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Abstract. This study reports the results of an experimental study conducted to determine composite cements manufac-
tured with the combination of Basic Oxygen Furnace (BOF) Slag and Blast Furnace Slag (BFS). The overall objective of 
this work is to determine whether a combination of BOF slag and BFS can be used as a cementations material to produce 
Composite Portland Cement (CPC). Three groups of cement are produced for testing. The first group contains BOF slag, 
the second group contains BFS and the last group contains the mixture of BOF slag and BFS together. Physical properties 
and Alkali Silica Reaction (ASR) of these groups are also evaluated in this study. Maximum ASR expansion is observed 
from the sample of CPC created with BOF slag. On the other hand minimum ASR expansion value is located in the sam-
ple of CPC created with BFS only.  
Keywords: alkali silica reaction, steel slag, blast furnace slag, cement. 

 
1. Introduction 
Concrete production and technology is developed rapidly, 
and concrete strength is reaching high values. Many re-
searches from all around the world are trying to improve 
the physical and mechanical properties of the concrete. 
Industrial wastes are generally considered as a major 
source of environmental problems in the world. The envi-
ronmental regulations require waste disposal minimization 
and force the re-use of waste materials. In addition, Euro-
pean Community (EU) has declared targets to protect the 
environment and to guarantee a cautious and efficient use 
of natural resources. Therefore, more efficient solutions 
such as alternative recovery options need to be investigat-
ed. The use of industrial raw materials in the manufactur-
ing of cement is gaining momentum (Pan et al. 2008;  
Puertas et al. 2010). Nearly 12 million tons of BOF slag is 
produced in Europe per year. Today about 65% of the 
produced BOF slag is used on qualified fields of applica-
tion such as a bulk material, asphalt aggregate, filling ma-
terial; cement raw feed, railroad ballast. The remaining 
35% of this slag is still dumped. Therefore, there is a need 
for further intensive research to decrease this rate as far as 
possible. From this perspective one can propose the possi-
bility of using solid wastes of iron from steel factories as a 
raw material in cement and concrete sectors. Various stud-
ies (Binici et al. 2007; Shih et al. 2003) have used waste 
materials in cement production since the fact that the cur-
rent clinker production is expensive.   

BOF slag contains calcium silicates and ferrite with 
oxides of aluminum, manganese, calcium and magnesium 
(Reddy et al. 2006). The mineralogical composition of 
BOF slag changes with its chemical composition. Olivi-
ne, merwinite, calcium silicates (C2S, C3S), C4AF, C2F, 

CaO-FeO-MnO-MgO in solid solution and free CaO are 
common minerals in steel slag (Shih et al. 2004). The 
presence of C3S, C2S, C4AF and C2F confirms that BOF 
slag has cementations properties. The free CaO content 
increases the basicity of the BOF slag that improves the 
reactivity of the BOF slag (Shi, Qian 2000). However, 
high content of free CaO in BOF slag shows volume 
expansion problems (Özkan 2006).  

BFS has currently been used in cement and concrete 
industry. Ground BFS is used as an admixture in concrete 
or as an additive in the manufacture process of Portland 
slag cements in countries where large amounts of BFS is 
available. However some properties of the concrete con-
taining BFS, such as creep, shrinkage, strength to freeze-
thaw resistant are still under discussion, but the use of the 
BFS in cement and concrete has been proven to have 
many advantages (Escalante-Garcia et al. 2009; Yüksel 
et al. 2007). Calcium silicate hydrate (C-S-H) is attained 
when BFS is added to cement to react with the Portland 
(CH) which is released by cement hydration. Alkali silica 
activates this step by increasing the reaction rate.  

ASR can cause serious expansion and cracking in 
concrete, resulting in major structural problems. ASR is 
caused by a reaction between the hydroxyl ions in the 
alkaline cement pore solution in the concrete and reactive 
forms of silica in the aggregate (Ichikawa, Miura 2007). 
It is well known that both Ca (OH)2 and high OH− ion 
concentration are necessary for concrete expansion by 
ASR (Ichikawa 2009). ASR is the most common form of 
alkali-aggregate reaction (AAR) in concrete; the other 
one is alkali-carbonate reaction (ACR). ASR and ACR 
are therefore both subsets of AAR. Various mechanisms 
have been proposed to explain the dependence of damag-
ing reaction on Ca(OH)2. Chatterji (2005) suggested that 
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expansion occurs in concrete when the net amount of 
material entering are active silica grain (K+, Na+, Ca2+, 
OH–) exceeds the amount of material leaving the grain 
(Si4+). The calcium concentration in the pore solution 
surrounding the grain controls the rate of diffusion of 
silica away from the reactive site, and at high levels of 
calcium the migration of silica is prevented leading to 
expansion. Garcia-Diaz et al. (2006) suggested that 
Ca(OH)2 acts as a “buffer” to maintain a high concentra-
tion of OH– ions in solution, but also provides Ca2+ ions 
that Exchange for Na+ and K+ ions in expansive alkali-
silica gels to produce no expansive calcium-alkali-silica 
gels. The Na+ and K+ ions are thus liberated to produce 
further damaging reaction (Ichikawa 2009). 

In this study ASR of mortars made with cements in-
corporating BOF slag and BFS in different ratios as a 
partial replacement of Portland cement clinker are inves-
tigated. Specific weight, initial and final setting times and 
expansion values of composite cements are also investi-
gated.  

 
2. Materials and procedure 
2.1. Materials  
Clinker and gypsum used in this study are granted from 
Lafarge Cement Factory in Turkey. BOF slag and BFS 
are provided from Ereğli Iron and Steel Company in Tur-
key. The chemical compositions of these materials are 
obtained from the X-ray lab and they are tabulated in 
Table 1. The photographs of granule BOF Slag with a 
size of 90 µm both (a) under-griddle and (b) above-
griddle along with XRD analysis of the BOF slag is given 
in Fig. 1. Also sand with CEN standard is used to manu-
facture mortar specimens (TS-EN 196-1 2009). 
 

Table 1. Chemical compositions of BFS and BOF slag, clinker 
and gypsum (wt. %) 

Materials CaO SiO2 Fe2O3 Al2O3 MgO SO3 
BFS 37.80 35.10 0.70 17.54 5.50 0.70 
BOF slag 58.53 10.72 15.30 1.71 4.27 0.04 
Clinker 66.11 21.57 3.17 5.09 1.74 1.35 
Gypsum 32.57 0.67 0.24 0.21 2.20 46.56 
 
2.2. Procedure 
BOF Slag and BFS are intermixed with clinker-gypsum to 
form the binder materials and then four main groups of 
cement are established on the base of these substitutions. 
The materials are supplied in granule size as outputs of 
factory. BFS, BOF Slag and Clinker-Gypsum were ground 
in a ball mill to a specific surface area of about 2500 cm2/g. 
The materials are mixed with each other in the specified 
amounts and then ground again to achieve specific surface 
value of 3100–3300 cm2/gr, thus yielding the cements used 
in the tests. Composition ratios of the mixtures used in the 
study is shown in the Table 2. The first group is coded as 
the reference group and named as C, in the second group, 
coded as C1, Clinker-gypsum mixture is substituted with 
BOF slag, Clinker-gypsum mixture is replaced with BFS in 
the third group C2, and the last group (C3) Clinker-
gypsum mixture is substituted with the BFS-BOF slag 
composition that is arranged at a rate of 50% of BFS and 
50% of BOF slag. All the main groups, except for the ref-
erence group C, are further divided into sub-groups and 
symbolized by suffixes (a, b, c, d) with respect to their 
changing ratios in compositions; for instance code C3c 
symbolize a material that is composed of 40% clinker-
Gypsum, 30% BFS and 30% BOF slag. 
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Fig. 1. SEM photographs and XRD analysis of BOF slags 
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Table 2. Composition of cement mixtures 
 Code Materials Clinker Gyps. BFS BOF Slag 
 % % % % 
 C 100% Clinker-Gypsum 95 5 0 0 

C1 
Series 

C1a 80% Clinker-Gypsum + 20% BOF Slag 76 4 0 20 
C1b 60% Clinker-Gypsum + 40% BOF Slag 57 3 0 40 
C1c 40% Clinker-Gypsum + 60% BOF Slag 38 2 0 60 
C1d 20% Clinker-Gypsum + 80% BOF Slag 19 1 0 80 

C2 
Series 

C2a 80% Clinker-Gypsum + 20% BFS 76 4 20 0 
C2b 60% Clinker-Gypsum + 40% BFS 57 3 40 0 
C2c 40% Clinker-Gypsum + 60% BFS 38 2 60 0 
C2d 20% Clinker-Gypsum + 80% BFS 19 1 80 0 

C3 
Series 

C3a 80% Clinker-Gypsum + 10% BFS + 10% BOF Slag 76 4 12 8 
C3b 60% Clinker-Gypsum + 20% BFS + 20% BOF Slag 57 3 24 16 
C3c 40% Clinker-Gypsum + 30% BFS + 30% BOF Slag 38 2 36 24 
C3d 60% Clinker-Gypsum + 40% BFS + 40% BOF Slag 57 3 24 16 

 
The physical properties of the produced cements, 

including weight percentages, specific surface values and 
specific gravities remaining on the sieve sizes of 32 and 
90 µn, are examined after according to the Turkish Stan-
dards (TS-EN 196-6 2000). The beginning and ending 
times of cement setting and expansion values of cements 
are also determined according to Turkish Standards (TS-
EN 196-3 2002). 

The ASTM C1260 test is based on the assumption 
that a very high pH value of the pore solution initiates the 
reaction with potentially reactive aggregate. The intention 
was to create the most severe alkaline conditions as could 
be expected in the pore solution of mortar bars after hy-
drolysis, which is the interaction of alkalis and water. 
ASR test specimens are submerged in a hot and highly 
alkaline sodium-hydroxide solution (1 mol). Originally, 
the test was not designed to consider influences of other 
components of the mortar mix such as admixtures but 
solely to determine the reactivity of a given aggregate 
type (ASTM C-1260 2007). Mortar bars used in this 
study are of 25x25x290 mm dimension. Cement, standard 
rilem sand and tap water with the proportions of 1, 2.25 
and 0.47, respectively.  

Specimens were first cured in a room in moulds at 
20 °C for 24 hours. After 24 h of curing, demoulding 
took place and the specimens were placed in water at  
80 °C for another 24 h. The reference length was taken 
and the specimens were then transferred to a solution of 
1 N of NaOH at 80 °C. Readings were then taken every 
day for 14 days. At the end of 14 days, the length change 
was compared to reference specimens. Finally SEM mi-
crographs of mortar bars produced from different cement 
combinations were taken at 500x and 2000x magnifica-
tions. XRD analysis was then performed on samples C, 
C1b, C2b and C3b (Table 3). 

 
3. Result and discussion 
3.1. Physical properties of cements 
The physical properties of produced cements are shown 
in Table 3. Fineness, specific surface and specific gravity 
are listed.  
 

 
Table 3. The physical properties of produced cements 

Cements Fineness (wt. %) Specific 
surface 
cm2/g 

Specific 
gravity 
g/cm3 >32 µm >90 µm 

C 21.00 0.90 3330 3.12 
C1a 21.15 1.18 3214 3.06 
C1b 22.10 1.00 3213 3.02 
C1c 22.15 1.25 3152 2.97 
C1d 22.10 1.20 3150 2.96 
C2a 21.20 1.10 3115 3.05 
C2b 21.90 1.15 3108 3.01 
C2c 21.80 1.15 3090 2.95 
C2d 21.90 1.10 3070 2.94 
C3a 19.20 0.90 3450 3.12 
C3b 18.60 0.90 3550 3.15 
C3c 19.10 1.00 3650 3.12 
C3c 18.20 0.80 3700 3.11 
 
It is found that BFS has harder structure than BOF 

slag and hardly ground slag. BFS of 2400–2500 cm2/g 
reaches the required fineness after 4 hours of grinding 
when BOF slag takes only 3 hours for this degree of fine-
ness. The reference cement (C) produced as Portland 
cement has a softer structure than the rest of specimens. 
Thus, it can easily be said that BFS and BOF slag, ground 
separately, can attain the same granule size on the condi-
tion that they are ground finely. When cement’s specific 
gravity results are examined, it is found that waste mate-
rials (BFS and BOF slag) substituted with clinker have 
lower specific gravity values.  

Volume expansion values of cements are found to 
be within the limits set by Turkish Standards (TS-EN 
196-3 2002). The outcomes observed that the expansion 
of cements with BOF slag additive is higher than that of 
other cements. In BOF slag, when the volume is stable, 
the rate of free CaO and MgO is of great importance 
since the reaction between both oxides and water has an 
effect on volume stability as motioned by Altun and 
Yılmaz (2002). 
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3.2. Alkali silica reaction 
Mortar specimens are exposed to 1 N NaOH solution 
with a temperature of 80 °C for 14 days. The expansions 
of the mortar specimens exposed to NaOH solution are 
given in Table 4.  

The outcomes showed that the ASR expansion valu-
es are lower than 0.2%, except C1b, C1c, C1d which is 
defined as a limit value on ASTM C-1260 (2007). ASR 
expansion value is increased by the increase of BOF slag 
percentage in the cement as shown C1 series sample (see 
Table 4). 

 
Table 4. Alkali silica reaction expansions of cements 
 ASR Expansion (%) 
 2 day 6 day 10 day 14 day 
C 0.096 0.146 0.176 0.184 
C1a 0.094 0.137 0.169 0.186 
C1b 0.096 0.149 0.187 0.208 
C1c 0.110 0.163 0.182 0.222 
C1d 0.114 0.169 0.192 0.212 
C2a 0.040 0.066 0.086 0.107 
C2b 0.034 0.056 0.080 0.104 
C2c 0.032 0.052 0.080 0.097 
C2d 0.032 0.061 0.075 0.100 
C3a 0.083 0.123 0.154 0.170 
C3b 0.089 0.112 0.143 0.160 
C3c 0.098 0.125 0.136 0.160 
C3d 0.109 0.134 0.156 0.170 

 
However, the increase of BFS percentage in the ce-

ment resulted a decrease in ASR expansion value. The 
expansions of the BOF slag mortar specimens exposed to 
NaOH solution are given in Fig. 2. 

 

 
Fig. 2. ASR expansion of BOF slag  

 
When C1 series ASR expansion value is investigat-

ed, the ASR expansion values found to be over than ref-
erence series. The reason for the high ASR expansion 
value is thought to be the ratio of CaO an MgO in BOF. 
BOF slag volumetric stability and leaching behavior 
caused the most concerns. The most important criterion is 
the volume stability, in which free CaO and MgO con-
tents of the slag has an important role. The expansions of 
the BFS mortar specimens exposed to NaOH solution are 
given in Fig. 3.  

 
Fig. 3. ASR expansion of BFS 

 
ASR expansion value is also below the limit value 

given by ASTM-C 1260 (2007). It is known that the ex-
istence of BFS reduced the ASR expansion value. Since 
pozzolan are less reactive and the reaction results include 
less amount of alkali than the Portland cement, they are 
addressed as solvent. The pozzolan decreases the amount 
of Ca(OH)2, which decrease the PH value, therefore the 
amount of alkali also reduces. The expansions of the BOF 
slag and BFS mortar specimens exposed to NaOH solu-
tion are given in Fig. 4.  

 

 
Fig. 4. ASR expansion of BOF slag and BFS 

 
C3 Series resulted that existence of BFS eliminates 

the result of harmful effects of BOF slag. Also the ASR 
expansion values of C3 series are below the limit value of 
ASTM C-1260 (2007). ASR is the attack of alkali hy-
droxide to convert the surface layer of the aggregate to 
alkali silicate. The reaction of pore solution with Ca(OH)2 induces gradual dissolution of Ca2+ ions. This is because 
the concentration of Ca2+ ions is inversely proportional to 
the square of OH− concentration within the pore solution 
(Ichikawa, Miura 2007).  

Although the pozzolan prevent unfavorable volume 
expansions through forming C-S-H by reacting with 
Ca(OH)2, they cannot prevent the volume expansion 
within the BOF slag due to the presence of free CaO and 
MgO of C1 series. However, the existence of BOF slag 
has positive effects on durability properties of cement 
(Özkan 2006, 2008; Altun, Yılmaz 2002). It is generally 
known from the literature that the carks form within the 
cement when subjected to temperatures above 400 °C. At 
530 °C the C-S-H gel within the cement start decompos-
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ing. However with the samples containing BOF slag or 
BFS cement, both cracking and decomposition occur at 
much higher temperatures (Özkan 2006). 

When cement-based materials are exposed to sodium 
sulphate attack, gypsum and ettringite are produced which 
can cause expansion in concrete. Formation of gypsum 
plays an important role in the damage of the material. Gyp-
sum results in softening of the material. There is a good 
relation between the Ca(OH)2 content and gypsum for-
mation (Lee et al. 2005). Ettringite formation results in 
cracking and expansion of the material. Expansion is relat-
ed to the water absorption of crystalline ettringite. The 
presence of a BOF slag results in an increase in the re-
sistance to sodium sulphate attack (Özkan 2008).  

 
3.3. Microstructure examination 
X-ray powder diffraction (XRD) is a direct method for 
qualitative and quantative characterization of materials. 
Each phase produces a unique diffraction pattern 
independent of others, with the intensity of each pattern 
proportional to that phases concentration in a mixture. 
Scanning electron microscopy (SEM) high resolution 
images of the surface of samples with magnification of up 
to 100,000x show the structure of the mortar. SEM/EDX 
allows elemental analysis of samples and is used for 
characterisation of morphologies and textural and compo-
sitional interrelationships of mortar components. XRD 
allows analysis of crystalline materials including binder 
phases; belite and alite; and crystallised alteration prod-
ucts (Lamond, Pielert 2006).  

In this work the usability with incorporation BOF 
slag and BFS in cement production has been investigated. 
SEM micrographs of mortar bars produced from different 
cement combinations were taken at 500x (a) and 2000x (b) 
magnifications. XRD analysis was then performed on the 
samples. The SEM and XRD analysis were performed on 
the samples denoted as C, C1b, C2b and C3b. The results 
of the reference sample C are presented in Fig. 5.  

The reference sample C consists of pure clinker-
Gypsum mixture. According to XRD results (Fig. 5) the 
level of Fe, FeO and MgO are acceptable levels on the 
bases of TS-EN 196. SEM images show that Calcium 
Hydrate fibers were formed in the vicinity of cement gel. 
In addition, etringite and flake-like calcium hydropoxide 
crystals developed in the microstructure. 

Microstructure analysis of C1b samples in which 
BOF slag replaced clinker is presented in Fig. 6. 

C1b is a cement obtained by substituting 40% of 
clinker-gypsum with BOF. XRD analysis indicates that 
the C1b sample is characterized particularly by the pres-
ence of Al in addition to Fe, FeO, Mg minerals. Although 
the separated BOF slag is used, XRD analysis showed 
that there is still considerable amount of Fe minerals in 
the microstructure. The fact that there are high amounts 
of Al and MgO minerals in the microstructure, increases 
the volume of ASR expansion. The SEM image showing 
the presence of cracks in the C-S-H gel (Fig. 6) is strong 
evidence of this claim.  

C2b sample is a kind of cement obtained by substi-
tuting 40% BFS with clinker. XRD analysis and SEM 
micrographs for C2b type cement are given in Fig. 7. 

XRD analysis indicates that the amount of Fe, Mg 
and Al elements within C2b are lower than that of C1b 
sample. However the amount of Ca and CaO in C2b is 
much higher. SEM micrographs show the presence of  
C-S-H gel with little amount etringite around their pe-
ripheral regions. C-S-H gel is formed by the reaction 
between pozzolan and Ca(OH)2. It has been reported that the presence of C-S-H within the matrix increases  
durability of the material against sodium sulphates (El 
Sokkary et al. 2004; Lee et al. 2005; Aye, Oguchi 2011). 
It has been observed in the current study that the presence 
of C-S-H gel also increases durability of the material 
against ASR. 

C3b sample obtained by substituting 20% BFS and 
20% BOF slag with klinker. XRD analysis and SEM 
micrographs for C3b type cement are given in Fig. 8. 

 
 

    

a b 

 
Fig. 5. XRD vet SEM analysis of “C”  
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Fig. 6. XRD and SEM analysis of “C1b” 

 

   

b a 

 
Fig. 7. XRD and SEM analysis of “C2b” 

 

   

a b 

 
Fig. 8. XRD and SEM analysis of “C3b” 
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XRD analyses show that in C3b, the amount of FeO 
and Ca elements are lower than that of C2b compared to 
that of Ca minerals despite not being as much as Ca min-
erals. SEM images prove the formation of C-S-H gel with 
etringite in C3b samples. The cracks and expansions ob-
served within C1b are found to be reduced in the C3b 
samples. This reduction can be attributed to the use of 
BFS in C3b samples instead of BOF slag. 

 
4. Conclusions 
BOF slag, which is considered as a non-environmentally 
friendly material and has storage difficulties, has 65% 
usage in Europe, but none in Turkey. That it is really very 
important step to use of BOF slag in other industries for 
sustainability point of view. Cement production can a 
new production line for BOF slag. This study shows that 
using BOF slag increase ASR expansion value of cement, 
which is harmful. But it has also has positive effects on 
the other durability properties of cement. In order to elim-
inate the harmful effects of BOF slag, other materials 
such as BFS can also be used in cement production. The 
formation of cracks and expansion in samples with BOF 
has been reduced approximately by 20% in the BFS add-
ed samples. Durability properties of cement are at the 
required level when BOF slag and BFS are used together. 
Using environmentally damaged BOF slag along with the 
other waste material, BFS, in production of cement mate-
rial is very important in use of waste materials.  
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