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GBFS has been used for many years as a supplementary
cementitious material (SCM) in concrete, either as a mineral
admixture or a component of blended cement. GBFS
typically replaces 35–65 mass% of Portland cement (OPC)
in concrete. Thus 50 mass, % replacement of OPC would
result in a reduction of many thousands of tons of CO2 over
the world of cement production [5, 6]. GBFS is a by-product
formed in the iron manufacture from the fusion of limestone
with ash from coke and the siliceous and aluminous residue
remaining from the iron ore after the reduction to iron metal.
In this process, a molten slag forms as nonmetallic liquid
that floats on the top of the molten iron. It is then separated
from the liquid metal and cooled. Depending on the cooling
mode, three types of slag are produced, i.e., air-cooled slag
(ACS), expanded or foamed slag and granulated slag [7, 8].
The rapid cooling of molten slag by water prevents the
formation of large crystals, and the resulting slag normally
contains more than 95% of glass (amorphous calcium
aluminosilicates). This type of slag is called GBFS or watercooled slag (WCS) [9]. Nanotechnology (NT) has changed
our vision, expectations and abilities to control the material
world. Nanomaterials (NMs) are gaining widespread
attention to be used in construction sector so as to exhibit
enhanced performance in terms of smart functions and
sustainable features. Better understanding of complex
structure of cement based materials at nano-level will
definitely result in a new generation of stronger and more
durable concrete, with the whole range of newly introduced
properties [10]. Actually, NMs can change the concrete
world, due to their unique physical and chemical properties,
which different from those of the conventional materials
[11]. The fundamental processes that govern the concrete
properties are affected by the performance of the material on
nano-scale. The main hydration product of cement-based
materials, the C–S–H gel, is a nano-structured material [12,
13]. The mechanical properties and the durability of
concrete mainly depend on the refinement of the
microstructure of the hardened cement paste and the
improvement of the paste-aggregate interfacial transition
zone (ITZ) [14]. During the last decade, NMs such as nanoSiO2 (NS), TiO2 (NT), Al2O3 (NA), Fe2O3 (NF), ZnO (NZ)
and carbon nano-tubes (CNTs) are commonly used in
cement products. NS has been used most extensively in
cementitious system [15], due to the highly pozzolanic
activity, which results in the formation of hydrated silicates
with densified microstructure [16-20]. Nano-SiO2 enhances
the compressive strength, reduces the permeability and
consequently improves the overall durability of hardened
concrete [21, 22]. Concrete is termed durable when it keeps
its form and shape within the allowable limits when exposed
to different environmental conditions. Over the last few
decades, the concrete durability has been a major concern of
civil engineering professionals, a considerable scientific and
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I. INTRODUCTION
With the expected increase in cement production to meet the
need of steadily growing world population and with the
urgent need to reduce the amount of energy consumed and
CO2 released in the air, there will be an increasing pressure
to reduce cement consumption. The problem of producing
blended cements has been of considerable scientific and
technological interest, because they need less energy for
production [1]. In these cements, the mineral admixtures
such as fly ash (FA), silica fume (SF), granulated blastfurnace slag (GBFS) and metakaolin (MK) are commonly
used as a partial substitution of Portland cement. These
admixtures are often added to lower the heat of hydration of
cement, decrease the impermeability, and improve the
durability and consequently modifying the physical,
chemical and engineering properties of concrete [2–4].
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technological interest, because sea structures are exposed to
simultaneous action of chemical deterioration processes as a
result of the harmful combined effects of the chemical
action of seawater constituents on cement hydration
products and the corrosion of reinforcing steel. The sulphate
and chloride ions from the environment can enter into
deleterious reactions leading to the dissolution of CH and
precipitation of gypsum and sulfoaluminates (ettringite and
monosulfate) as well as chloroaluminate (Friedel’s salt),
which cause expansion and softening of concrete,
respectively [23-25]. The CaCl2, which is formed from the
reaction of MgCl2 with liberated lime increases the leaching
and thus increases the porosity of concrete, leading to
stiffness and strength loss. Mg(OH)2 dissociates C–S–H
produces CH and silica gel [26]. The latter may react with
Mg(OH)2 to form magnesium silicate hydrate (Mg–S–H).
Also, C–S–H in hydrated cement is decomposed by MgSO4
in aggressive solutions to give gypsum, hydrated silica and
Mg–S–H, but the later, unlike silica gel, has little or no
binding properties. MgSO4 has a more aggressive effect
than Na2SO4, because MgSO4 decomposes the C–S–H
during long-term exposure to produce Mg–S–H and CH.
The presence of Mg2+ as MgSO4 or/and MgCl2 leads to the
distortion of C–S–H through a dissolution of Ca2+ or/and an
exchange with Mg2+ to give also Mg–S–H and CH. All the
above mentioned reactions are accompanied by decrease in
strength[27].Calcium, sodium, magnesium and ammonium
sulphates constitute hazards to concrete as they react with
hydrated cement paste leading to expansion, cracking,
spalling and loss of strength [23]. The chemical resistance of
blended cements results mainly from the pozzolanic
reaction, which leads to the consumption of free lime and
formation of additional amounts of calcium silicate and
aluminosilicate hydrates. These products fill up the open
pores, leading to the formation of more homogeneous and
compact microstructure. Therefore, the blended cement
specimens resist sulphate and chloride attack. Despite the
presence of several studies describing the main properties
and characteristics of concrete containing NS particles, most
of them focus on the application of NS and concrete
durability [28–34]. This work aims to study the
characteristics and durability of NS-blended cements in
Caron's Lake water.

II (B). EXPERIMENTALS
The cement blends were mixed in a rotary mixer according
to the following sequence: (i) NS was stirred with 1.0 %
superplasticizer and 25% of mixing water at high speed of
120 rpm for 2 min, (ii) the cement and the residual amount
of mixing water were added to the mixer at medium speed
(80 rpm) for 1 min, (iii) the mixture was allowed to rest for
90 second and then mixed for 1 min at high speed. For
preparation of the mortars, the sand was added gradually
and mixed at medium speed for additional 30 second after
step (ii). The mortars were prepared by mixing 1 part of
cement and 2.75 parts of standard sand proportion with
water content to obtain a flow of 110±5 with 25 drops of the
flowing table [27]. Freshly prepared cement mortars were
molded in 50×50×50 mm cubic molds. The molds were
vibrated for few minutes for better compaction. The mix
compositions of the prepared cement blends are given in
Table 2. The samples were cured under tap water for 28
days (zero time), then immersed in Caron’s Lake water for
1, 3, 6, 9 and 12 months. The chemical analysis of Caron’s
Lake water was reported in earlier publications [24, 27]. The
required water of standard consistency and setting times for
each mix were determined according to ASTM specification
[35]. The hydration of cement pastes were stopped by
pulverizing 10g of representative sample in a beaker
containing
1:1
methanol–acetone
mixture,
then
mechanically stirred for 1h. The mixture was filtered
through a G4, after washing two times with the stopping
solution and diethyl ether, then dried at 70oC for 1h, then
collected in polyethylene bags; sealed and stored in
desiccators for analysis [36]. The combined water content is
considered as the percent of ignition loss of the dried sample
(on the ignited weight basis). Approximately 2g of the predried sample were ignited up to 1000oC for 1h soaking time.
The results of combined water contents were corrected for
the water of free lime present in each sample [24]. Free lime
contents of the hydrated cement pastes can be thermally
determined. 0.5g sample of the hardened cement was placed
in a porcelain crucible introduced into a cold muffle furnace.
The temperature was increased up to 390, then to 550oC at
heating rate of 3oC /min. The loss of weight occurred
between 390 and 550oC with soaking time of 15 min is
equal to the weight of water of calcium hydroxide.
Therefore, the free Portlandite can be calculated [37]. pHvalue of hardened cement paste was estimated by placing
about 10 g of pre-dried specimen into 100 ml of distilled
water, then stirring at room temperature for 30 min using a
magnetic stirrer. PH-value was measured using pH-meter,
Schott. GLAS Mainz-Type CG 843-Germany. The bulk
density was carried out before the specimens subjected to
the compressive strength determination. Each measurement
was conducted on at least three similar cubes of the same
mix composition and curing time, then the density can be
determined [27]. Compressive strength was determined
according to (ASTM Designation: C-150, 2007) [38], a set
of three cubes was tested on a compressive strength machine
of SEIDNER, Riedinger, Germany, with maximum capacity
of 2000 KN force. The total sulfate content was
gravimetrically estimated by using 1g sample dissolved in 5
ml of concentrated HCl and 100 ml of distilled water were
added, then boil for 5 minutes, filter and wash several times
with distilled water. Add to the filtrate 10 m1 of 10% BaCl2,

II. MATERIALS AND EXPERIMENTALS
II (A). Materials
The starting materials used were ordinary Portland cement
(OPC), granulated blast-furnace slag (GBFS), nano-silica
(NS) and polycarboxylate superplasticizer. OPC was
provided from Beni-Suief Portland Cement Company and
GBFS was supplied from Iron and Steel Company, Helwan,
Egypt. Their chemical analyses are given in Table 1. The
Blaine surface area of OPC and GBFS were 3050 and 4000
cm2/g, respectively. NS with the average particle size of 15
nm, 99.9 purity% was supplied from nano-technology
laboratory, Faculty of Science, Beni-Suief University, BeniSuief, Egypt. XRD, TEM and SEM of NS are given in
Figs.1 and 2. Conplast SP-610 superplasticizer was obtained
from Fosroc Company, 6 October City, Egypt. It is an
opaque light yellow liquid with density 1.08 g/ml and
chloride content < 0.1 mass%.
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digest, filter and ignite at 1000oC for 30 minutes. The total
sulfate content was calculated as:

SO3 , % =

open pores. Generally, the chemically combined water
contents show a higher increase up to one month; this is
mainly due to the acceleration effect of MgSO4 and MgCl2
on the hydration of cement [24]. Mix M1 gives lower
chemically combined water contents than those of mix M0.
The values of chemically combined water contents of
specimens cured in Caron’s Lake water for 12 months
increases with NS content up to 4%. NS particles accelerate
the hydration of cement, due to the higher activity and
higher surface area [41]. The composite cement paste
containing 4 mass, % NS (M5) has the highest values of
chemically combined water content up to 12 months. NS
reacts with the liberated CH during the hydration of cement
phases to form additional hydrated products such as C-S-H
and C-A-S-H. The values of chemically combined content
decreases with 5-6% NS (M6 and M7), but still higher than
M0 and M1 pastes.

weight of ppt.
× 34.3
M

Where, M is the weight of sample in grams. Total chloride
was determined by weight 2 g into a stopper conical flask,
dispersed with 25 ml water and then added 10 ml of nitric
acid (sp. gr. 1.42). Add 50 ml hot water, heat to near boiling
and keep warm for 10 to 15 minutes. If the supernatant
liquid is turbid, filter through filter paper (41) and wash with
hot water, then cool to room temperature. An excess of
standard 0.1N AgNO3 was added and 2-3 ml of
nitrobenzene to coagulate the precipitate, stopple the flask
and shake vigorously, then add 1 ml of ammonium ferric
alum as indicator and titrate against standard 0.1 N
ammonium thiocyanate [24 & 27]. The powder method of
X-ray diffraction (XRD) was adopted in the present study.
For this, a Philips diffractometer PW 1730 with X-ray
source of Cu kα radiation (λ=1.5418Å) was used. The scan
step size was 2θ, the collection time 1s, and in the range of
2θ from 5 to 65o. The X-ray tube voltage and current were
fixed at 40 KV and 40 mA respectively. An on-line search
of a standard database (JCPDS database) for X-ray powder
diffraction pattern enables phase identification for a large
variety of crystalline phases in a sample. The morphology of
the hydration products was investigated through ESEMEDX after specified hydration times were investigated by
ESEM ‘’Inspect S’’, FEI Holland.

III (C). The free Portlandite contents and pH values
The free Portlandite contents and pH values of the different
hardened cement composite pastes containing NS immersed
in Caron’s Lake water up to 12 months are plotted against
curing time in Figs. 5 and 6. The free Portlandite contents
and pH values of composite cement pastes decrease with
curing time for all composite cement pastes up to 12
months, this is due to the pozzolanic reaction of both GBFS
and NS with the liberated free portlandite from the hydration
of OPC cement clinker phases (β-C2S and C3S). As NS
content increases, the values of free Portlandite contents and
pH values decrease, due to the higher pozzolanic activity of
NS. Therefore, the addition of NS in the presence of 1%
superplasticizers tends to form dispersed-hydrated products
with low C/S and low Ca(OH)2 content, leading to form
homogeneous composites. Pozzolanic C–S–H gels have a
lower Ca/Si ratio and different gel porosities as shown in the
pore structure of composite cement with slag and nano-silica
addition were reported in [42, 43]. The combination of
superplasticizer and NS the microstructure displayed a more
denser arrangement of microcrystalline CSH as the main
hydration products with minor or nil amounts of Ca(OH)2.
The addition of nano-silica promotes the densification of the
cement matrix. Despite this densification, the apparent
porosity of paste increases with the addition of nano-silica,
similarly to the results obtained for the porosity of
superplasticized pastes. NS made the pore structure of paste
more homogeneous by increasing medium capillary
porosities. The increased gel porosity can be caused by an
increase in the amount of C–S–H gel in the paste; this is due
to the acceleration effect of the nano-silica [17]. The
increased gel porosity could result from a higher hydration
degree and from the properties of the gel produced by the
pozzolanic reaction of the nano-silica particles. As the NS
content increases, the values of both free Portlandite
contents and pH values decrease, due to the higher
pozzolanic affinity of NS in comparison with GBFS [16].
This indicates that cement pastes containing different
contents of NS were more durable in Caron’s Lake water
than OPC pastes, this is due to the formation of additional
amounts of calcium silicate hydrates, which were formed by
pozzolanic reaction filling the available pores and leading to
restrict of the penetration by the aggressive ions (SO42- and
Cl-) [27]. OPC cement paste had the highest value of free

III. RESULTS AND DISCUSSION
III (A). The required water of standard consistency and
setting times
The required water of standard consistency, initial and final
setting times of the prepared OPC-GBFS-NS composite
cement pastes are graphically represented in Fig. 3. It can be
seen that the required water of standard consistency of M1
(55% OPC, 45% GBFS, 0% NS) decreases, whereas the
initial and final setting times elongated, this is due to the
lower hydraulic reactivity of GBFS in comparison with OPC
during the very early ages of the hydration; this is due to the
formation of acidic oxide film formation on the outer most
layers of slag grains. The required water of standard
consistency and setting times of OPC-GBFS-NS composite
cement pastes increases with NS content [39]. Replacement
of NS instead of OPC increases of the required water of
standard consistency; this is due to high surface area of NS.
Initial and final setting times are elongated with NS content.
The retardation of the setting processes is due to presence of
1% polycarboxylate superplasticizer as well as the excess of
mixing water required for standard consistency [40].
III (B). Chemically combined water contents
The variations of the chemically combined water contents
with curing time of all hardened composite cement pastes in
comparison with SRC pastes immersed in Caron’s Lake
water for 0, 1, 3, 6, 9 and 12 months are graphically
represented in Figure 4. Chemically combined water
contents increases with the increase of curing ages for all
hydrated cement pastes. This is mainly due to the
continuous hydration of the cement clinker phases to form
more hydrated products, which deposited in the available
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lime. The Portlandite contents of the OPC pastes decreased
with curing time up to 3 months and then increased up to 1
year. The decrease of free Portlandite contents was mainly
due to the reaction with MgCl2 and MgSO4 forming CaCl2,
CaSO4 and Mg(OH)2. Magnesium ion form a layer of
brucite at the exposed surface in presence of free lime,
because of the low solubility of brucite, the penetration of
Mg2+ beneath the brucite layer into the interior of the paste
is restricted. The brucite formation consumes a high amount
of free lime released from hydration. Once the available
Ca(OH)2 is depleted[44]. Furthermore, the presence of
sodium chloride increased the solubility of Ca(OH)2 [24,
27]. The increase of Portlandite of OPC pastes after 3
months up to 1year. Mg(OH)2 dissociated C-S-H and
produced Ca(OH)2 and silica gel. Silica gel reacted with
Mg(OH)2 to form magnesium silicate hydrates, which led to
the increase of free lime content [45].

phases; consequently, the hydration of the cement mortars is
accelerated [28]. The strong and instantaneous interaction
between NS and liberating Portlandite leading to the
formation and accumulation of excessive amounts of
hydrated products mainly as CSH, which fill the pore
system and tend to increase the gel/space ratio, causing
packing effect. The compressive and flexural strengths of
cement mortars containing NS are higher than those of M0
and M1. The results show also that the compressive and
flexural strengths of the investigated specimens increase
with NS up to 4 mass, % NS. Mortars containing M5
possess higher values of compressive and flexural strengths
than those of the other mortars. The addition of NS tends to
improve the durability of OPC cements mortars in
aggressive solution. This is attributed to the effect of NS,
which behaves not only as a filler to improve
microstructure, but also as an activator to promote
pozzolanic reaction as well as acts as nucleating sites to
form more accumulation and precipitation of calcium
silicate, aluminate and alumino-silicate hydrates in the open
pores originally filled with water, leading to the formation
of homogeneous, dense and compact microstructure. OPC
cements mortars give the lower compressive strength values
at all immersing ages, this is mainly due to the high content
of Portlandite, which formed during the hydration. As a
result of this CaCl2 and CaSO4 are formed. The chloro- and
sulphoaluminate hydrates are formed, which make softening
and expansion. The penetration of sulphate ions into the
mortars would result in conversion of calcium aluminate
hydrate and monosulphate aluminate hydrate into ettringite,
which expands resulting internal stresses, cracking and
deterioration of cement mortars. MgCl2 also reacts with
Ca(OH)2 forming CaC12 and Mg(OH)2. Calcium chloride
reacts with calcium aluminate hydrates producing calcium
chloroaluminate hydrates, which has deleterious effect on
cement that decrease in the strength after 3 or 6 months up
to 12 months for M0 and M1 respectively. Very fine NS
with high surface area, improves the packing of particles at
the surface of the cement grains, which also favors the
pozzolanic reaction, i.e. the formation of denser and high
stiffness C–S–H phases [19, 40, 46]. The changes in the
microstructure in the presence of NS is responsible for the
highly increase in compressive strength. Composite cement
mortars containing NS showed higher values of compressive
and flexural strengths, due to the decreased accessibility of
sulfate and Chloride ions towards the more dense structure
and low capillary pore structure of the hardened pastes
during prolonged hydration. It can be concluded that mix
M.5 is the optimum mix which has a high durability and can
resist the effect of the sulfate and chloride attack.

III (D). Compressive, flexural strengths and Bulk density
Compressive, flexural strengths and bulk density of
hardened composite cement mortars containing NS in
comparison with OPC mortars immersed in Caron’s Lake
water up to 12 months were graphically represented in
Figs.7-9. The results showed that the compressive, flexural
strengths and bulk density of all composite cement mortars
containing different contents of NS increased up to 1 year.
In contrast, the compressive strength, flexural strength and
bulk density of OPC mortar (M0) increased up to 3 months,
whereas these values corresponding of mix (M1) increase up
to 6 months and then decreased up to 12 months. The
increase of compressive strength of cement mortars up to 3
or 6 months is due to the acceleration effect of sulfate and
chloride ions on the hydration of cement phases, which led
to form calcium silicate and calcium sulphoaluminate
hydrates. The amount of C–S–H increased greatly during the
first 3 months of hydration; therefore the compressive
strength was enhanced. The mixture M1 has a higher
compressive strength than OPC mortars when immersed in
Caron’s Lake water, this is due to the pozzolanic reaction of
GBFS that helped in the formation of a denser structure, the
amount of C-S-H increases during the first 6 months, as well
as due to the acceleration effect of MgSO4 and MgCl2 on the
hydration of cement. Parts of the Mg2+ ions is adsorbed and
incorporated into the particles of calcium silicate hydrates.
This process stabilizes and enhances its crystallization as
well as strength of cement pastes. NaCl presents in Caron’s
Lake water increases the solubility of Ca(OH)2, which
increases the stability of calcium silicate hydrates and
consequently the strength of the cement mortars increases.
On one hand, a part of the Na+ tends to be absorbed by the
particles of C-S-H and to be incorporated into its interlayer
space [24, 26], to give better ordered calcium silicate
hydrates that formed and the strength increases. On the other
side, the decrease of compressive strength after the first 6
months and up to one year is mainly due to the aggressive
attack of chloride and sulphate ions containing Caron’s Lake
water. The results indicate that, the compressive and
flexural strengths are improved with curing age. The
reactivity of NS is controlled by its specific surface area and
the amount of Q2-3 (silanol) Si–OH groups, which cover the
NS particle. These groups constitute condensation sites for
monomeric silica units released from the cement clinker

III (E). Total chloride contents
Figure 10 represents the variation of total chloride contents
of composite cement as well as OPC pastes immersed in
Caron’s Lake water for 0, 1, 3, 6, 9 and 12 months. The total
chloride contents increased with curing time up to 12
months for all hardened cement pastes. This is mainly due to
the chemical reaction of Cl- ions with free Portlandite and
C3A as well as C4AF to produce CaCl2 and calcium
chloroaluminate hydrates. The total chloride contents of
OPC cement pastes (M0) had higher values than the OPCGBFS pastes mix M1. OPC pastes (M0) showed the highest
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value of chlorides due to the increase of liberated lime,
which reacted with chloride ions giving calcium
chloroaluminate hydrates. The values of total chloride
contents of the composite cement pastes have lower values
up to 12 months. Composite cement pastes containing NS
led to lower Ca2+ concentration and porosity to produce a
compact structure with very much finer pores, thereby
inhibiting the chloride ion penetration [28]. The increased
gel porosity could result from a higher hydration degree and
from the properties of the gel produced by the pozzolanic
reaction of NS particles. Pozzolanic C-S-H gels have a
lower Ca/Si ratio [43]. NS promotes the densification of the
cement matrix. Despite this densification, the apparent
porosity of paste increases with the addition of NS. This
improve the durability of composite cement pastes
containing NS, hence the total chloride contents decreased.
The accumulation of excessive amounts of hydrates within
the open pore systems, due to the highly pozzolanic reaction
of NS with liberated CH to produce a more compact
structure with very much finer pores, thereby inhibiting the
chloride ion penetration; this effect leads to a decrease in the
accessibility of chloride towards the more compact structure
with low capillary pore structure of the hardened pastes after
prolonged hydration. It was found that, blending of OPC
with NS is beneficial to the prevention or the decrease of
chloride ions diffusion, due to formation of more compact
and finer pore structure.

III (G). Interpretation of XRD diffraction patterns
Figure 12 illustrates the XRD patterns of M0, M1 and M5
immersed in Caron’s Lake water for 0, 1, 6, and 12 months.
X-ray diffractograms of composite cement pastes containing
different contents of NS show the presence of diffraction
lines corresponding to Ca(OH)2, β-C2S, C3S, CaCO3 and
CSH. XRD peak patterns corresponding to phases (β-C2S
and C3S) decreases with curing time increases, due to the
increase of the hydration process. Calcium chloroaluminate
hydrate is not formed during immersion in tap water (0
month). Increase the hydration times, the intensity of the
peaks corresponding to the calcium chloroaluminate hydrate
increases, whereas the intensity of the peaks corresponding
ettringite hydrate decreases. Caron’s Lake water contains
12543 ppm Cl- and 8680 ppm SO42- [24, 27]; therefore, the
effect of chloride on the cement pastes is higher than the
effect of sulphate. This is due to the small radius of Cl- in
comparison with SO42-. The competition exists between
sulphate ions and chloride ions. So, sulphate ions decrease
the chloride-binding capability greatly. Obviously, the lower
of suphate content of composite cement pastes containing
NS is one of the reasons that composite cement containing
NS has higher performance to resist the chloride-induced
corrosion attack, due to the higher radius of SO42- ions and
their effect on the chloride binding is less [47]. The intensity
of CH peaks decrease with the increase of NS content, this
is due to the pozzolanic reaction of NS with CH to form the
additional calcium silicates hydrated phases. XRD
diffraction patterns of M5 hydrated showed that the peaks of
CH and anhydrous silicate phases (β-C2S and C3S) decrease
with immersion time up to 12 months. This is due to
pozzolanic activity of NS with the liberated CH to form
additional hydrated products. These additional hydrated
products precipitated in the available open pores to form
more compact and closed microstructure with higher
stiffness C-S-H. The more compact close structure,
inhibiting the SO42- and Cl- ions penetration; leads to
decrease the accessibility of SO42- and Cl- ions towards the
more compact structure. The suphates influence the
chloride-binding capability, because of the preferential
reaction between suphates and C3A. More C3A reacts with
suphates; less C3A can bind the chloride to form calcium
chloroaluminate hydrates. But OH- ion can be exchanged
with chloride ion, because the OH- ion is attracted by the
electrovalent bond to form calcium chloroaluminate hydrate
as well as structure of C4AH13 can be denoted as
2[Ca2Al(OH)6OH.H2O][48]. Suphates are more aggressive
than chloride, due to that; the chemical bounded chlorocompounds are not expansive. Chloride chemically reacts
with the aluminate of hydrated phases of cement such as
monosulphates, forming 3 CaO. Al2O3. CaCl2. 10 H2O
(Friedel’s salt). Another oxychloride compounds
(x Ca(OH)2. y CaCl2. z H2O) can be also formed in the
presence of concentrated chloride salts. The presence of
chloride limited the sulphate attack, due to the increase of
solubility of Portlandite and the formation of hydrated CaCl2
compounds [49].

III (F). Total sulphate contents
Figure 11 represents the variation of total sulphate contents
of composite cement as well as OPC pastes immersed in
Caron’s Lake water for 0, 1, 3, 6, 9 and 12 months. The total
sulphate contents increased with curing time up to 12
months for all hardened cement pastes. This was due to the
immersion of pastes in Caron’s Lake water containing
sulfate ions forming calcium sulfate dihydrate (gypsum) and
a tricalcium sulphoaluminate (ettringite) phase [24, 27]. The
OPC pastes gave higher values of total sulphate content than
those composite cement pastes containing NS up to 12
months; this is due to the higher content of Portlandite.
Sulphoaluminate hydrates are formed at early ages of
hydration, which need high amount of sulphate ions,
precipitate, close the pores and hinder the penetration of
more sulphate ions. The total sulphate content increases
sharply at one month, then the specimens show gradually
increase at the later ages of hydration. The high reactivity
and faster pozzolanic activity of NS particles produced a
more refined microstructure. Accumulation of excessive
amounts of hydrates within the open pore systems to
produce a more compact structure with very much finer
pores, inhibiting the sulphate ions penetration; leads to
decrease the accessibility of sulfate ions towards the more
compact structure. Radius of Cl- ion is smaller the radius of
sulphate ion, so the attack of Cl- ions more effective at all
curing ages than the sulphate attack. On the other hand,
when NS was added, the cement pastes become almost
impermeable to the penetration of SO42- ions. This can be
explained by the presence of homogeneous micro structure,
characterized by compact and small-sized C–S–H gel, which
leads to refinement of the microstructure of the paste [28].

III (H). Microstructure
Figs.13-15 show SEM micrographs of hardened cement
pastes of M0, M1 and M5 immersed in Caron’s Lake water
for 0, 6 and 12 months. Fig.13 shows SEM micrographs of
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hardened pastes of M0 immersed in Caron’s Lake water for
0, 6 and 12 months. Fig.13 (A) shows a flocculent and
porous structure of ill crystalline C-S-H and sheets of
massive Ca(OH)2 embedded through regions of C-S-H gel
with a wider pores are available for crystallization of the
formed hydrates. Fig.13 (B) represented the presence of
ettringite needles, hexagonal plates and Friedel’s salt within
the pore system. Increase the immersion time up to 12
months, hexagonal plates of Friedel’s salt and plates of
Portlandite growing in pores as shown in Fig.13 (C). Fig.14
shows SEM micrographs of hardened pastes of M1
immersed in Caron’s Lake water for 0, 6 and 12 months,
respectively. Fig.14 (A) shows porous structure of ill
crystalline C-S-H and sheets of massive Ca(OH)2 within the
pores. Increase the immersion time NaCl content activates
the GBFS pozzolanic reactivity (M1 contains 45 wt., %
GBFS), leading to the formation of hydrated aluminates of
layered structure as observed in Fig.14(B), which are
subsequently transformed into Friedel’s salt via OH-/Clionic exchange inside the interlayer space [50]. Increase the
immersion time up to 12 months, hexagonal plates of
Friedel’s salt and plates of Portlandite growing in pores as
shown in Fig.14(C). The microstructural analysis of the
hardened composite NS characterized by compact and
small-sized C–S–H gel. NS caused a refinement of the
microstructure and induced the precipitation of small-sized
C–S–H gel, probably having a higher stiffness and lower
Ca/Si ratio [32]. Fig.15 shows SEM micrographs of
hardened pastes of M5 immersed in Caron’s Lake water for
0, 6 and 12 months. Fig.15 (A) showed that, the micrograph
is composed of dense structure of platelet-like hydrates of
C-S-H and crystalline hydrates having close structure with
interlocking arrangements. NS has high pozzolanic activity
reacted with CH liberated from the cement hydration to
form additional C-S-H. The occurrence of C-S-H in large
quantity is responsible for bridging cement particles and
producing a rigid system. Fig. 15 (B) presents the presence
of closed structure arrangement due to precipitation of CS-H within the wider pores. The micrograph shows also, the
paste has a high degree of hydration and lower porosity.
After 12 months immersion in Caron’s Lake water
somewhat hexagonal plates of Friedel’s salt and ettringite
needles on the surface of wider pore system and absence of
sheets of hexagonal plates of Portlandite Fig. 15 (C).
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Table 1: Chemical analysis of OPC, GBFS and NS, (mass %)
SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

Na2O

K 2O

L.O I.

Total

OPC

21.30

3.58

5.05

63.48

1.39

2.05

0.26

0.22

2.57

99.90

GBFS

43.21

9.97

0.59

35.96

5.43

1.37

0.79

0.67

1.98

99.97

--

--

NS

88.61

0.01

0.01

0.01

0.01
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Table 2: Mix composition of OPC and composite cements in mass, %
Mix No.

OPC

GBFS

NS

M0

100

0

0

M1

55

45

0

M2

54

45

1

M3

53

45

2

M4

52

45

3

M5

51

45

4

M6

50

45

5

M7

49

45

6

Fig. 1: XRD of nano-silica

Fig. 2: (A) TEM and (B) SEM photographs of nano-silica
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Fig. 3: Water of consistency, initial and final setting times of OPC-GBFS-NS pastes
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Fig. 4: Combined water contents of OPC-GBFS-NS pastes immersed in Caron’s Lake water up to 1 year
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Fig. 5: Free lime contents of OPC-GBFS-NS pastes immersed in Caron’s Lake water up to 1 year
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Fig. 6: pH values of OPC-GBFS-NS pastes immersed in Caron’s Lake water up to 1 year
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Fig. 7: Compressive strength of OPC-GBFS-NS mortars immersed in Caron’s Lake water up to 1 year
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Fig. 8: Flexural strength of OPC-GBFS-NS cement mortars immersed in Caron’s Lake water up to 1 year
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Fig. 9: Bulk density of OPC-GBFS-NS mortars immersed in Caron’s Lake water up to 1 year
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Fig. 10: Total chloride contents of OPC-GBFS-NS pastes immersed in Caron’s Lake water up to 1 year
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Fig. 11: Total sulphate contents of OPC-GBFS-NS pastes immersed in Caron’s Lake water up to 1 year
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Fig. 12: XRD patterns of M0, M1 and M5 immersed in Caron’s Lake water for 0, 6 and 12 months
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(A)

(B)

(C)

Fig. 13 (A& B &C): SEM micrographs of M0 immersed in Caron’s Lake water for 0, 6 and 12 months, respectively
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(A)

(B)

(C)

Fig. 14 (A& B &C): SEM micrographs of M1 immersed in Caron’s Lake water for 0, 6 and 12 months, respectively
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(A)

(B)

(C)

Fig. 15 (A& B &C): SEM micrographs of M5 immersed in Caron’s Lake water for 0, 6 and 12 months, respectively
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