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Abstract The aim of the present work is to evaluate the effect of nano-silica (NS) on physico-

chemical, compressive and flexural strengths of OPC-granulated slag blended cement pastes and

mortars. Different mixes were made with various amounts of NS, OPC and granulated blast-fur-

nace slag (GBFS) and hydrated for 3, 7, 28 and 90 days. The hydration behavior was followed

by estimation of free lime (FL) and combined water content at different curing ages. The required

water for standard consistency, setting times and compressive strength was also determined. The

results obtained were confirmed by XRD, DTA, IR and SEM techniques. The required water

for standard consistency and setting times increases with NS content due to the presence of 1%

of superplasticizer. As the NS content increases the values of both FL and pH decrease. The com-

pressive and flexural strengths of cement mortars containing NS are higher than those of control

OPC–GBFS mix (M3). As the NS content increases above 4 mass% NS, compressive and flexural

strengths of OPC–GBFS–NS blends decrease but still more than those of the control samples (M3).

The results of XRD, DSC, IR and SEM examinations are in good harmony with each other and

with chemical analyses. The composite OPC–GBFS–NS cements containing 45 mass% of GBFS

and 3–4 mass% of NS possess the highest improvement of mechanical properties, hydration kinet-

ics and microstructure of hardened cement pastes and mortars.
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Introduction

Concrete is one of the most widely used construction material.

However, themanufacture of Portland cement (main component
of concrete) is highly energy intensive and involves the emissionof
CO2 to the atmosphere. Nowadays, energy saving in building

technology is one of the most important problems in the world.
Reduction of energy usage can take place even by designmethods
[1] or using waste materials [2]. To save energy and reduce CO2

emission, the mineral admixtures such as fly ash (FA), silica fume
(SF), ground blast-furnace slag (GBFS) and metakaolin (MK)
ction and hosting by Elsevier B.V. All rights reserved.
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Fig. 1 XRD of nano-silica.
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are commonly used as a partial substitution of Portland cement.
Also, these admixtures are often added to change the physical and
chemical properties of the concrete [3–5].

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 in concrete. Thus
50 mass% replacement of Portland cement would result in a
reduction of approximately 500,000 t of CO2 over the world

of cement production [6,7]. Using GBFS as a partial replace-
ment takes advantage of the energy saving in Portland cement
and is governed by AASHTO M302 [8].

Blast-furnace slag (BFS) is produced from the manufacture

of pig iron. It forms when the slagging agents are added to the
iron ore to remove impurities. In the process of reducing iron
ore to iron metal, 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 (sand-like) slag [9,10].
The rapid cooling of molten slag by water prevents the forma-
tion of large crystals, and the resulting slag normally contains

more than 95% of glass (amorphous calcium aluminosilicates).
This type of slag is called water-cooled slag (WCS) or granulated-
blast furnace slag (GBFS) [6,11]. The chemical composition of
slag can vary over a wide range depending on the nature of the

ore, the composition of the limestone flux coke and the type of
iron being made. The main constituents include: CaO, SiO2 and
Al2O3. In addition, it contains a small amount of MgO, FeO

and sulfides such as CaS, MnO and Fe [12,13]. GBFS is widely
used around the world as a cement replacement material in
blended cements and shows both cementitious behavior and

pozzolanic activity (reaction with free portlandite) [14,15]. Pure
slag reacts with water at a slow rate. The presence of highly
alkaline medium is required to disintegrate its acidic silicate–

aluminate network [16–18].
Combining the management of wastes and nanotechnology

can lead to accessing both performance of structural compo-
nents and reduction of the harmfulness of hazardous byprod-

ucts. The application of nanotechnology in the civil
engineering related industry can play an important role in
the quality of building materials (strength, durability and light-

ness). Extremely fine size of nanoparticles (nPs) can greatly
affect the hydration kinetics of cement, yielding favorable
characteristics [19–25]. Nano-materials (NMs) show unique

physical and chemical properties than ones, which are cur-
rently available [26–28]. The tendencies to agglomerate of
NMs can be restricted by using dispersing admixtures or by
applying different techniques during the mixing process

[29,30]. NMs improve the performance of cement; in fresh or
in hardened state, where the strength properties were increased
as well as promote the hydration reactions [31–34].

Themost commonly usedNMs in cement products are nano-
SiO2 (NS), TiO2 (NT), Al2O3 (NA), Fe2O3 (NF), ZnO (NZ) and
carbon nano-tubes (CNTs) [35–43]. NS has a significant role,
Table 1 Chemical analysis of OPC (mass%).

SiO2 Al2O3 Fe2O3 CaO

OPC 21.30 3.58 5.05 63.48

Slag 43.21 9.97 0.59 35.96
due to the highly pozzolanic activity with calcium hydroxide
(CH) released during the hydration of cement phases to form
more hydrated products, which fill the available pores with

improving the microstructure [44–48]. Senff et al. [33] found
that, fluidity; spreading and hardening time of the cement paste
and mortar were reduced as the NS content was increased. In

general, the presence of NS accelerates the initial hydration of
C3S as a result of its highly reactive surface [33,49,50]. As a con-
sequence, the microstructure becomes more closed and com-

pact, hence mechanical properties are improved [51–53].
Using slag in cement pastes, mortars and concretes as a

binder has been addressed in several works, but there are
few articles related to the impact of nano-particles on the

hydration characteristics and microstructure of blended
cements containing slag. Therefore, this study aims to inves-
tigate the characteristics of blended cements containing

nano-SiO2 and GBFS.

Materials and methods

Materials

The starting materials used were ordinary Portland cement
(OPC), granulated blast-furnace slag (GBFS), nano-silica
(NS) and polycarboxylate superplasticizer. OPC was provided

by Beni-Suief Portland Cement Company and GBFS was sup-
plied from the Iron and Steel Company, Helwan, Egypt. Their
chemical analyses are given in Table 1. The Blaine surface area

of OPC and slag were 3050 and 4000 cm2/g, respectively.
Nano-silica with the average particle size of 15 nm, 99.9%
purity was supplied from the nano-technology laboratory,
Faculty of Science, Beni–Suief University, Beni–Suief, 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%.
MgO SO3 Na2O K2O L.O I. Total

1.39 2.05 0.26 0.22 2.57 99.90

5.43 1.37 0.79 0.67 1.98 99.97



Fig. 2 (A) TEM and (B) SEM photographs of NS.
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Methods

The cement blends were mixed in a rotary mixer according to
the following sequence: (i) NS was stirred with 1.0% superp-
lasticizer and 25% of mixing water at a 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 s and then mixed for 1 min at high speed. For preparation

of the mortars, the sand was added gradually and mixed at a
medium speed for an additional 30 s 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 [54]. Freshly pre-
pared 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 required water of standard consistency and setting

times was measured according to ASTM specification [55].
The hydration of cement pastes was stopped as described in a
previous work [56]. The chemically combined water (Wn) and

free lime (FL) contents were determined elsewhere [57,58].
The pH values of hardened cement paste were measured by
placing about 10 g of the ground dried specimen into 100 ml

of distilled water, then stirring for 30 min using a magnetic stir-
rer, and then the pH value was measured using pH meter,
Table 2 Mix composition of OPC and blended cements,

mass%.

Mix no. OPC GBFS NS

M0 100 0 0

M1 85 15 0

M2 70 30 0

M3 55 45 0

M4 40 60 0

M5 54 45 1

M6 53 45 2

M7 52 45 3

M8 51 45 4

M9 50 45 5

M10 49 45 6
Schott. GLAS Mainz-type CG 843-Germany. Bulk density
[58], and compressive strength were measured according to
ASTM (Designation: C-150, 2007) [59]. Some selected hydrated

samples were investigated using XRD, FTIR, DSC and SEM
techniques. For XRD, a Philips diffractometer PW 1730 with
X-ray source of Cu Ka radiation (k = 1.5418 Å) was used.

The scan step size was 2h in the range from 5� to 65� at collec-
tion time 1 s. 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 pat-
tern enables phase identification for a large variety of crystal-
line phases in a sample [60]. FTIR spectroscopic analysis was
carried using a Mattson Gensis IR spectrometer in the range

from 400 up to 4000 cm�1 [61]. DSC was conducted using
Shimadzu DSC-50 thermal analyzer at a heating rate of
10 �C/min. with nitrogen at a flow rate of 30 cm3/min. The

microstructure was investigated by ESEM ‘‘Inspect S’’, FEI
Holland. Backscattered electron detector (BSED) imaging was
used to study the specimen’s morphology without any coating.

Results and discussion

Characteristics of OPC–GBFS blends

The variations of the required water of standard consistency as

well as setting times of the prepared cement pastes made of
OPC and OPC–GBFS mixes (M0, M1, M2, M3 and M4), are
graphically represented in Fig. 3. It can be seen that the water
demand decreases and setting times increase with increasing

the slag content. 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, which hinder
the water penetration and the progress of hydration reaction at
the very early ages of the hydration [62].

The chemically combined water content (Wn, %) of the
hydrated OPC and OPC–GBFS pastes are graphically
represented as a function of curing time in Fig. 4. Wn% in-
creases with curing time for all hydrated cement pastes, this

is mainly due to the increase of the amount of hydrated prod-
ucts in addition to the reaction of the slag portion with
Ca(OH)2, which precipitated in open pore systems [63]. The

OPC–GBFS cement pastes give relatively lower combined
water content than those of OPC, especially at early hydration
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Fig. 3 Water consistency, initial and final setting times of the investigated cement pastes.
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Fig. 4 Combined water content of hydrated cement mixes

containing GGBFS with curing time up to 90 days.
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Fig. 5 Free lime contents of cement pastes containing different

slag portions hydrated up to 90 days.
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ages up to 14 days. But, at later stages of the hydration, cement
mixes M2 and M3 show higher values of chemically combined

water content than those of OPC; this is attributed to the
higher pozzolanic activation of slag portion at longer curing
times.

The pozzolanic reaction of GBFS can be followed by moni-
toring the values of pH and/or free lime (FL%) content ofOPC–
GBFS cement pastes at different hydration times up to 90 days.

FL% and pH value of the investigated cement pastes are graph-
ically plotted as a function of curing time in Figs. 5 and 6, respec-
tively. The results of Figs. 5 and 6 indicate that the values of FL
and pH decrease with increasing hydration time for all OPC–

GBFS cement pastes, whereas the values of pH and free lime
content of the neat OPC paste increase with the increasing of
curing time up to 90 days. This is due to the hydration progress
of OPC cement pastes with a continuous liberation of free
Ca(OH)2. On the other hand, FL% of OPC–GBFS cement

pastes decreases with increasing slag content.
There are two opposing processes, the first is the hydration

of cement clinker phases (lime production) and the second is the

pozzolanic reaction of GBFS with the liberated free Ca(OH)2
(lime consumption). The rate of the second process exceeds that
of the first process, especially at the later hydration times. The

increase of GBFS content decreases the values of the FL and
pH, due to the decrease in the content of OPC (dilution effect).

The variations of bulk density (dp), compressive and flex-
ural strengths of the hydrated OPC–GBFS blended cement

mortar are plotted as a function of curing time up to 90 days
in Figs. 7–9, respectively. It is clear that, the compressive
and flexural strengths as well as the bulk density increase with
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the increase of the curing time for all blended cement mortars;
this is due to the continuous hydration and formation of hy-
drated calcium silicate (CSH), aluminate (CAH) and alumi-

no-silicate (CASH) hydrates, which precipitate in the open
available pores, leading to the formation of more homoge-
neous and compact structure. The compressive and flexural

strengths decrease with increasing GBF content at early hydra-
tion ages. The values of compressive and flexural strengths of
OPC–GBFS blended cement mortar are higher than those of

the OPC mortar; this is due to the pozzolanic reaction of
GBFS with the liberated CH from OPC cement hydration,
which enhances at later hydration times [64,65], leading to

the formation and accumulation of additional CSH, CAH
and CASH hydrates, which are responsible for strength prop-
erties. By increasing GBFS content (M3) the values of com-
pressive and flexural strengths exceed those of the values of

control OPC mix. On the other hand, M4 that contains
Fig. 8 Compressive strength of hardened cement mortars co
60 mass% of GBFS has lower strength properties than OPC

mortar up to 90 days. It has been found that, 45 mass% of
GBFS as a partial replacement of OPC has the optimum mix
composition.

Fig. 10 shows XRD patterns of the blended cement paste
made of M3 hydrated up to 90 days. Evidently, the hydration
products are mainly calcium silicate hydrate (CSH) with vari-

ous C/S ratios and portlandite (CH) in addition to the remain-
ing anhydrous parts of b-C2S and C3S grains. As the hydration
proceeds, the peak intensity of CSH increases, whereas those

peaks of CH decrease; this is due to pozzolanic reaction of
the active silica and alumina of the GBFS with the released
portlandite during OPC cement hydration.

FTIR spectra of OPC–GBFS cement paste containing

45 mass% of GBFS (M3) hydrated at different times are
graphically represented in Fig. 11. Evidently, Fig. 11 shows a
small peak located at about 3650 cm�1 due to –OH group from

Ca(OH)2 [66]. The intensity of this peak decreases with curing
ntaining different GBFS contents hydrated up to 90 days.



Fig. 9 Flexural strength of hardened cement mortars containing GBFS with curing time up to 90.

Fig. 10 XRD patterns of blended cement paste of M3 hydrated at 3, 28 and 90 days.

5001000150020002500300035004000
Wavenumber [cm-1]

0

40

80

120

Tr
an

sm
itt

an
ce

M3-3 days

M3-28 days

M3-90 days

Fig. 11 FTIR spectra of hydrated M3 at different curing times.
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time, due to the pozzolanic activity of slag. The broad bands
located at 3400 and 1640–1650 cm�1 are assigned to the

stretching and bending vibrations of water lattice in CSH,
CAH and CASH hydrates. The band that appeared around
950 cm�1 is attributed to CSH [67]. Its intensity increases with
curing time, due to the continuous hydration of OPC phases as

well as the pozzolanic reaction of slag portion with free port-
landite. The observed band at 1475 cm�1 is due to the stretch-
ing vibration of C–O bond in CO3

2�, which results from the

carbonation of hydrated products. Its intensity decreases with
curing time, due to the increase of bulk density and the hin-
drance of carbonation of the hydrated samples. The observed

bands at about 1080 and 485 cm�1 may be due to SO4
2� asso-

ciating with ettringite formation, which decreases with curing
time, due to the increase of hydration activity of slag and
formation of more CSH instead of hydrated calcium

sulfoaluminates.
Fig. 12 represents the DSC thermograms of M3 cement

paste hydrated at 3, 28 and 90 days. The following peaks are

observed: (i) an endothermic peak in the temperature range
of 80–120 �C related to the removal of free water as well as
the dehydration of CSH, aluminate and sulfoaluminate hy-

drates, which clearly increases in intensity with hydration time;
(ii) an endothermic peak at temperature of 485 �C, which is
attributed to the Ca(OH)2 decomposition, which decreases in
intensity with increasing hydration time, indicating the

progress of pozzolanic reaction (consumption of Ca(OH)2 by



Fig. 12 DSC thermograms of M3 cement paste with curing

times up to 90 days.

Characteristics of blended cements containing nano-silica 249
GBFS); (iii) an endothermic peak at the temperature range
700–760 �C attributed to the decomposition of CaCO3. The
intensity of hydrated calcium silicate peak increases with

increasing time of the hydration.

Characteristics of OPC–GBFS–NS blends

Water of standard consistency and setting times of OPC–

GBFS–NS composite cement pastes as a function of NS con-
tent are graphically illustrated in (Fig. 13). It is evident that
the water of standard consistency increases with NS content.

The increase of water of standard consistency may be due to
high fineness and surface area of NS [49,68]. Setting times
are elongated with NS content. The retardation of the setting
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Fig. 13 Water consistency, initial and final setting times of

OPC–GBFS–NS pastes as a function of nano-silica content.
processes is due to the presence of 1% of polycarboxylate
superplasticizer as well as the excess of mixing water required
for standard consistency [24,49].

Fig. 14 shows the chemically combined water content
(Wn,%) of hydrated cement pastes up to 90 days. The results
of Wn contents reflect the increase in hydration reaction rate

for OPC–GBFS–NS composite cement pastes containing
nano-particles. The values of Wn increase with increasing NS
content. Nano-SiO2 reacts with liberated Ca(OH)2 from the

hydration of OPC to form additional hydrated products
(CSH, CAH and CASH). Also, NS particles accelerate the
hydration of cement, due to their high activity and nucleating
effect [49,69]. The composite cement containing 3 mass% of

NS (M3) has the highest values of Wn, especially at later ages
of hydration.

The variations of free lime contents (FL%) and pH values

of cement pastes containing different percentages of NS hy-
drated up to 90 days are graphically shown in Figs. 15 and
16 respectively. It is obvious that, FL% and pH values de-

crease with curing time for all cement pastes, this is due to
the pozzolanic reaction of both GBFS and NS with the liber-
ated free portlandite from the hydration of OPC clinker phases

(b-C2S and C3S) [24]. As the nano-SiO2 content increases, the
values of both FL and pH decrease, due to the higher pozzo-
lanic affinity of NS in comparison with GBFS.

Figs. 17–19 represent the variations of compressive and

flexural strengths and bulk density (dp) of the hydrated com-
posite cement mortars as a function of NS content up to
90 days. The results indicate that the compressive and flexural

strengths and bulk density are improved with age, due to the
effect of NS, 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 [55]. The compressive and flexural
strengths of cement mortars containing NS are higher than

those of the control OPC–GBFS sample (M3). The results also
show that the compressive and flexural strengths and bulk den-
sity of the investigated specimens increase with NS up to 6%.
11 10 00
Curing time, days

10

12

14

16

Ch
em

ic
al

ly
 c

om
bi

ne
d 

w
at

er
 c

on
te

nt
s,

 %

OPC-GBFS-NS

M3

M5

M6

M7

M8

M9

M10

Fig. 14 Combined water content of cement mixes containing

different NS% hydrated up to 90 days.



11 10 00
Curing time, days

0

2

4

6

8

10

12

Fr
ee

 li
m

e 
co

nt
en

ts
, %

OPC-GBFS-NS

M3

M5

M6

M7

M8

M9

M10

Fig. 15 Free lime contents of hydrated cement pastes as a function of curing time and nano-silica content.
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Mortars containing M7 and M8 (3–4% NS) possess higher
values of compressive and flexural strengths and bulk density

than those of the other mortars. This is attributed to the effect
of NS, which behaves not only as a filler to improve microstruc-
ture, 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 microstruc-
ture. By increasing the NS content than 4%, the bulk density
and strength the increase of the resulting composite cements
decrease but are still higher than those of M3 (OPC–GBFS).

The effectiveness of NS in improving the compressive and
flexural strengths and bulk density increases in the order:
M3 <M5 <M6< M10 < M9< M7<M8.
The effect of curing time up to 90 days on the hydration
characteristics of M7 can be seen from XRD patterns shown

in Fig. 20. XRD patterns show peaks of portlandite, CSH
and CaCO3 as well as anhydrous phases. The intensity of
CSH peaks increases with increasing the age of the hydration,

whereas the peaks corresponding to Ca(OH)2 decreases with
hydration age. This is attributed to two opposing processes;
the first is continuous hydration reaction of cement phases

(portlandite production), and the second is the pozzolanic
reaction of NS with free portlandite, leading to the formation
of excessive calcium silicate hydrates (lime capture). The peak
intensity of CaCO3 decreases with increasing hydration age

due to the increased consumption of CH in the pozzolanic
reaction of NS with the formation of additional amounts of
CSH.
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Fig. 18 Compressive strength of hardened cement mortar

Fig. 19 Flexural strength of hardened cement morta
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Fig. 21 shows XRD patterns M0, M3, M6 and M7 hy-
drated for 28 days. Fig. 21 deposited the presence of anhy-
drous calcium silicate phases peaks superpose with the

presence of hydrated phases such as CSH and Ca(OH)2 peaks.
OPC–GBFS–NS composite cement pastes (M6 and M7) exhi-
bit lower intensity of portlandite peaks in comparison with

those of M3, this is due the higher pozzolanic activity of NS
than that of GBFS. Therefore, the rate of lime consumption
and that of CSH production increase in the presence of NS.

Fig. 22 represents FTIR spectra of hydrated M7 composite
cement paste as a function of curing time up to 90 days. The
peak that appeared at 3640 cm�1 is due to the –OH group of
Ca(OH)2; its intensity decreases up to 90 days. The observed

broad bands located at 3400 cm�1 and 1640–1650 cm�1 are
due to stretching and bending vibrations of water bound to
the hydrated silicates. The band around 1475 cm�1 is attrib-

uted to C–O bond stretching of CO3
2�. The band that ap-

peared in the range of 950–980 cm�1 is assigned to the
formation of tobermorite like phase (CSH) [67].

FTIR spectra of cement pastes containing different NS con-
tents hydrated for 28 days are shown in Fig. 23. It is well
known that, the phases of non-ordered structures exhibit
s containing nano-silica with curing time up to 90 days.

rs containing NS with curing time up to 90 days.



Fig. 20 XRD patterns of OPC–GBFS cement pastes containing NS hydrated for 90 days.

Fig. 21 XRD patterns of cement pastes containing NS hydrated for 28 days.
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Fig. 22 FTIR spectra of M7 hydrated at different times.
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broad bands with lower intensity in comparison with those of
crystalline structures. The results show that, the peak intensity

of –OH group from portlandite phase decreases with NS con-
tent, due to pozzolanic reaction of NS with the free lime liber-
ated from OPC hydration. But, the peaks related to the

stretching and bending vibrations of lattice water in the hy-
drated silicates and alumino-silicates (CSH and CASH) behave
in opposite manner to that of portlandite; their intensities in-
crease with NS content [70].

Fig. 24 represents the DSC thermograms of M7 hydrated
for 90 days. It can be seen that, the intensity of the portlandite
peak decreases up to 90 days. The endothermic peak corre-

sponding to CSH has opposite manner to that of portlandite,
because more Ca(OH)2 consumption means more CSH pro-
duction. The characteristic peak of calcite increases with

hydration age up to 28 days and then decreases; the nano-par-
ticles promote the early hydration stages of cement phases with
higher rate than the later ones.
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Fig. 23 FTIR spectra of different mixes hydrated at 28 days.

Fig. 24 DSC thermograms of M7 with curing times up to

90 days.

Fig. 25 DSC thermograms of different mixes hydrated at

28 days.
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The DSC thermograms of hydrated OPC (M0),
OPC–GBFS (M3) and OPC–GBFS–NS (M6 and M7) cement

pastes hydrated for 28 days are shown in Fig. 25. The results
show that the endothermic peak corresponding to CSH of
OPC has lower intensity than those of OPC–GBFS–NS

cement pastes. This is mainly due to the pozzolanic reaction
of NS with the liberated lime during cement hydration, with
the production of additional hydrated CSH products. Also,

the endothermic peak of CSH increases with increasing NS
content in the ascending order: M3 <M6 <M7. The
endothermic peak area due to the decomposition of Ca(OH)2
decreases with increasing NS content. The results of DSC

thermograms are in good agreement with those of XRD, IR
and chemical analysis.
Conclusions

The following conclusions can be derived from the results ob-
tained in this study:

1. The required water of consistency decreases and setting
times are elongated with increasing slag content in the
OPC–GBFS blends.

2. The combined values of water content of OPC–GBFS
are lower than those of OPC, especially at early hydra-
tion ages. But, at later ages, OPC–GBFS containing 30
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and 45 mass% of GBFS possess higher Wn contents

than those of OPC.
3. The values of free lime and pH decrease with the

increase of curing time and GBFS content of OPC–

GBFS blends.
4. As the GBFS content increases up to 45 mass% of

OPC–GBFS mixes the bulk density, compressive and
flexural strengths increase at later curing times.

5. The water demand and setting times of OPC–GBFS–NS
increase with NS content; this is due to the retardation
of the setting in the presence of 1% of superplasticizer.

6. As the nano-SiO2 content of OPC–GBFS–NS increases
the values of both FL and pH decrease.

7. The compressive and flexural strengths of OPC–

GBFS–NS cement mortars containing NS are higher
than those of OPC–GBFS control mix (M3). Above
4 mass% NS, the values of bulk density, compressive
and flexural strengths decrease but are still more than

those of the blank (M3).
8. The composite cements containing 45 mass% of GBFS

and 3–4 mass% of NS give the optimum mechanical

properties.
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