benefits 
can be achieved by sustainable utilization of solid wastes in 
construction. The challenges are extracting and transforming 
waste materials into useful product, which are currently in a 
great demand for their environmental friendly disposal and 
recycling. Other major challenge is rapid consumption of 
existing natural resources especially by construction indus-
try. Sustainability in the construction industry is essential as 
it can save the environment by conserving natural resources, 
which are crucial for inclusive growth.

For centuries, huge amount of wastes was generated that 
need to be reutilized as resource materials. For instance, con-
struction and demolition (C&D) waste is one of the predomi-
nant solid wastes. It is generated during the construction, 

renovation, and demolition of buildings or structures [1]. 
Similar types of inorganic wastes are mine tailings, granite 
slurry, limestone powder, cement kiln dust, etc.[2–4]. The 
organic wastes include paper production residue, kraft pulp 
production residue, wood sawdust, tea industry waste, rice 
husk, cotton waste, etc. [5–8]. Coal fly ash and steel slag 
are important industrial wastes [9–11]. Coal fly ash is one 
of the solid residues generated from coal-firing power sta-
tions and used in cement clinkers, concrete production, road 
embankment, waste stabilization/solidification, geopolymer 
concrete, etc. The incorporation of these resource materials 
is not only helping in waste management but also reduces 
handling cost of wastes. The production of steel slag around 
the world is increasing over the time. The integrated steel 
plants generate about 150–200 kg of waste materials per 
ton of steel production at different stages of processing and 
metallurgical operations [12]. Worldwide, steel production 
reaches 1691 million tons in the year 2017 [12]. India is 
world’s third largest steel producer with 101.4 million tons 
per year after China (831.7 million tons) and Japan (104.7 
million tons).

The production of steel mostly consumes iron ore, lime-
stone, fuel, water, air, and power, and generates various 
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kinds of slags [13]. These are categorised as Blast Furnace 
(BF) [14–16], Ladle Furnace (LF) [17–20], Electric Arc Fur-
nace (EAF) [21, 22], and Linz–Donawitz (LD) [23, 24] slag 
according to steel making processes. These slags differ from 
each other in terms of mineralogical and chemical composi-
tion. Therefore, its utilization and possible applications may 
vary based on their physical, chemical, and mineralogical 
properties [25–27].

The BF slag mainly contains inorganic constituents [14, 
15]. The presence of high silica  (SiO2) and calcium oxide 
(CaO) along with glassy phase more than 90% and low iron 
content makes it useful in the production of cementitious 
binder along with the gypsum and clinker [17, 23, 24]. The 
benefits of using BF slag are well established [28–30]. It 
is widely used in production of Portland blast-furnace slag 
(PBFS) cement. It is also used in the preparation of ceramic 
glass, silica gel, ceramic tiles, and bricks [29, 31].

EAF slag is black in colour having high mechanical and 
abrasion resistance [21, 22]. It is stone like material, which 
is easy to crush. It contains low percentage of amorphous 
silica and high content of ferric oxides, which leads to low 
pozzolanic activities as compared to BF slag [29]. Studies 
are taken up to use EAF slag in the construction industry, in 
particular as an aggregate in road constructions. The main 
problems are durability and its environmental tolerance of 
concrete [21, 22].

LF slag is another industrial byproduct of steel industry 
which is produced during the second stage of basic refin-
ing process. Research shows that LF slag can be used in 
construction applications, soil improvement and masonry 
mortar production. Some studies [32, 33] refer LF slag as 
a low-quality material due to its fine grain size, adverse 
leaching potential, and expansive behaviours. The expansive 
characteristics of LF slag can be reduced by natural ageing 
or accelerated weathering to make it useful in construction 
[32, 33].

LD slag is generated from a Linz–Donawitz process. It is 
produced during the LD process as pig iron is processed into 
crude steel. The main components of slag are free lime, metal-
lic and non-metallic iron, and calcium silicates, which make 
it highly basic in nature [23, 24]. Due to its specific charac-
teristics, a part of LD slag is fed back into the iron and steel 
making process to increase efficiency of raw materials. The 

mineral phases present in different types of slags are sum-
marized in Table 1.

This review seeks to find sustainable ways of LD slag uti-
lization in manufacturing of newer cementitious binders and 
other building products. The chemical, physical, and mineral-
ogical characterizations along with phases present in LD slag 
are presented for better understanding of as resource material. 
The associated issues with LD slag leading to its instability 
and other challenges are also discussed.

LD slag

In India, about 12 million tons of LD slag was generated in 
the year 2017 and expected to further increase with increase 
in production of steel [34, 35]. In the steel making process, hot 
metal is transferred from BF to LD converter where it under-
goes oxidation process to remove carbon and other impurities 
(phosphorus & silicon) present in hot metal. Lime is added to 
the furnace and waste (slag) containing mainly calcium sili-
cate and other impurities as oxides is skimmed out for open 
quenching, wherein it is cooled using water and air. The cool-
ing rate of slag is slow which is responsible for its crystalline 
phase. Only 25% of total LD slag produced is used in various 
possible applications in India such as aggregates, soil condi-
tioning agent, cementitious binders, building bricks, fertilizers, 
etc., whereas remaining 75% are disposed off in unplanned 
manner as landfills [36–38]. The BF slag is utilized nearly 50% 
[38, 39]. This is due to difference in composition and proper-
ties of these slags. BF slag is glassy (92–93%) and amorphous 
in nature, whereas LD slag contains only about 40–49% of 
amorphous phase [40–42]. Furthermore, the use of LD slag is 
limited due to the presence of lime, which absorbs moisture 
and carbon dioxide from air and form hydroxides and carbon-
ates respectively as given in Eqs. 1–3:

This leads to volume expansion or swelling resulting 
to formation of cracks if used in concrete and building 

(1)CaO + H2O → Ca(OH)2 + Heat

(2)Ca(OH)2 + CO2 → CaCO3 + H2O

(3)CaO + CO2 → CaCO3.

Table 1  Chemical composition of BF, EAF, LF, and LD slag

Slag types Chemical composition (%) References

CaO SiO2 FeO Fe2O3 MnO MgO P2O5 A12O3 TiO2 S

BF slag 35–50 30–40 – 0.1–1.6 0.2–1.5 0–8 0–0.03 7–18 0–0.5 0–2 [5, 14, 27]
EAF slag 24–29 13–15 26–34 – 5–15 3–7 1–2 4–14 0–0.5 – [28, 30]
LF slag 48–54 8–15 1–1.5 – 1–2 10–15 2–3 14–22 0–0.2 – [30, 32]
LD slag 42–50 12–26 8–24 3–22 2–6 1–9 1–7 2–11 1–3 0.1–0.6 [33, 34]
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products. Similar types of reaction (Eqs. 4–6) occur with 
MgO in the presence of water and carbon dioxides:

The volume increases by about 91.7% and 119.6% of 
concrete due to the formation of calcium hydroxide and 
magnesium hydroxide, respectively [43]. These reactions 
are topo-chemical, in which these hydroxides evolve out-
ward expansion, causing stress that leads to micro crack-
ing [43]. To overcome these instability issues and gainful 
utilization of LD slag, different physical processes like 
accelerated ageing, magnetic separation, floatation, dual-
phase separation, etc. are reported in previous studies [44, 
45]. The main purpose of accelerated ageing is to remove 
free lime and magnesia present in LD slag. The ageing 
is also taken up under vigorous conditions of sunlight, 
heat, vibration, oxygen, etc. The accelerated and pressur-
ized steam ageing methods also reduce ageing duration 
dramatically as compared to natural air ageing [44–47].

LD slag contains high percentage of phosphorus (1–7%) 
which reduces its chances of being recycled and reused. 
The presence of high  P2O5 leads to corrosion of reinforced 
material in building structures. Several attempts are made 
for dephosphorization using chemical and biological meth-
ods [45, 48, 49]. The  P2O5 is present as 3CaO.P2O5 which 
was reduced with carbon to metallic (Fe–P–C) and non-
metallic phases (3(CaO.SiO2)) [45]. The overall reduc-
tion to non-metallic phases takes place according to the 
following equation:

The non-metallic phase can be used for production of 
Portland clinker. However, above conversion requires very 
high temperature of 1500 °C. Takeuchi et al. [50] have 
removed 60% of phosphorus from the slag using Fe–Si 
alloys as the reducing agent to  P2. Phosphorus extrac-
tion behaviour from Fe–P–Csatd alloy at 1200 °C was also 
investigated by Morita et al. [51]. For the extraction of 
phosphorous from Fe–P–Csatd alloy,  Na2CO3 is more effec-
tive as compared to  K2CO3. Marhual et al. [52] removes 
phosphorous of LD slag with the help of phosphorus 
solubilizing microorganism (two Gram-negative bacteria 
belonging to genus Pseudomonas and two Gram-positive 
bacteria belonging to genus Bacillus). Phosphorous recov-
ered from slag can be used for production of fertilizers.

LD slag has been used for the recovery metals such as 
Fe, Co, Cr, Ni, Cu, Al, Pb, Ta, Au, Zn, Nb, and Ag etc. 

(4)MgO + H2O → Mg(OH)2 + Heat

(5)Mg(OH)2 + CO2 → MgCO3 + H2O

(6)MgO + CO2 → MgCO3.

3CaO.P2O5(s) + 5C + 3SiO2 → 3
(

CaO ⋅ SiO2

)

+ 5CO + P2(g).

by various physical, chemical, and biological techniques 
including grinding [53], crushing [53], leaching [54, 55], 
roasting [56, 57], magnetic separation [40], flotation, 
etc.[53]. Recovery of these metals and its utilization are 
important for saving metal resources and protecting the 
environment. Mirazimi et al. have used alkaline roasting-
sulfuric acid leaching process for 96% recovery of vana-
dium from LD slag [56]. However, roasting requires high 
amount of energy for metallurgical process. Therefore, the 
same group in different studies uses direct acid leaching 
process for the recovery of 98% vanadium [55]. Menad 
et al. [40] suggested two flowsheets for treatment of LD 
slag to recover high-grade iron using magnet in metallurgi-
cal processes. Xiang et al. [57] carried out the mechanical 
activation study for the oxidation roasting. This mechani-
cal activation pre-treatment destroyed the structure of 
vanadium slag and reduced oxidation duration. The vana-
dium from LD slag can be removed by means of three 
different species of microbial systems: acidithiobacillus 
thiooxidans (autotrophic bacteria), pseudomonas putida 
(heterotrophic bacteria), and aspergillus niger (fungi) [58].

Despite the fact that research and development on 
utilizing LD slag in various fields, disposal of LD slag 
by landfilling is a major concern of steel industries as 
it causes air, water, and soil pollution. The associated 
environmental problems are leaching of harmful metals 
into ground water and pollution of nearby water sources, 
lowering of moisture, chemical degradation, and lack of 
aesthetics. Therefore, the gainful utilization of LD slag as 
construction materials will not only help in sustainable 
utilization of waste but also help in preserving the valuable 
natural resources [59–62].

Physical properties

LD slag appears like a loose collection of subrounded-
to-angular-shaped granules, as shown in Fig.  1a. The 
grain size distribution of ungrounded slag varies from 6 
to 20 mm with uniformity coefficient (Cu = D60/D10) and 
coefficient of gradation (Ck = D30

2/D60 D10) in the range 
of 7.55 and 0.67, respectively. The density of LD slag lies 
between 3300 and 3600 kg/m3, whereas natural aggregates 
density varies from 1500 to 1680 kg/m3 [63]. It is higher 
than those of the natural aggregates due to the high content 
of iron. Water absorption varies from 0.20 to 2.50%. The 
pH usually varies from 11.35 to 11.86. The Grindability 
Index is about 0.70–0.96. The resistance to impact is found 
to be as high as 10–26%. Crushing value is about 22–25%. 
The Los-Angeles abrasion value is 9–18%. It is hard and 
wear resistant due to high Fe content. The compressive 
strength is found to be more than 100 MPa which is close 
to granite stone [38, 64].



614 Journal of Material Cycles and Waste Management (2020) 22:611–627

1 3

Microscopic properties

Figure 1 shows image of LD slag and its FE-SEM image at 
5000× magnification. The surface of LD slag is rough in tex-
ture and mainly formed of cubical and angular particles of 
various sizes. The presence of sand and silt size particles is 
also observed. Internal structures of slag consist of vesicular 
shaped particles which are not interconnected to each other. 
It is also observed by various authors [65, 66].

EDX of selected portion of LD slag is shown in Fig. 2. 
The major elements present in the LD slag are calcium, iron, 
and silicon, whereas phosphorous, sulphur, aluminium, and 
magnesium are present in appreciable amount.

Chemical and mineralogical composition

The chemical composition is mainly determined by X-ray 
fluorescence (XRF), inductively coupled plasma atomic 
emission spectroscopy (ICP-AES), CHNSO, and energy 
dispersive X-ray spectroscopy (EDS) by various studies 
[66–68]. The general chemical composition of Indian and 
International LD slag is summarized in Table 2. The chem-
ical composition of steel slag varies significantly from 
source to source. It is clearly visible that chemical com-
positions are almost comparable with minor deviation. It 
mainly consists of inorganic constituents such CaO,  SiO2, 
 Al2O3, FeO,  Fe2O3, MnO, and MgO, in which CaO content 
is high, varying from 42 to 50%. The different techniques 
used by various authors for the calculation of lime content 
(CaO) in LD slag are thermogravimetric analysis, Leduc 
test, and Bernard calcinatory analysis [23, 38, 66]. The 
free lime comes mainly from two sources: residual free 
lime from the raw material and precipitated lime from the 
molten slag. As reported, it is present in two forms: (1) 
lime nodules (size ranging from 20 to 100 μm) and (2) 
lime micro-inclusions (size ranging from 1 to 3 μm) [38, 
66]. The silica content  (SiO2) varies from 10 to 28%. Iron 

oxide content can be as high as up to 38% depending upon 
the efficiency of the furnace [68]. A high content of MgO 
can often be detected which comes from dolomite (used as 
flux) and refractory material, which also causes a sound-
ness problem. A significant amount of  P2O5 is also present 
in LD slag.

The XRD pattern of LD slag shows crystalline phase, as 
shown in Fig. 3 [69]. Similar patterns were also observed 
by various authors [38, 66, 68]. The XRD pattern is com-
plex due to overlapping of peaks of many minerals. It is 
found that the intense peaks correspond to di-calcium 
silicate, di-calcium ferrite, and calcium hydroxide. Other 
phases present in LD slag from various studies are tri-
calcium silicate, di-calcium aluminoferrite, MgO and free 
CaO. Among these, the reactive phases are di-calcium 
silicate, tri-calcium silicate, di-calcium aluminoferrite, 
and free CaO and MgO, while remaining phases are non-
reactive (metals). Table 3 summarizes the major phases 
present in LD slag from various literatures.

Thermal properties

There is little investigation on thermal properties of LD 
slag. Ashrit et al. [70] conducted TGA/DTA test on LD 
slag fines (0–6 mm) in oxygen and nitrogen atmosphere 
up to a temperature of 850 °C. There are two peaks in the 
temperature range of 450–550 °C and 650–810 °C apart 
from a peak at 107 °C due to removal of moisture. Dif-
ferential scanning calorimetry (DSC) shows the presence 
of two endothermic peaks at 103 °C and 488 °C, which 
are attributed to water evaporation and calcium hydrox-
ide dehydration respectively [23]. At 804 °C, the DSC 
curve shows remarkable mass loss due to decomposition 
of one or more phases in the LD slag. For instance, β-C2S 
undergoes transition to α-C2S and wustite decomposes to 
magnetite.

Fig. 1  a View of LD slag and 
b SEM image of LD slag at 
×5000 magnification [66]
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Deleterious potential

Leaching of toxic elements from LD slag has adverse impact 
on soil, ground water, surface water, marine ecosystems, as 
well as human health. Therefore, scientists recommended 
the use of some tests as prerequisite to assess the impact 
of leaching and toxicity prior to its use in different fields 
[71–73]. A variety of short-term leaching procedures like 
United State Environmental Protection Agency (USEPA) 
[74], Strong Acid Digestion Test (SADT) [75], Toxicity 
Characteristic Leaching Procedure (TCLP) [74], Batch 
Leach Test (BLT) [76], Synthetic Precipitation Leaching 
Procedure (SPLP) [76], and American Society for Testing 
and Materials (ASTM) [77] shake test were carried out for 
evaluating heavy-metal leaching properties. Chand et al. 
[54] studied the short-term leaching behaviour of LD slag 
and found As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, V, and 

Zn as main leachates. The leaching properties of the differ-
ent components vary with the pH of LD slag dumped sites. 
Aarabi-Karasgani et al. [78] studied the vanadium leach-
ing and the effect of different parameters on kinetics by 
alkaline roasting-acid method. Short-term leaching studies 
are associated with some limitations such as assessing the 
environmental concerns which may arise due to leaching 
during long period. Therefore, long-term leaching studies 
are required for real impact of leaching on environment. 
Recently, Chand et al. [72] conducted a long-term leaching 
study for more than 1 year using long-term open column. 
The leachates were collected at interval of 3–5 days and 
showed variation in quantity and pattern of some important 
constituent elements such as Mn, Cu, Ni, Fe, Co, Cr, Zn, As, 
Cd, Pb, Se, and V. The leaching trend shows a fast leaching 
during initial period which become constant over a period 
of time.

Fig. 2  EDX of LD slag [69]
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Research and development trends

Various researchers [79–81] studied the applications and 
efficient utilization of LD slag. It is used in various appli-
cations of civil engineering such as cementitious binders, 
concrete, building products, etc. [82–84]. Other applica-
tions of LD slag include soil fertilization and condition-
ing, flux in metal recovery, treatment of wastewater with 
arsenic,  CO2 absorption, and flue gas desulphurization. 
Possible uses of different phases of LD slag are repre-
sented in Table 4.

Pozzolanicity

Pozzolans, an amorphous siliceous or siliceous and alumi-
nous material in finely divided form, reacts with calcium 
hydroxide in the presence of water to form cementitious 
hydrated products [85, 86]. The presence of  C3S,  C2S, and 
 C4AF in LD slag is accountable for its pozzolanic proper-
ties. However, due to its crystalline nature, it does not show 
hydraulic and pozzolanic properties [86]. These proper-
ties can be enhanced by phase modification using alkalis 
and heat treatment [87]. The presence of water and alkalis 
(NaOH) accelerates the hydration of the slags. The poz-
zolanic reactivity occurs when silica reacts with calcium 
hydroxide as given below:

In addition, di- and tri-calcium silicate on exposure to 
 CO2 can be converted to calcium silicate hydrates and cal-
cium carbonates. The reactions of  C2S and  C3S with  CO2 
are given below:

Several studies on the use of LD slag in cementitious 
binders are discussed in subsequent section.

Cementitious binder

India is the second largest cement producing country with 
420 MT production capacities in 2017, which is expected 
to touch 550 MT by 2020 [88]. Use of LD slag for cement 
manufacturing in India is minimal, whereas China is produc-
ing LD slag-based cement for last 20 years [89, 90]. Cement 
developed in China is a mixture of LD slag, blast-furnace 
slag, Portland cement clinker, gypsum, and admixture. The 

(7)Ca(OH)2 + SiO2(amorphous silica) → C − S − H(gel).

(8)
2
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Fig. 3  Typical XRD pattern of 
LD slag [69]
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Table 3  Mineral phases 
identified in LD slag

Mineral phase Chemical formula References

Di-calcium silicate 2CaO.SiO2 [15, 38, 66, 69, 132–134]
Tri-calcium silicate 3CaO.SiO2 [15, 38, 66, 68, 97, 132–134]
Di-calcium aluminoferrite 2CaO (Fe, Al)2O3 [97]
Di-calcium ferrite Ca2Fe2O5 [97, 122, 132, 135–137]
Di-calcium aluminosilicate Ca2Al2SiO3O12 [138]
Calcite CaCO3 [15, 38, 66, 68]
Calcium ferrite CaFe2O4 [137]
Dolomite CaMg(CO3)2 [134, 139]
Hematite Fe2O3 [136, 140]
Magnetite Fe3O4 [132, 137, 138]
Lime CaO [15, 38, 66, 68, 97, 122, 

132–140]
Periclase MgO [15, 38, 66, 68]
Quartz SiO2 [132]
Portlandite Ca(OH)2 [15, 38, 66, 69, 132–134]
Tetracalcium aluminoferrite C4AF [122, 141]
Wustite FeO [122, 132, 141]

Table 4  Possible uses of LD slag

LD slag

Particulars Reactive phases Metallic phases Phosphorous

Phases Di-calcium silicate
Tri-calcium silicate
di-calcium aluminoferrite, free CaO
MgO

As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, V and Zn

Reuse Civil engineering application such as cementitious 
binder, aggregate in concrete and pavements, and 
other building products

Can be reused by industries such as iron, steel 
making and others

Can be reused by fertilizer 
industry to make fertiliz-
ers
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resulting cement has good durability and high resistance to 
sulphate and carbonate [61, 62].

The major mineral phases present in LD slag are di-cal-
cium silicate  (C2S), tri-calcium silicate  (C3S), and tetracal-
cium aluminoferrite  (C4AF), which are accountable for its 
cementitious properties [91, 92]. However, the amount of 
these components in LD slag is very low than in the cement, 
thus making their hydration rate very low. High FeO content 
in slag reduces the hydraulic character of the slag. Further-
more, during slow-cooling process, the more active β-C2S 
changes to less active γ-C2S and most of the  C3S phase 
decomposes [93]. The alkalinity or basicity of the steel slag 
{

���
/

���2 + �2�5

}

 is important factor which determines 
the hydraulic activity of the steel. For the use of steel slag as 
cementitious binder, the basicity of the slag should be > 1.8 
[94]. The high CaO content in slag contributed towards high 
basicity. Based on these observations, the LD slag is not 
suitable for use as a cementitious binder in constructions. 
Therefore, for effective utilization of slag in construction, 
several prior modifications are needed. Free oxides present 
in the slag found its usefulness in activating other materials 
such as GGBFS (Ground Granulated Blast-Furnace Slag), 
fly ash, and other pozzolan [93].

The uses of slag in cementitious binders are studied by 
several researchers since 1980 [89, 90]. First time, Con-
jeaud et al. studied cementitious property of LD slag in 
1981 [42]. Theoretical and semi-field trials were performed 
and observed that addition of 6–15% of alumina to slag 
in the oxygen furnace improves its cementitious property. 
The presence of high CaO content was observed beneficial 
due to strong alkaline substance. This accelerated the for-
mation of Ca(OH)2 which acted as an activator and gave 
better mechanical strength properties. Cements made with 
a mixture of LD slag, blast furnace slag, clinkers, and gyp-
sum were produced [61, 62]. This slag cement exhibited 
higher acid resistance and improved strength. The high ini-
tial porosity reduced after 28 days of curing. Experimental 
studies by Geiseler [95] found that the addition of slag as 
a clinker raw material permits a lower firing temperature 
and were energy efficient in clinker production. Reddy et al. 
[96] observed that the cooling rate has a profound effect on 
mineralogical and cementing properties of slag and did not 
show any cementitious properties on slow cooling.

Cementitious properties of cooled slag were improved by 
phase modifications using heat treatment. The early strength 
of slag can also be improved by carbonation reactions as 
given in Eqs. 8 and 9. The resulting carbonated slag was 
used as a binder to replace Portland cement [86]. Singh et al. 
[23] studied the possibility of using slag in place of iron ore 
in raw feed during clinker manufacture. The study shows 
that 2% slag can be used as raw mix component for correc-
tion of iron content in raw mix. Zhang et al. [97] studied 
the strength properties of Portland cement where LD slag 

was replaced by 30–60% in binder and found properties 
similar to Portland cement. Recently, Agrawal et al. [39] 
observed the viability of adding LD slag as partial replace-
ment of granulated blast furnace slag (GBFS) in Portland 
slag cement (PSC). It was found that only 7.5% of LD slag 
by weight can be used. Presently, study on use of LD slag as 
a replacement of clinker was limited to a maximum level of 
10% due to its chemical and phase composition [37–39]. It is 
highly crystalline in nature due to its higher CaO/SiO2 con-
tent. The crystalline phases in Portland cement are mostly 
hydraulic, but the ones present in LD slag are non-hydrau-
lic and non-reactive [97–99]. As per Indian standard [IS: 
12089] and ASTM C989, the glass content in slag and slag 
activity index should be ≥ 85% for its gainful utilization in 
cement [100, 101]. However, the glass content in LD slag is 
only 40–49% which restricts its use due to nonconformity to 
IS/ASTM. There are several other factors such as presence 
of  P2O5, CaO, and FeO which restrict its usage. The presence 
of iron oxide in LD slag leads to the formation of tetracal-
cium aluminoferrite  (C4AF) which affects the properties of 
cement adversely. Therefore, modifications in the treatment 
are required to generate binding properties.

The mechanical and chemical activation helps in the 
improvement of hydraulic behaviour [91, 92]. However, 
alkali activation of LD slag is a big challenge considering 
the fact that it is highly crystalline. Further, the presence of 
non-hydraulic phases such as  C2S, bredigite, and merwinite 
restricts its activation [98, 99]. Duda et al. have studied the 
reactivity of crystalline LD slag by milling and blending 
it with BF slag and activating with NaOH [83]. The alkali 
activation of LD slag shows significant enhancement in 
cementitious properties such as improvement in fineness of 
the material and hydration reactions. The series of reaction 
for alkali activation of  SiO2- and CaO-rich slags are given 
in Eqs. 10–12 [102, 103]:

The activation of  SiO2- and CaO-rich slag involves the 
breakdown of Si–O–Si bonds and dissolution of Ca to form 
C–S–H-type reaction products with a low C/S ratio. Table 5 
summarizes the recent research and development trends 
on the use of LD slag as a replacement in cementitious 
products.

Road pavements

Massive amount of non-renewable aggregate resources 
have been exploited for centuries in construction of road 

(10)= Si − O− + R+
→= Si − O − R

(11)= Si − O − R + OH−
→= Si − O − R − OH

(12)
= Si − O − R − OH + Ca2+ →= Si − O − Ca − OH + R+.
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pavements such as road surfacing, and base and subbase 
layers. These resources are depleting at the faster rate due to 
continuous expansion of roads. The use of LD slag as aggre-
gates displays several technical and environmental benefits 
as compared to natural aggregates making them potentially 
important road construction materials. It is well established 
that LD slag can be effectively utilized as partial replace-
ment of coarse and fine aggregates in construction of road 
pavements. High binder adhesion as well as high frictional 
and abrasion resistance make it suitable for aggregates not 
only in surface layers of the pavement but also in unbound 
bases and sub-bases, especially in asphaltic surface layers 
[80, 104]. Stone mastic asphalt with LD slag is found exhib-
iting higher deformation resistance. It provides acceptable 
strength properties, suitable freeze/thaw durability, and 
exceptional fracture properties [104-106]. The performance 
and sound absorption studies of porous asphalt mixture with 
different proportion of steel slag were carried out by Shen 
et al. [107]. It was found that the mixtures with slag enhance 
skid resistance, rutting resistance, moisture susceptibility, 
and sound absorption. Asi et al. [108] found that replace-
ment of both fine and coarse aggregate components by steel 
slag in hot mix asphalt cause lot of air voids, necessitating 
the use of high quantities of bitumen. The bonding behaviour 
of steel slag with bitumen was studied by Xie et al. [109] 

using a modified pull off test. The slag with higher CaO con-
tent has better affinity for bitumen, and strength decreases 
with increase in temperature and bitumen film thickness. 
The effect of LD slag as fine and coarse aggregate on com-
pressive strength of pavements concrete is summarized in 
Table 6.

The initial gain in strength of concrete is attributed to 
high strength of slag. However, the presence of magnesia 
and free lime leads to expansion of slag in presence of mois-
ture [66]. This in turn leads to expansion of concrete when 
LD slag is used as aggregate. At higher percentage this leads 
to dimensional instability and cracking of concrete leading 
to reduction in compressive strength [66].

Concrete construction

LD slag due to its high compressive, flexural and tensile 
strength can be processed to aggregates of high quality com-
parable with natural aggregates [110–112]. Most studies are 
showing that maximum strength is obtained up to 60% slag 
replacement as fine aggregate in concrete. These strengths 
go on decreasing marginally beyond this value due to poros-
ity of slag and presence of free lime [112, 113]. At 60% 
replacement, the density of concrete is increased from 25 to 
26 kN/m3 which makes is unsuitable for structural concrete 

Table 5  Summary of research and development trends in cementitious binder utilizing LD slag

Author Paper title Research findings

Conjeaud et al. [42] A new steel slag for cement manufacture: mineralogy and 
hydraulicity

Addition of 6–15% alumina to LD slag improves hydraulic 
and cementitious properties

Dongxue et al. [62] Durability study of steel slag cement Mixing of LD and BF slag with gypsum in cement clinkers 
provides good resistance to sulphate and carbonate attack

Duda et al. [82] Aspects of the sulphate resistance of steelwork slag 
cements

Addition of LD and granulated blast furnace (GBF) slag in 
Portland cement mortar provides sulphate resistant

Duda et al. [83] Hydraulic reactions of LD steelwork slags NaOH acts as an accelerator for hydraulic reactions of LD 
slag

Murphy et al. [129] Enhancement of the cementitious properties of steel mak-
ing slag

There is a substantial strength gain at 10% BOF slag addition 
to Portland cement

Altun et al. [142] Study on steel furnace slags with high MgO as additive in 
Portland cement

30% of BOF slag by wt. (specific surface area = 4000–4700 
 cm2/g) to Portland cement improves physical and mechani-
cal properties as per Turkish Standards Institute

Tsakiridis et al. [90] Utilization of steel slag for Portland cement clinker produc-
tion

10.5% steel slag addition to Portland cement give chemical 
and mechanical properties similar to Portland cement

Huang et al. [28] Investigation on phosphogypsum–steel slag–granulated 
blast-furnace slag–limestone cement

Mix of 10% LD slag, 45% phosphogypsum, 35% BF slag 
and 10% limestone gives improved compressive strength in 
which LD slag behave as an activator

Kumar et al. [105] Use of granulated steel slag in manufacture of cement Addition of up to 40% granulated LD slag during clinker 
grinding stage gives compressive strength comparable to 
control OPC and Portland slag cement

Agarwal et al. [39] Performance evaluation of granulated BF slag–steel slag-
based Portland slag cement

7.5% by wt. of LD slag with 42.5% by wt. of GBFS gives 
chemical and physical properties similar to Portland 
cement as per Indian Standard

Reddy et al. [96] Utilization of Basic Oxygen Furnace (BOF) slag in the 
production of a hydraulic cements binder

BOF slag after phase modification by heat treatment gives 
compressive strength which is equivalent to 43 grade OPC
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due to increase in dead load. However, as shown in Fig. 5, 
Pajgade et al. [29] have shown the maximum strength at 
75% replacement. This behaviour is attributed to the size, 
shape, and surface texture of steel slag aggregates, which 
offer a better adhesion between the particles and cement 
paste. Therefore, 45% replacement is considered as opti-
mum, considering concrete density. The presence of free 
lime and phosphorous makes it unsuitable for replacement 
at higher percentages [83, 114]. Its optimum percentage 
of replacement is varying from 30 to 60%. Beyond 60% 
replacement, concrete starts exhibiting cracks and instabil-
ity problem [65, 94]. The compressive strength of concrete 
is increased by 6% up to 50% LD slag replacements as both 
coarse and fine aggregates [79, 113]. However, it decreased 
by 7% to 10% at 100% replacement of fine aggregate [112, 
113, 115]. This is attributed to the higher reactivity of free 
lime above 60% replacement as fine aggregates in compari-
son to coarse aggregates. IS: 383 [63] recommends the use 
of steel and iron slag as coarse aggregate up to 25% and 50% 
in plain concrete, respectively. The iron slag can be used up 
to 25% in reinforced concrete. Steel slag and iron slag as 
fine aggregate up to 25% and 50% in plain concrete, whereas 
iron slag up to 25% is permitted in reinforced concrete. The 
uses of steel slag aggregates are not permitted in reinforced 
concrete. The optimum percentage of replacement for use in 
various applications and related findings is summarized in 
Table 7. Figures 4, 5 show the effect of percentage replace-
ment of LD slag as fine and coarse aggregate on compressive 
strength of concrete samples [116].  

Bricks

Slags such as EAF slag, BF Slag, etc. are widely used in 
manufacturing of refractory lining and acid resistant bricks 
[5, 117, 118]. However, the use of LD slag in building 
bricks is limited. Singh et al. [23] manufactured LD slag 
bricks with different proportions of fly ash, LD slag, gyp-
sum, quarry dust, lime, and  CaCl2. These bricks are found to 
attain compressive strength of about 4.04–5.78 MPa at 7th 

day and about 10.33–12.82 MPa at 28th day. Additionally, 
the bricks exhibited a higher electrical conductivity and pH. 
Bricks with higher percentage of slag (greater than 40%) 
unable to sustain for a longer duration and showed more 
cracks. Burnt clay bricks with clay and 10% slag mixture 
exhibited better properties than other mixes. Compressive 
strength and firing shrinkage of these burnt clay bricks 
decreases with addition of slag [118]. The appropriate addi-
tions of LD slag (< 10%) in the burnt clay bricks help in 
reducing the firing temperature [118, 119]. Comparison of 
LD slag bricks with other type of bricks is given in Table 8.

Other applications

LD slag is used as a soil additive (liming agent) to improve 
the physicochemical properties of LD slag [120, 121]. It is 
found effective in soil neutralization [39–41]. The pH of 
soil is increased from 5.3 to 6.4 using 7500 kg of LD slag 
in 10,000 m2 land for the first year. In the second year, only 
3000 kg is required to increase pH of soil by 41% [120]. 
Furthermore, the LD slag improves soil structure and reduce 
fungal infections. In South Nigeria, the pH and phosphorous 
content of acidic soil increases substantially on treatment 
with LD slag. The slag also increases calcium, potassium, 
and micronutrient up-take, and increases dry matter by plant 
[122]. In Sweden, the crop production increases with the use 
of LD slag as compared to limestone. LD slag also prevents 
the clubroot disease in Sugukina and effectively maintains 
the acidity of the soil [36, 37]. Tata steel, India is making 
efforts to use LD slag as a soil conditioner in tea gardens, 
paddy fields, etc. after grinding it to 45 μm sieve size. It 
is also used as fertilizers in agricultural applications [36, 
37]. A process is developed in Japan to produce ecofriendly 
potassium silicate fertilizer from the slag [120]. The pro-
duced fertilizer is blackish grey in colour and comprises of 
vitric potassium silicate. It exhibits slower release effects 
than conventional quick acting chemical fertilizer such as 
potassium chloride, potassium sulphate, and urea [120]. The 
studies are carried out for production of fertilizer from LD 

Table 6  Replacement of aggregates by LD slag in pavements

Author Aggregates types Replacement Application Research findings

Xue et al. [128] Coarse Up to 80% Asphalt mixture Enhanced strength, durability and water resistance
Shen et al. [107] Coarse Up to 100% Porous asphalt mixture Stability and density increases by 27% and 13.7% respec-

tively with 100% replacement of LD slag
Enhancement in skid resistance due to angularity of slag
Moisture susceptibility decreases due to hydrophobic nature 

of slag
Decrease in rut depth by 23%

Ahmedzade et al. [143] Coarse – Hot mix asphalt Marshall quotient increases by 47% and indirect tensile stiff-
ness modulus increases by 2.4 times with use of slag as 
compared to limestone aggregate
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slag, ammonium sulphate, and semi-calcined dolomite. The 
influence of these materials as new fertilizer on chemical 
composition of soil and grass was evaluated [123].

Current challenges

The review of literature and previous studies indicate that 
there is limited research on LD slag in comparison to blast 
furnace and other steel slag in production of cementitious 
binders and building products. The various limitations for 
use of LD slags are mainly due to the presence of CaO, 
MgO,  P2O5, and FeO. It leads to unsoundness and instabil-
ity. The instability and volume increases with increase in 
amount of free lime and/or periclase in the slag, and the 

resulting volume increase causes disintegration of the slag 
aggregates and loss of strength. Therefore, Volume instabil-
ity is a vital aspect when LD slag is considered for use as a 
construction material. The LD slag can be used for unpaved 
roads as there is no restriction on volume stability. How-
ever, the volume instability must in within the permissible 
limit when it is used in bound and unbound layers of roads. 
The permissible limit of free lime content in bound layers 
is up to 4%, and for unbound layers, it is up to 7% [93]. The 
maximum volume change due to expansion should be less 
than 10%.

It was found that the slag expansion could be avoided 
using slag particle of size less than 13.2 mm in asphalt 
mix pavement layers. The bitumen coating of these slag 
particles will help in preventing hydration reaction and, 

Table 7  Replacement of aggregates in construction by LD slag and its properties

Author Aggregate type Replacement Application Research findings

Pajgade et al. [29] Fine and coarse Up to 75% Concrete of characteristic compressive 
strength 20 MPa and 25 MPa

The compressive strength, split tensile and 
flexural strength increased by up to 39.7%, 
28.2% and 17%, respectively, for slag per-
centage of 75%

Strength decreases with further increase in 
percentage of slag replacement

Naveen et al. [112] Fine Up to 45% Reinforced concrete beams Compressive, split tensile and flexural 
strength increased by 17%, 27%, and 26%, 
respectively, up to 60% LD slag replace-
ment. Beyond 60% increase in slag leads to 
decrease in strength

Deflection, crack width and surface strain 
increases by 4.8%, 8%, and 7%, respectively

Devi et al. [144] Fine and coarse Up to 40%
Up to 30%

Plain cement concrete The study identified optimum percentage of 
replacement as 30% for coarse aggregate 
and 40% for fine aggregate

Pang et al. [110] Fine and coarse – Plain cement concrete with carbonated LD 
slag

Water absorption of LD slag is 5.27 times 
than natural aggregate

3 h of carbonation reduced free lime from 7 
to 1%

Improvement in compressive strength by 20%
Brand et al. [114] Coarse Plain cement concrete The free CaO is up to 3.4%

The expansive potential varied up to 8.8%
The fracture properties of the concrete with 

slag aggregates are higher than concrete 
with dolomite aggregates

Improvements of 39% in the critical stress 
intensity factor and 22% in the total fracture 
energy are found

Kotresh et al. [111] Fine Up to 45% Plain cement concrete Compressive and split tensile strength 
increased by 17% and 30%, respectively, for 
60% LD slag replacement

Beyond this increase in percentage of slag 
leads to decrease in strength

Suri et al. [113] Coarse Up to 45% Plain cement concrete Compressive strength increases by 7% up to 
45% replacement

Split tensile strength increased by 66% up to 
a slag replacement of 90%

Flexural strength increases by 41% up to 60% 
replacement of slag
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therefore, limiting its expansion. The instability problem 
can be solved by appropriate ageing of the slag prior to 
its use in construction. In the ageing process, the slag 

is exposed to outdoor environmental conditions such as 
moisture from natural humidity or precipitation. The age-
ing process causes hydration of free lime and periclase. 

Fig. 4  Relative compressive 
strength of concrete with differ-
ent fractions of LD slag as fine 
aggregate
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Fig. 5  Relative compressive 
strength of concrete with dif-
ferent fractions of LD slag as 
coarse aggregate
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Table 8  Comparative characteristics of various types of bricks [23, 118, 119, 145, 146]

Properties Burnt clay bricks (IS:1077) [145] Fly ash–lime–brick (IS:12,894) [146] Fly ash–LD 
slag bricks 
[23]

Compressive strength (MPa)(Class 10 
and above)

10–35 10–35 12.82

Thermal conductivity (W/m2 °C) 1.25–1.35 0.90–1.05 Not studied
Water absorption (%) Less than 20% for class up to 12.5, less 

than 15% for higher classes
Less than 20% for class up to 12.5, less than 

15% for higher classes
19.9

Bulk density (g/cm3) Higher than fly ash bricks Lower than normal clay bricks 1.66
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The ageing can be carried out for various time periods 
such as one to 3 months, 2–3 months, minimum 6 months, 
9–12 months, and up to 2 years [89]. The required ageing 
time depends upon various factors including steel making 
process, amount of free lime/periclase, climatic conditions 
of the area, etc. After conditioning, it is important to con-
firm that the slag meets the specified requirements.

There are no few studies on stabilizing the free lime, 
MnO, and  P2O5 that prevent the usage of LD slag aggre-
gates at higher percentages [124–126]. The presence of 
phosphorus and sulphur make its suitability questionable 
for use in reinforced concrete structure. There are lim-
ited studies on infield improvement of LD slag for use in 
cement. Activation of LD slag to improve its suitability 
as cementitious binder is not studied. However, it is theo-
rized that during activation with alkalis, the free lime may 
be consumed to form C–S–H gel and  NaCO3. It is also 
believed that activation of slag may lead to the forma-
tion of alumino-silicates which may immobilize the MgO, 
hexavalent chromium and other heavy metals. Feasibility 
of use of LD slag with other industrial by products such 
as lime sludge, sugarcane bagasse ash, rice husk ash, etc. 
is not explored. Potential applications of LD slag in civil 
engineering area are possible with the help of hygrother-
mal treatment followed by mechanochemical activation. 
However, the same can be ascertained only after an inten-
sive research on use of LD slag in construction after stabi-
lization of unstable compounds of LD slag and activation 
of inactive crystalline components. Also, the durability of 
building products with LD slag shall be studied for long 
term as well as aggressive conditions.

Conclusions

The efforts were made towards utilization of LD slag. How-
ever, several durability issues have limited its applications in 
construction. Therefore, it is utmost important that research 
studies should focus on exploring the possibility of LD slag 
in cementitious binder. In addition, steel industry is now 
focusing on increasing the recycling of LD slags to conserve 
energy and natural resources and ultimately improve produc-
tion with a target of “zero-waste” in future. The sustainable 
use of slags will also contribute to natural resource saving. 
To attain this, it is important to identify the wide areas for 
use of LD slag in construction. This paper gives an overview 
of characteristic of LD slag and the use in construction as 
under:

1. LD slag is highly crystalline in nature due to slow-cool-
ing conditions during processing and consists of high 
lime and low silica content.

2. Use of LD slag is limited in brick production due to 
instability issue. The maximum possible percentage 
replacement of clay by LD slag is 60%.

3. LD slag is being used as unbound aggregate for asphalt 
concrete pavement in many countries. This is also lim-
ited to 60% due to presence of phosphorous, free lime, 
and magnesia causing expansive behaviour.

4. The volume instability, low hydraulic reactivity, and 
heavy-metal leaching also pose major problems when 
exposed to water.

5. The use of steel slag as a cementing component should 
be given a priority from technical, economical, and envi-
ronmental considerations. The use is limited to 10% as a 
replacement of clinker due to its crystalline nature which 
is responsible for its weak cementitious properties.

6. These issues can be resolved by natural/accelerated age-
ing of LD slag. Therefore, a better understanding of the 
properties of LD slag is needed to improve its gainful 
utilization.

7. Several drawbacks associated with application point of 
view still needed to be identified and resolved.
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