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ABSTRACT 

Due to the presence of metakaolin in composite cement that consists of Portland Cement and blended cement 
containing granulated blast furnace slag o, 45% at constant percent at all mix, with OPC 100, 55, 51, 47 and 43 percent and 
finally metakaolin 0, 0, 4, 8 and 12 % in sea water up to 12 months was investigated. The composite cement pastes which 
contains cement, granulated blast furnace slag and metakaolin possess higher value of physical properties at 4 and 8% 
metakaolin such as compressive strength and  bulk density than those of OPC and blended cement but opposite direction 
on apparent porosity and portlandite. By X-ray diffraction indicated that calcium aluminate hydrate and calcium silicate 
hydrate leading to strengthening the durability of the hardened composite cement pastes.    
 
Keywords: composite cement, metakaolin, granulated slag, sea water, blended cement. 
 
1. INTRODUCTION 

Cement clinker production causes the global man 
made CO2 emissions, resulting from release of CO2 from 
limestone in the pyro-processing of clinker [1-3]. With the 
urgent need to reduce the amount of energy consumed and 
CO2 released in air, numerous studies on suitable materials 
to partially replace the clinker in blended cement called 
supplementary cementitious materials (SCMs) [4-12]. The 
most popular active additions (SCMs) are ground 
granulated blast furnace slag (GGBS), flying ash (FA), 
silica fume (SF) and metakaolin to improve the 
performance of concrete capable of withstanding serious 
environmental conditions [13]. Moreover, these active 
additions can react with water or with Portlandite that has 
been produced as a product of hydration reactions of 
clinker and form new hydrated products that boost the 
cement-based materials’ properties to improve the 
microstructure development and increase the durability 
[14-16]. 

Metakaolin (MK) becomes obvious alternatives 
and was first incorporated in concrete in 1962, in the 
construction of Jupia dam, in Brazil.MK is a highly 
reactive pozzolanic material obtained by calcinations of 
kaolinitic clay at temperature 650-800 0C depending on 
the crystalinity and purity of precursor clays [17].  

MK is obtained at 500 0C, then transforms to 
silicon-spinel at 925 0C and at temperature above 1400 0C, 
mullite is forms, both silicon-spinel and mullite have low 
activity.The exothermal dehydroxylation reactions are 
presented in equations (1-3). 
 ~ 500 0C :AL2O3.2SiO2.2H2O = AL2O3.2SiO2+ 2H2O  (1) 
                                                            Metakaolin 
 
925 0C : 2[AL2O3.2SiO2] = 2AL2O3.3SiO2 + SiO2              (2) 
                                                           Silicon-spinel 
 >1400 0C : 3[AL2O3. SiO2] = 3AL2O3.2SiO2 + SiO2     (3) 
                                                            3:2 mullite                
 

Meta kaolin has a high specific surface and it is a 
very fine material, with 99.9% of particles with size less 
than 16 µm and an average size of about 3 µm. So, the use 
of MK in cement pastes leads to a refinement of the pore 
structure [18-20]. The incorporation of “superfine” MK 
particles leads to a micro-filler effect and improves the 
cement matrix packaging. 

Ground granulated blast furnace slag is a 
supplementary cementitious material can be used either a 
mineral admixture or a component in blended cements [21, 
22]. GBFS is a by-product in the iron manufacturing 
industry. Iron ore, coke and limestone are fed in to the 
furnace, and the molten slag floats above the molten iron 
at a temperature of about 1500 to 1600oC, and then molten 
slag containing siliceous and aluminous residues. The 
molten slag is separated from liquid metal cooled. There 
are three types of slag depending on the ways of cooling, 
namely aircooled, expanded and granulated which is 
rapidly water-quenched, leading to the formation of a 
glassy (amorphous) granulated slag [23-25]. 

The entry of sulphate (a common aggressive 
substance present in soil and ground water) and chloride 
ions in concrete resulting in dissolution of CH, 
precipitation of gypsum, sulfoaluminates hydrates 
(ettringite and monosulfate) and chloroaluminate hydrate 
causing expansion and softening of concrete [26]. 
Moreover, these products produce microcraching and a 
loss of pore refinement leading to a reduction of 
mechanical properties and loss of durability [27-30]. 
Reactions produced by the sulphate attack are presented in 
(4) and (5) Equations. 
 
Ca(OH)2 + Na2SO4 + 2H2O = CaSO4.2H2O + 2NaOH   (4) 
 
3CaO.Al2O3 + 3CaSO4.2H2O + 26H2O 
=3CaO.Al2O3.3CaSO4.32H2O                                         (5) 
 

MgCL2 reacts with portlandite producing CaCL2 

which increases the porosity and leads to strength loss. 
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The use of pozzolanic materials can significantly 
enhance long term durability and improve the resistant to 
aggressive attack by sea water [17]. Durability of concrete 
has been a great concern of civil engineering professionals 
because of the exposure of sea structures to chemical 
deterioration of the harmful constituents of sea water on 
concrete. In a mixture containing MK, the binding 
capacity is a function of aluminates content [31] 
.Formation of Friedelʾs salt in mixtures of PC is due to 
reactive alumina in each pozzolan [32]. In addition, 
composites cements have a good effect in decreasing the 
permeability to chloride in concrete [33, 34] and reduce 
the corrosion problems of steel reinforcement [35-40].  

This good performance is due to the pozzolanic 
reaction MK and GBFS consuming the portlandite liberate 
during the hydration of PC before it can react with 
sulphate and chloride ions [7, 41-44]. Moreover, we can 
deduce that lower availability of calcium hydroxide and 
much less expansive ettringite is produced. Many authors 
observed useful role of Na2SO4 which acts as activator of 
pozzolanic materials leading to decreasing the portlandite 
existence in cementitious system [43, 44].  

Furthermore, the chemical action of chloride ions, 
MK can present a physical protection mechanism by 
taking part the refinement of the pores of hardened cement 
pastes, so the pores become less interconnected making 
the penetration of chlorides  more difficult [45] and good 
performance against reinforcement corrosion [46]. 

The present work aims to study the effect of 
different substitutions of Portland cement by metakaolin 
on the durability of Portland slag cement pastes in sea 
water to explain the improvement of the resistivity of the 
composite cement against sea water attack. 
 
2. EXPERIMENTAL WORK 
 
2.1 Materials and Mix Design 

 
2.1.1 Ordinary Portland Cement:  

The Portland cement was obtained from National 
Cement Company, Helwan, Egypt. The chemical analysis 
of Ordinary Portland Cement (was carried out using the 
XRF technique). The blain surface area of the Portland 
cement was 3.150 m2/kg .The results are given in Table 1. 

 
Table-1. Chemical analysis of the starting materials, (wt. %). 

 

Materials 
Oxides 

SiO2 AL2O3 Fe2O3 CaO MgO SO3 Na2O K20 L.O.I Total 

OPC 21.3 5.41 3.77 63.14 1.21 2.35 0.4 0.09 2.57 99.90 

GGBFS 39.89 13.72 2.56 26.38 3.47 1.22 1.00 1.06 1.98 99.97 

MK 46.68 35.75 1.49 0.10 0.19 0.03 0.05 2.96 12.18 99.82 

 
2.1.2 Granulated blast furnace slag 

It was obtained from the Egyptian Iron and Steel 
Company, Helwan. It is usually obtained by water 
quenching of the molten slag. It was ground in steel ball 
mill to obtain a Blain surface area (4.560 m2/kg). In 
GGBFS, particles above 20µ𝑚  in size react very slowly, 
despite, particles below 2 µ𝑚  react completely within 24 
h in blended cement and alkali-activated systems (47-49). 
The results of chemical analysis of granulated slag were 
given in Table-1. 
 
2.1.3 Metakaolin 

It is a mineral material of aluminosilicate and was 
provided from Idfu, Aswan and Upper Egypt. The formula 
of metakaolin in the silicate chemistry is AS2 
(Al2O3.2SiO2). Grain size of metakaolin is between 
cement and microsilica, and the specific surface is about 
15 m2/kg. The MK is made from slow calcination of 
kaolinitic clay at 750 0C (50-52). The results of chemical 
analysis of metakaolin were given in Table-1. 
 
2.2 Experimental Techniques 

The dry constituents of OPC, metakaolin and slag 
were mechanically mixed for 30 minutes in a rotary mixer 
to attain homogeneity of the cement samples. The mix 
composition of different prepared cements is shown in 
Table-2.  

Table-2. Mix composition of different prepared 
cements, wt, %. 

 

Mix NO. A B C D E 

PC 100 55 51 47 43 

MK 0 0 4 8 12 

GGBFS 0 45 45 45 45 

 
The prepared cement blends were mixed with the 

required water by continuous mixing by hand for 4 
minutes by gauging trowels. The required water of 
standard consistency was determined according to ASTM 
specification [53-55]. Immediately, after mixing the 
cement paste was poured in one inch cubic moulds and 
pressed until homogeneous specimen was obtained. The 
molds were manually shaken to remove any air bubbles, 
and then smoothed by spatula. The moulds were curried in  
100% saturated humidity chamber at 23± 2 0C for 24 
hours, then  remolded and cured under tap water for 28-
days (zero time), then immersed in sea water for 1, 3, 6, 
9and 12 months. The aggressive solutions were renewed 
every month to keep the concentration of salt ions in sea 
water nearly constant. At the end of each period, three 
cubes representing each mix were tested for their physic-
mechanical properties.  
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The kinetic of hydration was followed by the 
determination of free portlandite contents of hydrated 
cement pastes (ASTM 114) [56]. Bulk density and total 
porosity were determined before the specimens subjected 
to compressive strength determination during weighing the 
hardened specimens suspended in water and air, for at 
least three cubes of the same ages [56, 57]. After the 
compressive determined, the hydration of cement pastes 
was stopped using (1:1 v) methanol-acetone mixture, then 
mechanically stirred for 1 h, then filtered through a G4, 
washed two times with diethyl ether, dried at 70 oC for 1 h 
and stored in desiccators for analysis [44].  

Some selected samples were examined by the 
powder method of X-ray diffraction (XRD) using Philis 
diffractometer PW 1730 with X-ray source of Cu Kɑ 
radiation was carried out The diffractometer was scanned 
from 5 o to 65 o (2θ) in step size of 0.015 and the counting 
time per step was 1.8 s. The X-ray tube voltage and 
current were fixed at 40 KV and 40 mA, respectively. An 
online search of a standard database (JCPDS database) for 
X-ray powder diffraction pattern enables phase 
identification for large variety of crystalline phases in the 
sample. 
 
3. RESULTS AND DISCUSSIONS 

 
3.1 Compressive Strength 

The compressive strength of hardened composite 
cement pastes in comparison with OPC pastes immersed 
in seawater up to 12 months is plotted against curing time 
in Figure-1. The results indicate that the compressive 
strength of OPC pastes (A) increase up to 3 months due to 
the activation effect of chloride and sulphate ions and 
formation of CSH. In contrast, the compressive strength 
decreases after the first 3 months and up to 12 months due 
to the formation of sulphoaluminate , chloroaluminate 
hydrate and Friedel’s salt having less binding properties 
and softening  the 
Cement pastes [58, 59]. 

Mix (B) has higher compressive strength than 
OPC pastes due to the pozzolanic effect of GGBF reacting 
with the liberated lime, resulting in formation of dense 
microstructure with additional amount of CSH. On the 
other hand, the decreasing of compressive strength after 6 
months and up to 12 months is mainly attributed to the 
aggressive attack of sulphate and chloride ions in 
seawater. 

The results illustrate that, the compressive 
strength of composite pastes (C), (D) and (E) increases 
with curing time due to higher reactivity of the reactive 
alumina present in MK. Moreover, the replacement of 
cement by MK initiates Friedelʾs salts formation in 
presence of chlorides results in formation of calcium 
aluminates. Calcium chloroaluminate is obtained during 
ionic exchange and the replacement of OH by CL ions; 
these ions changed chemically into stable compounds 
precipitated in cement pastes. Therefore, this is the best 
mechanism of protection by MK in pastes (17), 
meanwhile, the pozzolanic reaction of GGBFS leading to 
formation of denser CSH. The composite cement pastes 

(D) possess higher values of compressive strength than 
those of the OPC and composite cement pastes. 

It is clear that, the replacement of cement by 
mineral admixtures decreases the Ca(OH)2 contents 
liberating during hydration of OPC  resulting in  bridging 
the gap between cement particles by fine mineral 
admixture particles leading to improvement of 
compressive strength (60). Also, the addition of MK and 
GGBFS tends to improve the durability of OPC cement 
pastes because of not only as a reactive pozzolana but also 
as a filler leading to densifing the pore structure to 
enhance the resistance to sulphate and chloride attack. 
 
3.2 Bulk Density 

Figure-2 represents the bulk density of hardened 
composite cement pastes immersed in sea water for 1, 3, 6, 
9 and 12 months. The bulk density of all composite 
cement pastes containing different percents of MK 
increase up to 12 months, due to the pozzolanic effect of 
MK and GGBFS leading to formation of dense structure of 
additional amount of CSH .The bulk density of OPC 
pastes (A) increases up to 3 months, while mix B increases 
up to 6 months, a result of acceleration effect of chloride 
and sulfate then decrease up to 12 months. Mix B has 
higher values of bulk density than those of OPC pastes. 
This is due to the pozzolanic reaction of GGBFS.   

It is concluded that, composite cement pastes 
containing 8% MK (D) show higher values of bulk 
density, due to the higher reactivity of MK leading to 
formation of denser and high stiffness CSH and CAH and 
decreasing penetration of chloride and sulphate ions. So, 
mix D has the highest durability effect against sea water. 
 
3.3 Apparent Porosity 

Figure-3 represents he variations of apparent 
porosity of hardened composite cement pastes immersed 
in sea water for 1, 3, 6, 9 and 12 months. The apparent 
porosity values of the cement pastes containing MK and 
GGBFS decrease with curing time, while the cement 
pastes with GGBFS decrease up to 6 months then increase 
up to 12 months. The apparent porosity of cement pastes 
decreases at early ages of immersion due to the filling up 
of the available pores with the hydration products.  

It is evident that, the cement pastes containing 
different percent of MK and 45% GGBFS represent lower 
values of porosity. This is due to micro filling and 
pozzolanic effect of GGBS and metakaolin. Moreover, the 
total pore volume of pastes decrease to small pore 
diameter portion as a result of compacting hydration 
product CAH and C-S-H gel forms and fine particles 
bridge the gap between cement particles [7]. 
 
3.4 Free Portlandite Contents 

Free portlandite contents values of hardened 
composite cement pastes containing MK immersed in sea 
water up to 12 months are plotted as a function of curing 
time in Figure-4. The results indicate that, the free 
portlandite contents of composite cement pastes decrease 
with curing time up to one year due to highly pozzolanic 
effect of MK as well as GGBFS that react with Ca(OH)2 
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liberated during the hydration of OPC leading to formation 
of additional hydration products. Moreover, as MK 
content increases, the portlandite contents decrease due to 
the higher reactivity and surface area of MK. It should be 
mentioned that, the cement composite pastes containing 
MK and GGBFS is proved to be a promising way to 
improve the durability of cement pastes. 

It can be seen that, OPC pastes have the highest 
values of the free portlandite contents where, that 
portlandite contents decrease up to 3 months due to the 
reaction with chloride and sulphate ions forming CaCL2, 
Mg(OH)2 and CaSO4 leading to formation of 
chloroaluminate hydrate and sulphoaluminate. Magnesium 
ions react with free portlandite released from hydration 
forming brucite layer at the exposed cement particles 
surface. Magnesium ions penetration under the brucite 
layer into the interior of the cement paste is forbidden 
because of low solubility of brucite layer. After 3 months, 
the brucite becomes a protective layer around cement 
particles which prevents the Mg2+ ions penetration 
resulting in the increase of free portlandite contents after 3 
months up to 12 months.  
 
3.5 X-Ray Diffraction Patterns 

Figure-5 illustrates XRD patterns of A, B, C, D 
and E hardened samples immersed in seawater for 12 
months. In sample A, It could be seen that, portlandite (the 
most important phase due to its good-crystallinity) is 
presented with an increasing amount. As well as the 
hydration of clinker minerals are still working (the 
hydration of silicate phases showed by growing the 
intensity of portlandite). In case of composite samples, this 
is appeared that, by increasing the amount of MK, the 
intensity of Portlandite peak as well as the intensity of 
clinker minerals decrease. This is owing to the pozzolanic 
reaction between metakaolin, granulated slag and 
portlandite. Moreover, quartz peaks were detected as a 
main content of slag cement. The anhydrous silicate 
phases(β-C2S and C3S) peaks superpose with the hydrated 
silicates peaks  and then decrease by increasing MK 
percents, due to the hydration progress forming additional 
amount of calcium aluminates hydrates and calcium 
silicates hydrates [13]. These additional hydration 
products fill the available open pores forming compact 
microstructure of hydration products which forbidden the 
penetration of chloride and sulphate ions leading to 
strengthening the durability of the hardened composite 
cement pastes. The present of sulphoaluminate, calcium 
carbonate, and gypsum were detected with different 

intensity for all immersing samples. The ettringite peaks is 
not discovered by XRD because, it was thought to be a 
very fine crystals [61]. 

Figure-6 shows the XRD results of composite 
cement pastes containing 8% MK D (showed the best 
mechanical properties) immersed in seawater for 1, 3 and 
12 months. The results show the presence of diffraction 
lines corresponding to sulphoaluminate, quartz, calcium 
carbonate as well as C4AH13.  The results illustrate that, 
the deleterious products of sulphoaluminate and gypsum 
decrease with increasing the curing time of immersion in 
seawater. Moreover, the intensity of these peaks decreased 
with increasing curing time. Also, the Ca(OH)2 peaks 
disappeared in the composite cement pastes and additional 
amount of calcium silicates hydrates and calcium 
aluminates hydrates appeared. So, MK plays an important 
role for enhancing the durability of the composite cement 
pastes. These results completely agree with the physico-
mechanical results. 
 
CONCLUSIONS 

 The metakaolin made from slow calcinations of 
kaolinitic clay at 750  0 c with specific surface area is 
about 15m2/kg but granulated blast furnace slage 
4.56m2/kgin blended cement is bigger than 
metakaolin. 

 The sea water is affecting on cement, blended cement 
and composite cement. 

 Composite cement containing cement, granulated slag 
and metakaolin with 8% percent give better physical 
properties such as compressive strength, bulk density, 
finally portlandite  and opposite direction on apparent 
porosity 

 composite cement had a relatively good sea water 
resistance performance which contains OPC, 
granulated slag and metakaolin due to:- 

 The presence of calcium aluminate hydrates and 
calcium silicate hydrates. 

 XRD of composite cement pastes containing 8% 
metakaolin showed the best mechanical properties 
immersed in sea water for 1, 3and 12 months.   
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Figure-1. Compressive strength of hardened composite cement pastes containing 45% granulated 
slag and different percents of metakaolin immersed in sea water up to 12 months. 

 

1M 3M 6M 9M 12M

2.18

2.20

2.22

2.24

2.26

B
u

lk
 d

e
n

s
it
y
, 
g

lc
m

3

Curing time, months

 A

 B

 C

 D

 E

 
 

Figure-2. Bulk Density of hardened composite cement pastes containing 45% granulated slag 
and different percent of metakaolin immersed in sea water up to one year. 



                                VOL. 15, NO. 15, AUGUST 2020                                                                                                              ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2020 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                      1617 

1M 3M 6M 9M 12M

6

8

10

12

14

16

A
p
p

a
re

n
t 
p

o
ro

s
it
y
, 
%

Curing time, months

 A

 B

 C

 D

 E

 
 

Figure-3. Apparent porosity of hardened composite cement pastes containing 45% granulated 
slag  with different percents of metakaolin immersed in sea water up to 12 months. 
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Figure-4. Free Portlandite Contents of hardened composite cement pastes containing 45% granulated 
slag with different percents of metakaolin immersed in sea water up to 12 months. 
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Figure-5. XRD patterns of hardened A, B, C, D and E  immersed in sea water up to 12 months. 
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Figure-6. XRD patterns of hardened M immersed in sea water for 1, 3 and 12 months. 
 
 



                                VOL. 15, NO. 15, AUGUST 2020                                                                                                              ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2020 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                      1619 

REFERENCES 
 
[1] Axel Scholer., Barbara Lothenbach., Frank Winnefeld 

and Macciej Zajac. 2015. Hydration of quaternary 
Portland cement blends containing blast-furnace slag, 
siliceous fly ash and limestone powder. Cem. Concr. 
Res. 55: 374. 

[2] Damtoft J. S., Lukasik J. Herfort D. Sorrentino D. and 
Gartner E. M. 2008. Sustainable development and 
climate change initiatives. Cem. Concr. Res. 38(2): 
115. 

[3] Schneider M., Romer M. Tschudin M. and Bolio H. 
2011. Sustainable cement production at present and 
future. Cem.  Concr.  Res. 4(7): 642. 

[4] Singh N. B. and Middendorf B. 2008. Cem. Inter. 4: 
76. 

[5] Singh N. B. and Middendorf B. 2009. Cem.  Inter. 6: 
78. 

[6] Mukesh K., Singh S. K., Singh N. P. and Singh N. B. 
2012. Constr. Build. Mater. 36: 668. 

[7] José Marcos Ortega., María Dolores Esteban., Raúl 
Rubén Rodríguez., José Luis Pastor., Francisco José 
Ibanco., Isidro Sánchez., And Miguel Ángel Climent. 
2017. Influence of Silica Fume Addition in the Long-
Term Performance of Sustainable Cement Grouts for 
Micropiles Exposed to a Sulphate Aggressive 
Medium. Materials. 10(890): 1. 

[8] Demirbo˘ga R. 2007. Thermal conductivity and 
compressive strength of concrete incorporation with 
mineral admixtures. Build. Environ. 42: 2467.  

[9] Ganjian E and Pouya H. S. 2009. The effect of 
Persian Gulf tidal zone exposure on durability of 
mixes containing silica fume and blast furnace slag. 
Constr. Build. Mater. 23: 644.  

[10] Ponikiewski T. and Gołaszewski J. 2014. The effect 
of high-calcium fly ash on selected properties of self-
compacting concrete. Arch. Civ. Mech. Eng. 14: 455. 

[11] Ortega J. M., Sánchez I. and Climent M. A. 2015. 
Impedance spectroscopy study of the effect of 
environmental conditions in the microstructure 
development of OPC and slag cement mortars. Arch. 
Civ. Mech. Eng. 15: 569. 

[12] Glinicki M. Józ´wiak-Niedz´wiedzka D.  Gibas K.  
and Da browski  M. 2016 . Influence of blended 

Cements with calcareous fly ash on chloride ion 
migration and carbonation resistance of concrete for 
durable structures.  Materials (Basel). 9: 18. 

[13] Lilla Mlinárik and Katalin Kopecskó. 2013. Impact of 
metakaolin - a new supplementary material - on the 
hydration mechanism of cements. Acta Technica 
Napocensis: Civ. Eng. & Arch. 5(2): 100. 

[14] Wang A., Zhang C. and Sun W. 2004. Fly ash effects. 
Cem. Concr. Res.  34: 2057. 

[15] Xu. W16. Lo. Y. T. Wang W. Ouyang D. Wang P. 
and Xing F. 2016. Pozzolanic reactivity of silica fume 
and ground rice husk ash as reactive silica in a 
cementitious system: A comparative study. Materials. 
9: 146. 

[16] Kwon Y. H. Kang S. H. Hong S.G. and Moon J. 2017. 
Intensified pozzolanic   reaction on kaolinite clay-
based mortar. Appl. Sci. 7: 522. 

[17] Figueiredo C. P, Santos F. B, Cascudo O., Carasek H., 
Cachim P. Velosa A. 2014. The role of metakaolin in 
the protection of concrete against the deleterious 
action of chlorides, IBRACON. Estrut. Mater. 7(4): 1. 

[18] Arikan M., Sobolev K., Ertun T., Yeginobali A. and 
Turker P. 2009. Properties of blended cements with 
thermally activated kaolin. Constr. Build. Mater. 23: 
62 . 

[19] Siddique R. and Klaus J. 2009. Influence of 
metakaolin on the properties of mortar and concrete: 
A review. Applied Clay Science. 43: 392. 

[20] Cachim P., Velosa  A. and Rocha  F. 2010. Effect of 
Portuguese metakaolin on hydraulic lime concrete 
using different curing conditions. Constr. Build. 
Mater.  24: 71.  

[21] Sfi C. and Qian J. 2000. Resour Conserv Recycl. 29: 
195. 

[22] Nazari A. and Riahi S. 2011. Energy Build. 43: 864.  

[23] Li C. Sun H. and Li L. 2010.Cem, Cocr. Res. 40: 
1341. 

[24] Chen W. 2007. Hydration of slag cement .Theory, 
Modeling and Application. Ph.D. Thesis. University 
of Twenty. 

[25] Siddique R. 2008. Waste materials and by-products in 
concrete. Spring.Verlag. Berlin. Heidelberg. 



                                VOL. 15, NO. 15, AUGUST 2020                                                                                                              ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2020 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                      1620 

[26] Wee T. H., Suryavanshi A. K., Wong S. F. and 
Rahman A. K. 2000. ACI Material J. 97(5): 536.  

[27] Bonakdar A. and Mobasher B. 2010. Multi-parameter 
study of external sulfate   attack in blended cement 
materials. Constr. Build. Mater. 24: 61.  

[28] Tixier R. and Mobasher B. 2003. Modeling of 
Damage in Cement-Based Materials Subjected to 
External Sulfate Attack. I: Formulation. J. Mater. Civ. 
Eng. 15: 305.  

[29] Santhanam M., Cohen M. D. and Olek J. 2002. 
Mechanism of sulfate attack: A fresh look. Part 1: 
Summary of experimental results. Cem. Concr. Res. 
32: 915.  

[30] Neville A. 2004. The confused world of sulfate attack 
on concrete. Cem. Concr. Res. 34: 127596.  

[31] Zibara H., Hooton R. D., Thomas M. D. A. and 
Stanish K. 2008. Influence of the C/S and C/A ratios 
of hydration products on the chloride ion binding 
capacity of lime-SF and lime-MK mixtures. Cem. 
Concr. Res. 38: 422. 

[32] Hossain K. M. A. and Lachemi M. 2004.Corrosion 
resistance and chloride diffusivity of volcanic ash 
blended cement mortar. Cem. Concr. Res. 34: 695. 

[33] Gruber K. A., Ramlochan, T.  Boddy A.  Hooton R. 
D. and Thomas M. D. A. 2001.Increasing concrete 
durability with high-reactivity metakaolin. Cem. 
Concr. Compos. 23: 479.  

[34] Carasek H., Cascudo O., Ferreira R. B., Yssorche-
Cubaynes M.P. and Ollivier J. P. 2011. L'essai 
AASHTO T 277 et la protection des bétons contre la 
corrosion des armatures. Eur. J. Environ. Civ. En. - 
EJECE. 15: 49.   

[35] Song, H. W. Saraswhaty V., Muralidharan S. and Lee 
C. H., Thangavel K. 2009. Corrosion performance of 
steel in composite concrete system admixed with 
chloride and various alkaline nitrites. Corros. Eng. 
Sci. Techn. 44: 408.  

[36] Malheiro R., Meira G., Lima M. and Perazzo N. 2011. 
Influence of mortar rendering on chloride penetration 
into concrete structures. Cem. Concr. Compos. 33: 
233.  

[37] Mcpolin D., Basheer P. Long A. E., Grattan K. T. V. 
and Sun T. 2005. Obtaining progressive chloride 

profiles in cementitious materials. Constr. Build. 
Mater. 19: 666.       

[38] Ribeiro D. V., Labrincha J. A. and Morelli M. R. 
2011.Chloride diffusivity in red mud-ordinary 
Portland cement concrete determined by migration 
tests. Mater. Res. 14: 227. \São Carlos - Impresso\.  

[39] Ribeiro D. V., Labrincha J. A., Morelli M. R. 2012. 
Effect of red mud addition on the corrosion 
parameters of reinforced concrete evaluated by 
electrochemical methods.  Revista IBRACON de 
Estruturas e Materiais. 5: 451.  

[40] Ribeiro D. V., Labrincha J. A. and Morelli M. R. 
2011. Effect of the addition of red mud on the 
corrosion parameters of reinforced concrete. Cem. 
Concr. Res. 42: 124. 

[41] Al-Dulaijan S. U., Maslehuddin M., Al-Zahrani M. 
M., Sharif A. M., Shameem M. and Ibrahim M. 2003. 
Sulfate resistance of plain and blended cements 
exposed to varying concentrations of sodium sulfate. 
Cem. Concr. Compos. 25: 429.  

[42] Lee S. T., Moon H. Y. and Swamy R. N. 2005. 
Sulfate attack and role of silica fume in resisting 
strength loss. Cem. Concr. Compos. 27: 65.  

[43] Williams M., Ortega J. M., Sánchez I., Cabeza M. and 
Climent M. A. 2017. Non-destructive study of the 
microstructural effects of sodium and magnesium 
sulphate attack on mortars containing silica fume 
using impedance spectroscopy. Appl. Sci. 7: 648.  

[44] Abu-El-Naga H., aly mostafa radwan and EL-Alfi E. 
A. 2018. Aggressive attack of sea water on 
composites containing high amounts of granulated 
slag. Inter. J Innov. Eng. Techn. IJIEC. 10(4): 31. 

[45] Ollivier J. P. and Torrenti J. M. 2008. La structure 
poreuse des betons et les proprietes de transfert. In 
Ollivier:, J-P.; Vichot, A., eds. La durabilité des 
bétons. 1. ed.. Paris, Presses de l´Ecole Nationale des 
Ponts et Chaussées. 868. 

[46] Batis G. Pantazopoulou, P. Tsivilis S. and 
Badogiannis  E. 2005. The effect of metakaolin on the 
corrosion behavior of cement mortars. Cem. Concr. 
Compos. 27: 125. 

[47] Chao Li. Henghu Sun and Longtu Li. 2010. The 
comparison between alkali-activated slag(Si+Ca) and 



                                VOL. 15, NO. 15, AUGUST 2020                                                                                                              ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2020 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                      1621 

metakaolin (Si+Al)cements. Cem. Cocre. Res. 40: 
1341. 

[48] Wan H., Shui Z. and Lin Z. 2004. Anaysis of 
geometric characteristics of GGBS particles and their 
influences on cement properties, Cem. Concr. Res. 
34: 133. 

[49] Wang P. Z. Trettin R. and Rudert V. 2005.  Effect of 
fineness and particle size distribution of granulated 
blast-furnace slag on the hydraulic reactivity in 
cement system, Adv.Cem. Res. 17: 161.  

[50] Pera J. 2001. Metakaolin and calcined clays. Cem. 
Concr. Compos. 23: iii. 

[51] Garcia R., Vigil de la Villa  R., Vegas I., Frias M., 
Sanchez de and Rojas  M.I. 2008. The pozzolanic 
properties of paper sluge waste, Constr. Build. Mater. 
22: 1484. 

[52] Brindley G. W. and Nakahira M. 1961. The kolinite-
mullite reaction series: IV, The coordination of 
Aluminum. J. Am. Ceram. Soc. 44: 506. 

[53] ASTM Designation: C191. 2008. Standard method for 
normal consistency and setting of hydraulic cement. 
(ASTM Annual Book of ASTM Standard). 

[54] ASTM C191. 2007. Test method for time of hydraulic 
cement by Vicat method.  

[55] ASTM C187. 2007. Test method for normal 
consistency of hydraulic cement. 

[56] ASTM C114. 1999. Standard test method for 
chemical analysis of hydraulic cement. 

[57] ASTM C373-88. 1999. Water absorption, bulk denity, 
apparent porosity and apparent specific gravity of 
fired white ware products.Test methods for 
determination of porosity. 

[58] Thomas M. D. A. Hooton R. D., Scott A. and Zibara 
H. 2012. The effect of supplementary cementitious 
materials on chloride binding in hardened cement 
paste. Cem. Concr.Res. 42: 1. 

[59] Talero R., Trusilewicz L., Delgado A., Pedrajas C., 
Lannegrand R. and Rahhal V. 2011. Comparative and 
semi-quantitative XRD analysis of Friedel's salt 
originating from pozzolan and Portland cement. 
Constr. and Build. Mater. 25: 2370. 

[60] Ping Duan Zhonghe Shui Wei Chen and Chunhua 
Shen. 2013. Enhancing microstructure and durability 
of concrete from ground granulated blast furnace slag 
and metakaolin as cement replacement materials. J. 
Mater. Res. Techn. 2(1): 52. 

[61] Li H., Dinesh K., Agrawal Cheng J. and Michael R. 
Silsbee. 2001. Microwave sintering of sulfoaluminate 
cement with utility wastes. Cem. Concr. Res. 31: 
1257.  


