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In this study blended cements containing corncob ash (CA) and ground granulated blast furnace slag 
(GGBFS) were investigated. The blended cements were prepared using a clinker, 5% gypsum by weight 
CA and GGBFS. Different amounts of additives (20 and 40%) were incorporated into these blends in 
equal amounts. Control cement, that is, plain Portland cement, without any additions, was also 
prepared and studied in order to establish the effects of additives to cement. Clinkers from Adana, 
Cimsa and Mardin were used. CA was obtained by burning corncob waste and had a 500 m²/kg Blaine 
value, and GGBFS was ground to give a Blaine value of 300 m²/kg for all cements. The compressive 
strengths were measured for 3, 7, 28, 90, and 180 days in tap water. Their sulfate resistance was 
determined by compressive strengths after 24 months under sulfate conditions. CA and GGBFS gave 
an activity index grades of 80 and 71%, respectively. The microstructures and morphology of plain and 
blended cements were studied by scanning electron microscopy. The micrographs showed that these 
additives provide more condense structures of cement hydration and excellent sulfate resistance. Thus, 
CA and GGBFS additives in cement production can contribute to the cement durability. 
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INTRODUCTION 
 
The cement industry uses large amounts of energy, con-
suming about 1.5% of the total world fuel production, and 
accounts for 2% of the global electricity production. The 
cement industry has been blamed for wasting energy due 
to the low efficiency processes that it employs, and these 
include burning, cooling and, in particular, grinding pro-
cesses (Benzer et al., 2001). The development of new 
binders for alternative cements, for example, cements 
obtained by alkali activation of various industrial by-pro-
ducts, is an ongoing area of study. These new cements 
are characterized by their high mechanical performance, 
low energy cost and pollutant gas emission and low envi- 
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ronmental impact (Puertas and Fernandez, 2003). It is 
reported that sulfate resistances of blended cements are 
significantly higher against sodium sulfate and magne-
sium sulfate attacks than the reference cements. Final 
strength reductions for finer mixes attacked by magne-
sium sulfate are marginally lower than those attacked by 
sodium sulfate (Binici and Aksogan, 2006). 

In addition to CA, wheat straw ash has also been used 
as pozzolanic material whenever wheat production has 
been in excess (Biricik et al., 1999). New pozzolanic ce-
ment material is a potentially interesting area of study. 
Wheat straw ash, and indeed other ashes, is known to have 
high residual silica content. Examples of other ashes 
include calcined sunflower ash and calcined tobacco ash, 
all of which may be useful pozzolans in extended cements 
(Bensted and Munn, 2000).  

In the  Cukurova  region of  Turkey,  a huge  quantity  of 
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Table 1.The terminology for all samples 
 
Samples System of addition 
PPCA (Plain Portland Cement Adana Clinker) Clinker + 5 % gypsum 
PPCC (Plain Portland Cement Cimsa Clinker) Clinker + 5 % gypsum 
PPCM (Plain Portland Cement Mardin Clinker) Clinker + 5 % gypsum 
BAC1 (Blended Cements-Adana Clinker) Clinker + 10 % GGBFS+10 % CA + 5 % gypsum 
BAC2 (Blended Cements-Adana Clinker) Clinker + 20 % GGBFS+20 % CA + 5 % gypsum 
BCC1 (Blended Cements-Cimsa  Clinker)  Clinker + 10 % GGBFS+10 % CA + 5 % gypsum 
BCC2 (Blended Cements-Cimsa  Clinker) Clinker + 20 % GGBFS +20 %CA + 5 % gypsum 
BMC1 (Blended Cements-Mardin Clinker) Clinker + 10 % GGBFS +10 %CA + 5 % gypsum 
BMC2 (Blended Cements-Mardin Clinker) Clinker + 20 % GGBFS +20 %CA + 5 % gypsum 

 
 
wheat straw is produced every summer and  are burnt  by 
by farmers. This process to causing environmental harm; 
however, as an alternative to being burnt, wheat straw 
can be used in mud brick production (Binici et al., 2005). 
Similarly, vast amounts of waste organic materials from 
plane leaf can be harmful to the environment. When 
burned, these materials may also serve as pozzolanic 
materials in the production of durable concretes. Corncob 
is known to contain a considerable amount of silicon 
dioxide. Once burned, it leaves an ash very rich in SiO2 
that is pozzolanic in character (Binici et al., 2007). 

Durability of concrete structures exposed to aggressive 
environments is a major concern. Many environmental 
phenomena are known to significantly affect the durability 
of reinforced concrete structures (Ihekwaba et al., 1996; 
Castro et al., 2000; Roper and Baweja, 1991; Haque and 
Kawamura, 1992; Tahir and Salih, 2007). 

The aim of this study was to investigate sulfate resis-
tance of Portland and blended cements containing corn-
cob ash and ground granulated blast furnace slag and to 
assess the resulting experimental data and microstruc-
tures. 
 
 
MATERIALS AND METHODS 
 
Materials 
 
The corncob is known to be good waste material, and it contains a 
considerable amount of the agricultural product silicon dioxide 
(SiO2). Once burned, it leaves an ash very rich in SiO2 that has 
pozzolanic character. Corncob is an important agricultural product 
in Turkey. A huge quantity of corncob is produced in the Cukurova 
region of Turkey every summer. The residents of this region use 
corncob waste as a fuel to boil wheat grain to produce wheat food 
products. The corncob ashes left over causes environmental pol-
lution. The aim of this study was to make use of these ashes as 
additives in cement production and thus make them more 
economically beneficial. The clinkers used were obtained from 
Adana, Cimsa and Mardin Cement Plants and GGBFS samples 
were obtained from Iskenderun Iron and Steel Plant. The termi-
nology for all the samples is given in Table 1. The chemical, 
mineralogical and physical characteristics of materials used are 
given in Table 2. 
 
 
Methods 
 
Corncob ashes (CA) were obtained by burning corncob waste and 

 
had a 500 ± 50 m²/kg Blaine value. Ground granulated blast furnace 
slag (GGBFS) of Iskenderun Iron Plant was ground. The closed 
circuit ball mill of Iskenderun Cement Plant had a 300 ± 30 m²/kg 
Blaine value. Clinkers of each plant mentioned above were tested 
separately. The Plain Portland Cement (PPC) and blended cements 
were prepared in a test mill with 5% gypsum, ground up to 300 ± 30 
Blaine values. The total alkaline content and the sulfate resistance 
of blended cements were investigated. Also, mortars were prepared 
and their compressive strengths were determined. Over 162 Rilem 
standard specimens of 40 x 40 x 160 mm size were cast. For com-
pressive strength and sulfate resistance measurements three 
specimens were evaluated at room temperature. The compressive 
strengths of mortar were measured by immersing in 5% sodium 
sulfate solution for 24 months. The chemical analyses were 
according to TS EN 687 (Turkish Standards, 1997), the mortar ana-
lyses according to TS EN 196-1 (Turkish Standards, 2005), the CA 
and GGBFS activity index according to ASTM 989 (American 
Standards, 1996) and behaviour in sulphate solution according to 
ASTM 1012 (American Standards, 1996). The exposure solutions 
were containing 5% sodium sulfate. The solutions were replaced 
once a month with fresh ones and pH value was kept in the range 
6–6.5 during the 24 months immersion period at room temperature. 

The structures and morphologies of cements were examined by 
SEM. For the SEM analyses, cement paste were cut into cubes of 
approximately 10 mm length, one side of which was ground flat. 
The samples were then placed in vacuum dessicator for a minimum 
of three days. The sample surfaces were then coated with gold. 
The microstructures of different samples were examined by JEOL 
JEM–840 Model Scanning Electron Microscope. 

Standard specimens of 40 x 40 x 160 mm size were cast accord-
ing to TS EN 196-1. The specimens were cured in tap water at 
room temperature for 28 days before they were immersed in sulfate 
solution and then tested after 24 months. For the compre-ssive 
strength of specimens, the samples were cured in tap water at the 
same temperature before the compressive strength measure-
ments. The resistances of blended cements against 5% sodium sul-
fate solution were studied. The compressive strength of mortars 
was measured by fully immersing in sodium sulfate solutions and in 
tap water for 24 months. 
 
 
RESULTS AND DISCUSSION 
 
Compressive strengths 
 
Table 3 shows the sieve residues on CA, GGBFS, control  
and blended cement samples. According to ASTM and 
TS standards, all cement and additive finesses are suita-
ble and the results obtained are acceptable. The  mecha- 
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Table 2. The chemical, mineralogical and physical characteristics of materials used. 
 

Oxides (%)  
Samples SiO2 Al2O3 Fe2O3 CaO MgO SO3 LI K TA% Crystal water 

Gypsum 5.2 - 0.7 12.6 1.3 42.8 16.1 - - 19.4 
Adana clinker 20.2 5.5 3.8 64.7 1.9 0.8 - - 1.2 - 
Cimsa clinker 19.8 7.5 3.7 61.5 2.2 1.05 - - 0.7 - 
Mardin clinker 21.3 5.2 3.6 64.5 2.0 1.18 - - 0.6 - 
CA 50.8 (soluble) 

20.6 (insoluble) 
3.9 1.8 8.2 2.8 1.91 8.3 5.8 1.1 - 

GGBFS 39.6 12.7 1.6 32.9 7.4 1.4 2.4 1.1 1.02 - 
Cement modulus  

Samples HM SM AM LM C3S C2S C3A C4AF 
Adana clinker 2.1 2.1 1.4 99.1 63.9 9.7 8.1 11.5 
Cimsa clinker 1.9 1.7 2.0 92.7 41.2 9.2 13.6 11.2 
Mardin clinker 2.1 2.4 1.4 95.0 57.2 17.9 7.6 10.9 

Physical properties of materials  
Materials Specific gravity (kg/m3) Blaine (m2/kg) 

CA 2973 500 ± 50 
GGBFS 2885 300 ± 30 
Clinker 3195 300 ± 30 

 

Hydraulic Modula, HM

32322 OFeOAlSiO
CaO

++
= ; Silicate Modula, SM =

3232

2

OFeOAl
SiO

+
 

Aluminate Modula, AM =
32

32

OFe
OAl

; Lime Modula, LM =

32322 7.01.18.2
.100

OFeOAlSiO
CaO

++
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Table 3. Fineness of the control and blended 
cements 
 

Sieve residues Samples 
45 µm 90 µm 200 µm 

PPCA 2.08 0.22 0.03 
PPCC 2.25 0.36 0.02 
PPCM 0.81 0.21 0.03 

CA 3.30 0.57 0.02 
GGBFS 2.07 0.20 0.02 
BAC1 2.16 0.24 0.01 
BAC2 2.26 0.23 0.02 
BCC1 2.08 0.12 0.01 
BCC2 0.76 0.13 0.03 
BMC1 0.61 0.12 0.04 
BMC2 0.75 0.13 0.04 

 
 
 
nical strengths upon compression are the main features 
that allow qualitative assessments of cements. The 
results of the mechanical tests obtained for the control 
and blended samples are shown in Table 4. It can be 
seen from this table that there are clear increases of 

compressive strength, with increasing percentage addi-
tions. It can be seen that the compressive strengths of 
blended cement samples for 3 days were approximately 
equal to the control samples. The compressive strengths 
of blended cement samples for 7 and 180 days were 7% 
higher than that of the control cements. However, the 
compressive strength of the blended cement sample 
BAC2 for 180 days was highest among the other speci-
mens. The compressive strength of the blended cement 
sample BAC2 was 7 and 14% higher than that of average 
of blended cement and control cement, respectively. 

As seen in Table 4, compressive strengths of all sam-
ples fulfill the requirements for TS-EN 196-1 (Turkish 
Standards, 2002). In general, as CA and GGBFS per-
centage additions increased, the compressive strengths 
of the samples slightly increased. The chemical composi-
tions of CA and GGBFS are consistent with the require-
ments given in both the TS EN 196-1 (Turkish Standards, 
2002) and ASTM C 618 (American Standards, 1994). 
 
 
Sulfate resistance 
 
Both natural and artificial pozzolans can contribute to 
increasing chemical resistance of the  concrete  (Erdogan 
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Table 4. Compressive strengths of control and blended cement samples in 
immersed tap water ( MPa) 
 

Cements 3 Days 7 Days 28 Days 90 Days 180 Days 
PPCA 20.8 32.0 43.2 53.7 58.3 
PPCC 18.9 31.1 45.4 50.2 57.1 
PPCM 16.8 30.2 42.6 51.4 55.4 

Average 18.0 31.1 43.7 51.7 56.9 
BAC1 19.9 33.4 44.2 52.4 57.7 
BAC2 18.5 34.7 47.5 57.3 65.5 
BCC1 17.2 32.9 40.2 50.4 59.9 
BCC2 18.5 34.8 45.6 56.5 61.3 
BMC1 16.9 30.1 43.4 50.9 56.4 
BMC2 17.4 33.2 46.9 55.6 62.6 

Average 18.1 33.2 44.6 53.9 60.6 
 Activity index (28 Days) 

CA 80 
GGBFS 71 

 
 
 

Table 5. Compressive strengths of control and blended cement samples in immersed sulphate solution (MPa) 
 

Samples Compressive strength after 24 months 
 

Compressive 
strength after 28 

days 
Tap water 5% Na2SO4 Compressive strength 

reduction (%) 
PPCA 32.1 65.2 42.8 35 
PPCC 29.9 61.3 40.4 34 
PPCM 30.2 62.6 39.7 37 
Average PPC 30.7 63.0 40.9 35.3 
BAC1 33.3 68.7 56.9 17 
BAC2 34.7 72.0 59.7 17 
BCC1 32.9 70.0 53.9 23 
BCC2 34.6 73.4 57.3 22 
BMC1 30.0 63.4 51.2 22 
BMC2 33.2 70.2 55.1 21 
Average blended cement 33.1 69.6 55.7 20.3 

 
 
 
and Dogulu, 1997). GGBFS cement is known to have 
high resistance to the aggressive actions of sulfates and 
seawater (Massazza, 1999). The results of the sulfate 
resistance test, obtained from the control PPC samples 
and the blended cement samples are shown in Table 5. It 
can be seen from Table 5 that there were increases of 
sulfate resistance with increasing percentage  addition  of  
CA. 

Mortars prepared with just clinkers alone began being 
affected within the 24 months period, with reductions in 
average compressive strengths, dropping from 63 to 40.9 
MPa. Compressive strengths under sulfate conditions 
increase with increasing CA and GGBFS content. Com-
pressive strengths of the all PPC and blended cements in 
the sodium sulfate solution decreased. Thus, blended ce-
ment pastes had higher potential sulfate resistance, com-
pared to the control cement samples (Table 5). The BAC2 

sample had the highest sulfate resistance among all the 
samples. 
The pictures of PPCA, PPCC and PPCM mortar samples 
are shown in Figure 1a, b and c, respectively. The pic-
tures of these mortars showed many expansions, crack-
ing, internal fractures, and fractures  on  whole  surfaces. 
The pictures of BAC, BMC and BCC mortars samples are 
shown in Figure 1d, e and f, respectively. The pictures of 
these mortars revealed no significant signs of deteriora-
tion.  
 
 
Electron microscope studies 
 

Mineralogical structure of mortar prisms of PPC and 
blended cements of 20% additive contents were analysed 
by SEM after immersion in sodium sulfate solutions. The 
CA and  GGBFS  hydration  studies  were  done  after  28 
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Figure 1. Pictures of prismatic mortars exposed to sodium 
sulphate solution, after 24 months. 

 
 
 
days. SEM micrographs of some selected specimens are 
given in Figures 2-7. The SEM micrograph of the PPCA 
sample is shown in Figure 2. A very large decomposition 
hole can be seen. This may be due to the sulfate effects 
in the central region of the micrograph. Also, phase 
separation on the surface of the sample and prevalent 
decomposition were observed and these may be due to 
the lack of additives. Decomposition by sodium sulfate 
attack is the major cause of porosity. The sulfate attack 
occurs by a layer by layer chemical  reaction, starting  on 
the surface and moving inwards. The SEM micrograph of 
the PPCC sample is shown in Figure 3. The micrograph 
of this cement showed a large number of important 
expansions, deterioration and cracking, and decomposi-
tions due to the sulfate effects on the surface. Further-
more, many phase separations at different levels was 
observed on the surface of the sample. The SEM micro-
graph of PPCM sample is shown in Figure 4. The micro-
graph of this cement showed a large amount of aggre-
gation and important agglomeration separations on the 
surface due to consumption of the cement hydration pro-
ducts. 

 
 
 
 

The SEM micrograph of blended cement Adana clinker 
(BAC1) sample is shown in Figure 5. The micrograph of 
this blended cement showed that there were no signi-
ficant effects of sulfate. The hydration products calcium 
silicate hydrate did not deteriorate. These addi-tive pro-
ducts were dispersed homogeneously on the surface of 
the blended cement samples. The SEM micrograph of 
blended cement Cimsa Clinker (BCC1) sample is shown 
in Figure 6. The micrograph of this blended cement 
showed that there were partial sulfate effects. This sulfate 
effect caused minimal deterioration, cracking and frac-
tures, and some groups of aggregates. The SEM micro-
graph of blended cement Mardin Clinker (BMC1) sample 
is shown in Figure 7. The micrographs of this blended 
cement showed more obvious effects of sulfate. It can be 
clearly seen that two groups of aggregates were formed 
and some micro-cracking was observed. However, more 
compact structures may be seen in Figures 5-7, this is 
due to the existence of CA and GGBFS and the additives 
being well distributed. The increase of sulfate resistance 
in the sulfate environment may be related to the additive 
type and percentage of additives. 
 
 
The role of alkalis in cement mortars 
 
As well-known, reaction of alkali metals with water yields 
hydrogen gas (H2) and an alkali metal hydroxide, MOH. 
The solution of metal hydroxide that results from the addi-
tion of the alkali metal to water is “alkaline” or basic: 
 
2M(s)  +  2H2O(l)   →  2M+

(aq)  +  2OH-
(aq)  +  H2(g) 

 
where M = Na, K. Like all alkali metal reactions, the reac-
tion with water is a redox process in which the metal M 
loses an electron and is oxidized to M+. At the same time, 
a hydrogen atom from water gains an electron and is re-
duced to H2 gas. Also, during the hydration process of 
cement, the addition of water forces the reaction below 
forward to form basic clinkers: 
 
M2O(s)    +   H2O(l) 2MOH(aq)  
 
where M  =  Na,  K.  While  continuous  hydrations  cause 
clinkers to dry out, via dehydration, that is, they lose 
water molecules to eventually form strong mechanical 
cements. In this situation, this reaction occurs in the 
reverse direction by losing water and forming M2O. At the 
end of the dehydration process total alkalinity will be 
reduced. Likewise, the alkaline-earth elements also react 
with water to yield metal hydroxide, M(OH)2, but here the 
reaction is sluggish. A similar argument can be made for 
this reaction process, except that alkaline-earth elements 
reactions will undergo these reactions, at above room 
temperature, through more slowly. 

Hydrated CA and GGBFS cement and the alkali gyp-
sum and Ca(OH)2, all of which are derived from the ce-
ment, act  as  activators and reactants. Alkaline activators 
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Figure 2. SEM image of PPCA. 

 
 
 

 
 
Figure 3. SEM image of PPCC. 

Decomposition 
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Figure 4. SEM image of PPCM. 

 
 
 

 
 
Figure 5. SEM image of BAC1. 

Agglomeration 

Phase separation 
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Figure 6. SEM image of BCC1. 

 
 
 

 
 
Figure 7. SEM image of BCM1. 

Decomposition 
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accelerate the dissolution of ions Si and Al, by breaking 
the Si–O and Al–O bonds in the CA and GGBFS glass 
structure. This is followed by precipitation of low solubility 
calcium silicate and calcium aluminate hydrates due to 
increased ionic concentrations in the liquid phase. The 
reason for undisturbed cement mortars largely depends 
on CA and GGBFS additives.  

The pozzolanic activity indices were calculated to be 80 
and 71% for CA and GGBFS, respectively, as shown in 
Table 4. Higher values of pozzolanic activity indices, not 
only prevent deterioration, but also increase the resis-
tance of the clinkers. Higher activity indices allow for bet-
ter cement hydrations. Using these additives changed 
and/or reduced the total percentage amounts of alka-
linity,or rearranged the partial ratio of basic chemical 
compositions in the cements. We believe that this was 
the most important effect on cement hydration. It is 
known that increasing percentage amounts of alkalinity 
will cause more decomposition of cement structures. 
However, addition of CA and GGBFS reduced the total 
percentage amounts of alkalinity in the cements. Fur-
thermore, CA and GGBFS contained considerable 
amounts of SiO2, which itself displayed pozzolanic cha-
racter. CA and GGBFS had 71.4 and 39.6% SiO2, res-
pectively, as shown in Table 2. These amounts are very 
high compared to any other metal oxide, and indeed 
greater than the sulphite compositions in the cements.  
 
 
Conclusion 
 
The CA and GGBFS containing cements, immersed in 
sulfate solution showed 15% lower average compressive 
strength than that of the control cement specimens at the 
end of 24 months. Greater resistances of blended ce-
ments against sodium sulfate were achieved with higher 
percentage of additives. The resistance to sodium sulfate 
of blended cements incorporating Adana clinker was 
higher than that of the Mardin and Cimsa clinkers. Gene-
rally, it can be clearly seen that sulfate performance on 
the control cement was poor, compared to the blended 
cements.  

The micrographs showed that CA and GGBFS additives 
had a more condense structure. This cement hydration 
provided the excellent sulfate resistance. The poor resis-
tance of control cement to sulfate attack is due to the 
presence of micro-cracks in the concrete matrix. Speci-
mens lead to insufficient gel formation when additives are 
not used and also high porosity in the control specimens 
resulted in a poor resistance to sulfate attack. Thus, 10% 
of CA and GGBFS additives can be used as admixtures 
in cement productions. 
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