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Abstract: This paper presents the effect of silica fume and nano silica, used individually and in combination with the set

accelerator and/or hydrated lime, on the properties of class F high volume ultra fine fly ash (HV-UFFA) cement composites,

replacing 80 % of cement (OPC). Compressive strength test along with thermogravimetric analysis, X-ray diffraction and scanning

electron microscopy were undertaken to study the effect of various elements on the physico-chemical behaviour of the blended

composites. The results show that silica fume when used in combination with the set accelerator and hydrated lime in HV-UFFA

cement mortar, improves its 7 and 28 day strength by 273 and 413 %, respectively, compared to the binary blended cement fly ash

mortar. On the contrary, when nano silica is used in combination with set accelerator and hydrated lime in HV-UFFA cement

mortar, the disjoining pressure in conjunction with the self-desiccation effect induces high early age micro cracking, resulting in

hindering the development of compressive strength. However, when nano silica is used without the additives, it improves the 7 and

28 day strengths of HV-UFFA cement mortar by 918 and 567 %, respectively and the compressive strengths are comparable to that

of OPC.
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1. Introduction

Globally, out of the total fly ash (FA) production of
620–660 Million tons per year, only about 53.5 % is cur-
rently being utilized and the remaining forms part of the
landfills (Heidrich et al. 2013). FA producers have to spend
large amount of money for the safe disposal of this unuti-
lized industrial by product (About Coal Ash—CCP FAQs.
American Coal Ash Association 2014). This poses a big
challenge to both the fly ash producers and the research
community, to bring down this production vs utilization ratio
to a minimum possible level.
FA has good pozzolanic properties and it can be used as a

supplementary cementitious material (SCM). In addition, the
production of cement (OPC) is responsible for 5–7 % of
global greenhouse gas emissions (Benhelal et al. 2013).
Therefore, using fly ash as a cement replacement material
provides dual benefit (i) it helps in increasing the use of this
industrial by product and (ii) it assists in cutting down the
emissions associated with the cement production. Moreover,
it not only enhances the properties of fresh concrete like
workability (Sata et al. 2007; Liu 2010) but also improves its

mechanical and durability properties such as; greater long
term strength (Hansen 1990; Sivasundaram et al. 1990),
lower shrinkage (Atis 2003; Nakarai and Ishida 2008), lower
water absorption (Malhotra and Mehta 2002; Şahmaran et al.
2009), reduction in chloride permeability (Nagataki and
Ohga 1992; Dinakar et al. 2008), increased resistance to
sulphate attack (Structure et al. 1986; Turanli et al. 2005),
low heat of hydration (Turanli et al. 2005; Kasai et al. 1983)
and reduction in alkali aggregate reactivity (Turanli et al.
2005; Pepper and Mather 1959; Islam 2014). Although fly
ash has many advantages when used as a cement replace-
ment material, it has one major disadvantage of low reac-
tivity (Liu 2010; Şahmaran et al. 2009). Therefore, it has to
be a very judicious decision to choose a percentage of fly ash
content as cement replacement material in a mix design.
Numerous research studies have been conducted in the past
to address its low reactivity and to improve the strength of
fly ash blended mixes. Researchers have looked at the effect
of particle size (Paya et al. 1995; Chindaprasirt et al. 2005),
use of hydrated lime (Şahmaran et al. 2009; Barbhuiya et al.
2009), silica fume (Barbhuiya et al. 2009; Sellevold and
Radjy 1983; El-Chabib and Syed 2012; Rashad 2014),
metakaolin (Wei et al. 2007; Reis and Camões 2011) to
improve the mechanical properties of fly ash blended mixes.
Paya et al. (1995) investigated the effect of reduction in

particle size on the reactivity of fly ash blended cement
concrete. They found that a linear relation between the
particle size and compressive strength exists in fly ash
blended concrete. Compressive strength of fly ash concrete
increased with the decrease in its particle size (Paya et al.
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1995; Chindaprasirt et al. 2005; Erdoğdu and Türker 1998;
Li and Wu 2005). Hill et al. (1994) studied the effect of
calcium nitrate set accelerator (SA) on the hydration reaction
of fly ash. They found that calcium nitrate considerably
accelerated the hydration reaction of fly ash resulting in the
improvement in its setting time and compressive strength.
Studies show that hydrated lime (HL) considerably improves
the reactivity of fly ash. It accelerates the hydration reaction
resulting in a significant improvement of compressive
strength of high volume fly ash (HVFA) concrete (Barbhuiya
et al. 2009; Jayakumar and Abdullahi 2011). Bharbhuia et al.
(Barbhuiya et al. 2009) and Rashad et al. (2014) studied the
effect of silica fume (SF) on the mechanical properties of
HVFA concrete. They found that addition of silica fume
considerably improved the 7 and 28 day strength. Moreover,
Silica fume performed considerably better than hydrated
lime in improving the early age strength of fly ash concrete
(Barbhuiya et al. 2009).
Recently, amorphous nano silica (nS) has been gaining

widespread attention of the research community due to its
nano sized particles and very high amorphous SiO2 content
(Björnström et al. 2004; Jo et al. 2007; Zhang and Islam
2012; Hou et al. 2012; Singh et al. 2015). It not only takes
part in the hydration reaction to provide additional C–S–H
but also accelerates the hydration process (Björnström et al.
2004; Zhang and Islam 2012; Hou et al. 2012). Hou et al.
(Hou et al. 2012) investigated the effect of 0, 2.25 and 5 %
colloidal nano silica (CNS) on 60 % FA blended cement
composite. They found that the compressive strength of the
mortar samples at 7 and 28 days increased with the
increasing amount of CNS but at 3 months no significant
difference in their respective strength results was observed.
The maximum increase in strength that they observed with
5 % CNS compared to 0 % CNS at 7 and 28 days was
approximately 60 and 33 % respectively. Shaikh et al.
(Shaikh et al. 2014) studied the effect of 2 % nano silica on
68 % FA blended cement composite and found that there
was no difference in strength at 7 days but at 28 days there
was 56 % increase in strength as compared to the mix not
containing nano silica.
Based on the review of past literature there appears to be

limited or no research available on the effect of silica fume
and nano silica in combination with hydrated lime and set
accelerator on the properties of class F high volume fly ash
(HVFA) cement composite. In addition, a significant varia-
tion in the effect of nano silica on the percentage of strength
improvement of high volume fly ash cement composites has
been observed (Zhang and Islam 2012; Hou et al. 2012;
Shaikh et al. 2014). Very few studies are available that report
the properties of class F high volume fly ash cement com-
posite replacing 80 % of cement (Liu 2010; Huang et al.
2013). With the successful replacement of 80 % cement with
supplementary cementitious materials, predominantly con-
taining fly ash, the cement industry could benefit in signif-
icantly reducing its CO2 emissions, and at the same time the
production/utilisation rate of fly ash could be reduced.
Therefore this study was undertaken to investigate the effect
of SF and nS in combination with HL and SA on the

physico-chemical behaviour of class F high volume ultrafine
fly ash (HV-UFFA) cement composite, replacing 80 % of
cement. Compressive strength test has been undertaken to
identify the mechanical properties of the blended mortar
samples. In addition, thermogravimetric analysis (TGA),
X-ray diffraction (XRD) and secondary electron microscopy
(SEM) have been undertaken to identify the formation of
various hydrates and to understand the morphological
changes occuring in the cement matrix due to the addition of
various materials under study.

2. Materials and Experimental Procedure

2.1 Materials and Mix Design
The materials used in this study were: Ordinary portland

cement, non-chloride calcium nitrate and sodium thiocyanate
based set accelerator ‘‘Pozzolith NC 534’’ having water
content of 51 % and polycarboxylic ether based superplas-
ticizer ‘‘Glenium 79’’ having water content of 55 %, class F
low calcium ultra fine fly ash, hydrated lime, densified silica
fume (SF) and powdered nano silica. Raw fly Ash having a
mean particle size of 15 lm was ground in a micronizer to
produce ultrafine fly ash (UFFA) of mean particle size of
8.1 lm. Chemical composition of OPC, FA, SF, HL and nS
is presented in Table 1. Particle size distribution of OPC,
UFFA, HL, and SF was obtained by using laser diffraction
particle size analyser ‘‘Malvern Mastersizer 3000’’ and is
presented in Table 2.
XRD spectra of OPC, HL, FA, SF and nS are shown in

Fig. 1. Predominant crystalline content of OPC are calcium
silicates (C2S, C3S), calcium aluminate (C3A), calcium
alumino ferrite (C4AF) and gypsum (G). Hydrated lime
shows a sharp calcite peak at 29.4� 2-theta in addition to
Ca(OH)2 peaks. The crystalline content in FA was mainly
from quartz and mullite. SF and nS shows broad peaks
centred around 22� and 22.5� 2-theta respectively, which is a
typical characteristic of amorphous silica content.
Table 3 summarizes the various mortar mix designs tested.

All binding materials used were based on percentage mass of
the total binding material. TGA, XRD and SEM samples
were prepared with the binder paste only. Amount of
superplasticizer was adjusted to get an approximately similar
consistency for the self consolidation of the mortar. Water
content of SP and SA were included in the total w/b ratio.

2.2 Sample Preparation, Curing & Testing
2.2.1 Compressive Strength of Mortar
All the raw materials were dry mixed at low speed in the

mortar mixer for 1 min to obtain a homogenous mix. Then
water, SP and SA (as required) were added and mixed for
3 min, followed by a final high speed mixing for another
1 min. Mortar samples were then poured in
50 mm 9 50 mm 9 50 mm steel moulds. The samples
were covered with a plastic sheet, cured in room temperature
for 24 h, de-moulded (except CF and S1 which were de-
moulded after 48 h and 36 h respectively, because of low
early strength) and then further cured in saturated lime water
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at room temperature as per ASTM C109 until the time of
testing. The samples were taken out of lime water, wiped and
surface dried after 1, 7 and 28 days of curing. Compressive
strength of the mortar samples was measured as per ASTM
C109 using a 300kN tecnotest mortar strength testing
machine. For every mix at each age, three replicates were
tested at a loading rate of 0.36 MPa/s.

2.2.2 TGA, XRD and SEM of Hardened Binder
Paste
Mixing procedure and curing method was kept the same

for TGA, XRD and SEM binder paste samples. For TGA
and XRD, the samples were ground and sieved through
63 lm sieve. To stop hydration and to remove physically
bound water the solvent exchange method was adopted
using acetone. A 100 mL of acetone was added to 30 g of
the sieved sample in a plastic bottle and mixed vigorously by
hand for about 3 min. Excess acetone was drained out and
the process was repeated. The samples were then dried
overnight in an oven at 40 �C temperature. The dried sam-
ples were collected and stored in a sealed plastic container
till the time of testing.
TGAwas conducted using PerkinElmer STA 6000 thermal

analyser in a nitrogen environment with a flow rate of
19.8 mL min-1. 10–20 mg of powdered samples were

heated from 40 to 550 �C with the heating rate of 10 �C
min-1.
XRD was conducted using a Bruker AXS D4 Endeavour

system using Cu-Ka radiation operated at 40 kV and 40 mA
and a Lynxeye linear strip detector. Samples were tested
between 5� and 55� 2-theta (2h) with a step size of 0.02� and
the counting time per step was 5 s.
For SEM, a small thin section of the hardened paste was

cut out from the internal part of the specimen. It was then
embedded in epoxy, ground, polished, mounted on a steel
stub and gold coated. FEI Quanta 200 SEM was used to
study the microstructure of the hardened paste samples. The
accelerating voltage of the beam was 20 kV and the electron
images were acquired at 10 mm working distance and
50009 magnification.

3. Results and Discussion

3.1 Compressive Strength
The effect of silica fume, set accelerator and hydrated lime on

HV-UFFA mortar is shown in Fig. 2a. By partially replacing
UFFA with SF, there was a 55 % increase in 7 day strength
which further increased to 116 % at 28 days in S1 compared to
that of CF. This is attributed to the effect of SF on the

Table 1 Chemical composition of OPC, HL, FA, SF and nS.

Materials OPC (%) HL (%) FA (%) SF (%) NS (%)

SiO2 22.3 1.5 73.1 88.2 99.9

Al2O3 5.2 0.6 22.8 1.2 –

Fe2O3 0.7 0.3 0.8 2.16 –

CaO 63.9 73.7 0.1 1.16 –

SO3 2.7 – 0.1 1.67 –

MgO 1.2 0.5 0.2 1.57 –

Na2O 0.1 0.16 0.01 0.11 –

K2O 0.2 0.07 0.58 0.23 –

TiO2 – – 1.4 – –

P2O5 – – 0.1 1.02 –

Mn2O3 – – 0.04 0.14 –

LOI 3.9 24.1 0.8 2.8 –

Table 2 Particle size distribution of OPC, UFFA, RHL, HL, SF and NS.

Material Mean (lm) d10 (lm) D25 (lm) D50 (lm) D75 (lm) D90 (lm)

OPC 24.6 2.7 6.5 15.4 28.3 44.2

UFFA 8.1 1.2 1.2 4.6 9.2 15.0

HL 8.2 0.9 2.1 4.3 8.6 19.4

SF 3.0 0.3 0.5 1.4 3.9 8.1

NS* 7 nm – – – – –

* Particle size of nano silica (nS) is shown in nano meters.
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improvement of strength of HVFA cement composite. Silica
fume, because of its amorphous character and large surface area,
possesses high pozzolanic activity and readily reacts with the

available Ca(OH)2 to form additional calcium silicate hydrate,
resulting in the improvement of strength. Similar results have
been reported by Barbhuiya et al. (Barbhuiya et al. 2009).With

Table 3 Mortar mix designs.

Mix Total Binder S/B W/B SP SA

OPC (%) UFFA HL SF NS

Control 100 – – – – 2.4 0.3 27.5 –

CF 20 80 % – – – 2.4 0.3 11.5 –

S1 20 65 % – 15 % – 2.4 0.3 30.0 –

S2 20 65 % – 15 % – 2.4 0.3 30.0 27.5

S3 20 60 % 5 % 15 % – 2.4 0.3 30.0 –

S4 20 60 % 5 % 15 % – 2.4 0.3 30.0 27.5

N1 20 75 % – – 5 % 2.4 0.3 60.0 –

N2 20 75 % – – 5 % 2.4 0.3 60.0 27.5

N3 20 70 % 5 % – 5 % 2.4 0.3 60.0 –

N4 20 70 % 5 % – 5 % 2.4 0.3 60.0 27.5

S/B sand/binder ratio, W/B water/binder ratio, SP superplasticizer = mL kg-1 binder, SA set Accelerator = mL kg-1 binder.

Fig. 1 XRD spectra of a OPC, b HL, c FA, d SF and e NS.
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the combination of silica fume and set accelerator inMixS2, the
7 and 28 day strengths improved by 124 and 316 % respec-
tively, compared to that of Mix CF. This is attributed to the
accelerating effect of SA on the pozzolanic reaction of the
blended mix, which is discussed in detail in Sect. 3.2. By
combining silica fume and hydrated lime inmix S3, the strength
improvement was approximately the same as that of S2. The
performance of 5 % hydrated lime addition was equivalent to
that of set accelerator with 27.5 mL kg-1 binder content in
improving the compressive strength of silica fumemodifedHV-
UFFA cement composite.Whenboth SA andHLwere added to
the silica fumemodifiedHV-UFFA inMix S4, the 7 and 28 day
strengths were improved by 273 and 413 % respectively. The
combined acceleration effect imparted by SA and HL signifi-
cantly improved the compressive strength of S4 compared to
that of CF. This shows that the performance of the combined
effect of SF, SA and HL is significantly higher than that of their
individual additions in improving the compressive strength of
HV-UFFA cement composite.
Figure 2b demonstrates the effect of nano silica, set accelerator

and hydrated lime on HV-UFFA mortar. By partially replacing
UFFA with nS, there was a significant improvement in 1 day
strength of mix N1 compared to that of CF and the 7 and 28 day
strengths increased by 918 and 567 % respectively. This signifi-
cant improvement in strength is attributed to the amorphous
character and very high surface area of nano silica, which readily
reacts with the available Ca(OH)2 to form additional calcium sil-
icate hydrate. Comparing the effect of silica fume in S1 to that of
nano silica in N1, nano silica performed significantly better than
silica fume in improving the compressive strength. Though, both
SF and nS are amorphous in nature but the particle size of nano
silica is approximately 425 times smaller than the average particle
sizeofSF.Thisextremely smallparticle sizeofnanosilicaprovides
a very high surface area, that accelerates the pozzolanic reaction
resulting in much higher compressive strength than that with SF.
When set accelerator was combined with nano silica in Mix N2,
therewas a further 30 % improvement in one day strength, but the
7 and 28 day strengths decreased by approximately 14 and 11 %
respectively, compared to N1. This shows that though set accel-
erator improves the pozzolanic reaction, which results in higher
1 day strength, it has a negative impact at 7 and 28 day strengths.
In comparison, the set accelerator had positive impact on silica
fume modified HV-UFFA at all ages. By combining nano silica
and hydrated lime in mix N3, the strength improvement was
approximately the same as that of N2. Similarly, no difference on

the treatment of SA andHLwas observed on silica fumemodified
HV-UFFAmixesS2andS3.WhenbothSAandHLwere added to
the nano silica modified HV-UFFA in Mix S4, though the 1 day
strength improved by 48 %, the 7 and 28 day strengths decreased
by 34 and 18 % respectively. The combined effect of SA and HL
was positive at 1 day and was higher than that of their individual
effects. But at 7 and 28 days the combination of SA and HL
proved detrimental to the strength development of HV-UFFA
modified with nS and was worse than that of their individual
effects.

3.2 TGA, XRD and SEM Analysis
Derivative thermogravimetric (DTG) curves were plotted

from the thermogravimetric (TG) data to identify the exact
boundaries of the Calcium hydroxide (CH) content at various
ages of curing. Figure 3a shows typical TG and DTG curves
with identifiable CH endotherm. The onset and the endset
point of CH mass loss identified with the help of derivative
curve, has been marked with dotted lines. Figure 3b shows a
typical TG and DTG curves with no identifiable CH endo-
therm. The absence of CH endothermic peak shows that the
residual CH content, at a particular age of curingwas too small
(if any) to be detected with the help of TGA.
CH (residual) in Eq. (1) represents the residual CH content

at a particular age of curing, expressed in percentage of the
mass of dry sample at 500 �C (M500) (De Weerdt et al.
2011). CH (normalised) in Eq. (2) denotes the normalised
CH content per g of cement, in which no hydrated lime
powder has been added. CH (normalised) in Eq. (3) was
modified to suit the addition of hydrated lime powder.

CH residualð Þ ¼
MS

H2O CH � 74
18

M500
� 100½%� ð1Þ

CH normalisedð Þ ¼
MS

H2O CH � 74
18

M500
� 1

0:2
� 100½%� ð2Þ

(without additional hydrated lime)

CH normalisedð Þ

¼
MS

H2O CH � 74
18

n o
� MHL

H2O CH � 74
18

� �
� HL%

n oh i

M500

� 1

0:2
� 100½%� ð3Þ

(with additional hydrated lime)

Fig. 2 Compressive strength of mortar samples (a) containing silica fume (b) containing nano silica at 1, 7 & 28 days of curing.
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MS
H2O CH is mass loss due to the dehydroxylation of port-

landite present in the hydrated cement paste. The fraction 74
18 is

used to convert CH bound water into CHmass, where 74 is the
molar mass of Ca(OH)2 and 18 is the molar mass of H2O. The
fraction 1

0:2 represents the division of percentage of the OPC
content in the sample to normalise the value to per g of OPC.
MHL

H2O CH is mass loss due to the dehydroxylation of the pure
Ca(OH)2 present in the raw hydrated lime, as part of the rawHL
was converted to CaCO3 due to its exposure to CO2 present in
the atmosphere. The pureCa(OH)2 contentwas 81 %of the raw
HL sample. HL% represnts the percentage of hydrated lime
powder added to the sample. TG analysis of silica fume and
nano silica modified HV-UFFA pastes cured for 1, 7 and
28 days are shown in Table 4a, b, respectively. Negative CH
(normalised) values show that in addition to the CH released by
the OPC, a part of the hydrated lime powder added externally,
has also been consumed by the pozzolanic reaction.
XRD analysis of silica fume and nano silica modified HV-

UFFA pastes cured for 1, 7 and 28 days are shown in

Figs. 4a and 5a, respectively. Their SEM images at 28 days
of curing are presented in Figs. 4b and 5b, respectively.
Though, C–S–H is considered as the main contributor to the
compressive strength of mortar/concrete, but because of its
near amorphous nature, it is hard to identify through XRD
analysis. Since portlandite is considered as a good indicator
of the performance of the hydration/pozzolanic reaction,
therefore for the clarity in presentation of the important
hydration products, the XRD data is presented from 5�
2-theta to 25� 2-theta. Various phases noticed in the XRD
patterns were ettringite (E), AFmss (Aluminate ferrite
monosulphate)—most likely a solid solution of hemicar-
bonate and OH- substituted monosulphate (Matschei et al.
2007) denoted as (A), hemicarbonate (Hc), calcium alu-
minium iron oxide carbonate hydroxide hydrate (Fc),
monocarbonate (Mc), di-calcium aluminate hydrate (D),
mullite (M), portlandite (P), quartz (Q) and calcite (C).
The increase in the pozzolanic reaction, due to the partial

replacement of fly ash with silica fume in S1 can be noticed

Table 4 (a) Thermogravimetric analysis of silica fume modified samples at 1, 7 and 28 days of curing. (b) Thermogravimetric
analysis of nano silica modified samples at 1, 7 and 28 days of curing.

a

Mix CH (normalised) CH (residual)

1 day 7 day 28 day 1 day 7 day 28 day

a

CF 13.7 % 11.1 % 8.3 % 2.8 % 2.2 % 1.7 %

S1 13.7 % 8.8 % 4.7 % 2.8 % 1.8 % 0.9 %

S2 11.5 % 5.2 % 2.5 % 2.3 % 1.0 % 0.5 %

S3 6.1 % -1.2 % -13.8 % 5.5 % 4.1 % 1.6 %

S4 -0.1 % -11.6 % -18.9 % 4.5 % 2.0 % 0.6 %

b

CF 13.7 % 11.1 % 8.3 % 2.8 % 2.2 % 1.7 %

N1 4.7 % – – 0.9 % – –

N2 – – – – – –

N3 -13.2 % – – 1.7 % – –

N4 -17.9 % – – 0.8 % – –

Fig. 3 a Typical TG and DTG curves with identifiable CH endotherm. b Typical TG and DTG curves with no identifiable CH
endotherm. Note Calcium silicate hydrate (C–S–H), Calcium alumino silicate hydrate (C–A-S–H), Calcium aluminate
hydrate (C–A–H), Aluminate ferrite monosulphate (AFm), Calcium hydroxide (CH).
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in the reduction of CH (normalised) value in the TGA data
and the portlandite peak in the XRD spectra at both 7 and
28 days of curing. This shows that the portlandite con-
sumption was increased due to the presence of SF which is
amorphous in nature and has considerably higher surface
area than that of FA. The SEM image of S1 shows a denser
C–S–H gel with finer cracks, resulting in a stronger cement
matrix than that of CF. This was reflected in the corre-
sponding increase in the compressive strength results of S1
compared to CF.
With the addition of SA in mix S2, there was a small

reduction in the CH (normalised) value at 1 day, which
reduced considerably at 7 and 28 days of curing, compared
to S1. Similar observations were seen in the reduction in the
portlandite peaks of S2 in the XRD spectra. This increase in

the consumption of portlandite is attributed to the acceler-
ating effect of SA on the pozzolanic reaction of the blended
mix. The set accelerator used was calcium nitrate and
sodium thiocyanate based. Calcium nitrate accelerates the
setting time and moderately accelerates hardening whereas
sodium thiocyanate accelerates the strength gain (Paillère
1994). As reported by Rettvin and Dalen and cited by
Cabrera et al. (Cabrera and Rivera-Villarreal 1999) when
calcium nitrate was used in combination with sodium thio-
cyanate, calcium nitrate started the hydration process earlier
which was then hastened by sodium thiocyanate. The SEM
image of S2 shows an increase in the density and width of
cracks in the cement matrix. The XRD spectra of S2 shows a
considerable increase in the intensity of ettringite peaks at 7
and 28 days compared to S1. The growth of ettringite

Fig. 4 a XRD spectra of silica fume modified samples at 1, 7 and 28 days of curing. b SEM images of silica fume modified
samples at 28 days of curing.
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crystals in smaller diameter pores refined by silica fume
(Zhang and Gjørv 1991), exerts the highest expansive
pressure on the pore walls promoting the development of
cracks in the cement matrix (Scherer 1999). Though, based
on the increase in ettringite content in S2 and the findings of
(Scherer 1999), there is a possibility of ettringite being
instrumental in the development of cracks, but no ettringite
crystal was found within the cracks, when observed through
the electron microscope. The addition of SA significantly
increases the pore solution concentration of calcium ions
(Ca?, CaOH?) which induces a high degree of super satu-
ration of portlandite (Nonat 2000) that leads to the increase
in disjoining pressure resulting in the development of micro
cracks (Beltzung et al. 2001). Beltzung et al. (Beltzung et al.
2001) in their research on the influence of Ca(OH)2 on
shrinkage stresses observed that the samples containing high

residual portlandite content (portlandite available in pore
water after pozzolanic reaction and ettringite formation)
showed higher shrinkage stresses resulting from high dis-
joining pressure, compared to the one having low residual
portlandite. They also found that the specimens in which the
portlandite produced in the system was progressively con-
sumed during secondary pozzolanic and ettringite reactions,
showed very low shrinkage stresses. They concluded that
with the use of low alkali cements a significant reduction in
the shrinkage stresses originating from the disjoining pres-
sure can be achieved. Tazawa et al. (Tazawa and Miyazawa
1993) and Persson (Persson 1997) studied the relationship of
self desiccation effect with the autogenous shrinkage. They
reported that the self desiccation (reduction in internal rel-
ative humidity) at a particular age of curing increased with
the decrease in w/c ratio, resulting in the increase in

Fig. 5 a XRD spectra of nano silica modified samples at 1, 7 and 28 days of curing. b SEM images of nano silica modified
samples at 28 days of curing.
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autogenous shrinkage. Tazawa et al. (Tazawa and Miyazawa
1993) also reported that the resultant increase in autogenous
shrinkage leads to early age cracking. Therefore, the increase
in the development of micro cracks in S2 could be attributed
to the combined effect of disjoining pressure and the self
desiccation effect.
By combining silica fume and hydrated lime in mix S3,

there was a considerable reduction in the CH (normalised)
values at 1 and 7 days of curing, compared to S1. This
shows that the addition of hydrated lime powder signifi-
cantly increased the pozzolanic reaction of the blended mix.
The TGA data and the XRD spectra of S3 show a significant
increase in CH (residual) content and portlandite peak
intensity, respectively, at all curing ages, compared to S1.
This could be associated with the fact that the additional
hydrated lime increased the portlandite content more than
that was required to react with the amorphous silica present
in SF and FA at 1 and 7 days of curing. At 7 days there was
a considerable reduction in the portlandite peak of S3, which
further reduced significantly by 28 days, compared to that of
S1, showing an increase in the pozzolanic reaction. Com-
paring the consumption of the portlandite by S3 with that of
S2, at 1, 7 and 28 days of curing, S3 showed a higher
pozzolanic activity than S2. But the compressive strength
results show no difference between S3 and S2 at all curing
ages. The SEM image of S3 shows wider cracks than that of
S2. This again shows that with the increases in pore solution
concentration of Ca? ions, and the decrease in relative
internal humidity there is a corresponding increase in the
development of micro cracks. The wider the cracks, the
deeper they are, indicating that the higher volume of the
strength forming C–S–H gel was weakened in S3, thereby,
counterbalancing in reducing the strength that was improved
by the increase in C–S–H gel.
When both SA and HL were added to the silica fume

modified HV-UFFA in Mix S4, there was a significant
improvement in the consumption of portlandite at all curing
ages as seen from both the TGA data and the XRD spectra.
Comparing the TGA data and the XRD spectra of S4 with
that of S3, the consumption of portlandite was significantly
higher in S4 at all curing ages, due to the combined acce-
larating effect of the SA and the HL. This increase in the
pozzolanic activity was reflected in the compressive strength
results of S4 which had the highest strength among all SF
modified mixes. This shows that the combined effect of SA
and HL provides the best performance in improving the
pozzolanic reaction of SF modified HV-UFFA compared to
their respective individual effects. The SEM image of S4
shows a further increase in crack width compared to that of
S3. This reinforces our finding that there is a strong corre-
lation of the combined effect of increase in portlandite
content and the reduction in relative internal humidity with
the resulting increase in crack formation. In-spite of the
increase in micro cracking in S4, the increase in the pro-
duction of C–S–H gel from the accelerated pozzolanic
reaction resulted in counterbalancing the effect of increased
cracking, thereby, improving its strength compared to that of
S1, S2 and S3. It is to be noted, that the internal humidity

can be increased without altering the w/c ratio and nega-
tively hampering the compressive strength results, with the
help of internal curing method as reported by Bentz et al.
(2010), though it is not the scope of the present work.
The increase in the pozzolanic reaction, due to the partial

replacement of fly ash with silica fume in S1 can be noticed
in the reduction of CH (normalised) value in the TGA data
and the portlandite peak in the XRD spectra at both 7 and
28 days of curing.
When the fly ash was partially replaced with nS in mix N1,

there was a significant reduction in the CH (normalised)
value and the corresponding intensity of the portlandite peak
at 1 day, compared to CF. At 7 and 28 days of curing no
identifiable portlandite content was observed in both the
TGA and the XRD data of N1. This shows that with the
addition of nS, the consumption of the portlandite content in
pozzolanic reaction increased significantly, because of its
highly amorphous nature and significantly higher surface
area than that of FA. The SEM image of N1 shows a very
dense C–S–H gel with a significant reduction in micro
cracking, compared to that of CF, resulting in a stronger
cement matrix. Since a significant amount of portlandite
produced by the OPC was consumed at day 1, and its pro-
duction at later ages was progressively being consumed due
to the accelerated pozzolanic reaction, the resulting micro-
cracking due to the disjoining pressure (Beltzung et al. 2001)
were considerably reduced. Moreover, the self desiccation
effect of the cement matrix alone had a minimal impact on
the propagation of micro-cracking, resulting in a significant
reduction in crack formation. The combination effect of
increased pozzolanic reaction and highly dense cement
matrix, was reflected in the corresponding increase in the
compressive strength of N1 compared to CF, at all curing
ages. Comparing the effect of silica fume in S1 to that of
nano silica in N1, nano silica performed considerably better
than SF in improving the pozzolanic reaction and densifiying
the cement matrix. Though both SF and nS are amorphous in
nature, the significantly higher surface area of nS was the
main driving force in accelerating the pozzolanic reaction
and densifying the cement matrix.
With the addition of SA in mix N2, though the pore

solution concentration of Ca? ions from the portlandite
increases (Nonat 2000), a considerable reduction in the
portlandite content was observed in both the TGA and the
XRD data, compared to that of N1. There was no identifiable
CH (residual) content and any noticeable intensity of the
portlandite peak in N2 at all curing ages. This increase in
portlandite consumption at 1 day shows that the pozzolanic
reaction of N2 improved considerably with the addition of
SA and the further release of portlandite from OPC at later
ages, was progressively being consumed. This considerable
improvement in the pozzolanic reaction of N2 resulted in
30 % increase in its compressive strength, compared to that
of N1 at 1 day of curing. But, the 7 and 28 day strengths
decreased by 14 and 11 % respectively. The SEM image of
N2 shows increased micro-cracking than that in N1. Though,
the SA considerably increases the pore solution concentra-
tion of portlandite, but it was progressively being consumed.
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Therefore, the occurrence of micro cracks was most likely
due to the self desiccation effect which increases with the
increase in hydration/pozzolanic reaction (Persson 1997).
Since, the contribution of fly ash in the production of C–S–H
gel is minimal at early age i.e. before 7 days of curing, the
skeleton structure of the cement matrix produced primarily
from the pozzolanic reaction of nano silica is probably not
strong enough to resist internal stresses, resulting in the early
devlopment of micro cracks. This weakening of the cement
matrix at early age, inspite of the increased pozzolanic
reaction results in the reduction of 7 and 28 day compressive
strength results of N2 compared to that of N1.
By adding HL to nS modified HV-UFFA in mix N3, the

intensity of the portlandite peak and the CH (residual)
content, increased considerably compared to that of N1 at
1 day of curing. But when compared with S3, the intensity
of its portlandite peak and its CH (normalised) content was
significantly lower. This shows that though the addition of
HL significantly increased the portlandite content, the nano
silica present in N3 consumed a large amount of it due to the
accelerated pozzolanic reaction at 1 day of curing. There
was no identifiable portlandite content observed in both the
TGA and the XRD data of N3 at later ages of curing,
showing that the remaining portlandite was consumed by the
7th day and any further release of portlandite from OPC was
progessively being consumed. Though the increase in poz-
zolanic activity resulted in 20 % increase in 1 day strength
of N3 compared to N1, the 7 and 28 days showed a strength
reduction of 16 and 9 % respectively. The SEM image of N3
showed an increase in crack formation compared to that of
N1. Therefore the decrease in 7 and 28 day strengths, inspite
of the increase in pozzolanic reaction could be attributed to
the the combined effect of high disjoing pressure because of
the high portlandite content at 1 day and the self desiccation
effect due to the decrease in relative humidity.The strucutral
weakness so introduced in the skeleton of the cement matrix
at early age negatively impacted its strength development.
When both SA and HL were added together to the nano

silica modified HV-UFFA in Mix N4, the consumption of
portlandite increased further, as can be seen in the consid-
erable reduction in the CH (normalised) content and the
intensity of the portlandite peak at 1 day of curing, com-
pared to that of N3. This shows that the combined effect of
nS, SA and HL provided the highest acceleration in the
pozzolanic reaction of HV-UFFA cement composite com-
pared to that of their individual effects. The compressive
strength results show a further 23 % increase in 1 day
strength of N4 compared to that of N3. But the 7 and 28 day
strengths show a further decrease of 21 and 9 % respec-
tively. The SEM image of N4 shows a further increase in
crack width compared to that of N2 and N3. This increase in
crack width could be attributed to the combined effect of
increased disjoining pressure and decreased internal relative
humidity at early age of curing. Since the intensity of the
portlandite peak was lower than that of N1 at 1 day of
curing, possibly the effect of disjoining pressure was small.
But with the increase in the pozzolanic reaction, the self
desiccation effect coupled with the increase in disjoining

pressure could probably have aggravated the development of
micro cracks. The decrease in 7 and 28 day strength of N4
inspite of a significant increase in its pozzolanic reaction,
compared to that of N1, N2 and N3 shows that the formation
of micro cracks at early age is a major deteriorating factor
affecting the development of its compressive strength.

4. Conclusions

Based on the findings of this research, the following
conclusions can be drawn:

(i) Silica fume, when used in conjunction with SA or HL
considerably improves the pozzolanic reaction of HV-
UFFA cement composite resulting in the improvement
of its compressive strength. But, when both SA and HL
are used in conjunction with the SF, the combined effect
provides the best performance in accelerating the
pozzolanic reaction resulting in a significant improve-
ment in its compressive strength.

(ii) Use of silica fume considerably reduces the the
development of micro cracks but when it is combined
with the SA or HL increases the formation of micro
cracks due to the combined effect of disjoining
pressure and self desiccation effect. The highest
stresses are induced when both the SA and the HL
are combined with SF resulting in a significant increase
in crack formation. However, this mix presented the
best compressive strength because the increase in the
production of C–S–H gel from the accelerated poz-
zolanic reaction resulted in counterbalancing the effect
of increased cracking, thereby, improving its compres-
sive strength.

(iii) Nano silica, when used in conjunction with the SA or
the HL considerably improves the pozzolanic reaction
of HV-UFFA cement composite resulting in the
improvement of its 1 day compressive strength. But
the formation of micro cracks due the disjoining
pressure and self desiccation effect hinders the devel-
opment of its later age strengths inspite of the increase
in pozzolanic reaction. When both SA and HL are
used in conjunction with the nS, the combined effect
further accelerates the pozzolanic reaction, resulting in
considerably improving its 1 day strength. But at later
ages their combined effect significantly increases the
formation of early age micro cracks resulting in
considerably hindering the development of 7 and
28 day strengths, inspite of the increase in pozzolanic
reaction.

(iv) Ultra-fine fly ash when combined with nano silica can
help in achieving 80 % replacement of cement, having
comparable mechanical properties to that of OPC.

However, the limitation of this work is that It does not
address the issue of control of micro cracking induced by the
self-desiccation effect and disjoining pressure, and will form
part of future studies. If the formation of micro cracks are
controlled in SA and HL blended HV-UFFA cement
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composites modified with SF and nS, there is a great
potential of tapping the benefits of their accelerated poz-
zolanic reaction, to further improve their compressive
strength results.
Though nano silica presents a great potential in the pro-

duction of highly environmental friendly cementitious
material, its high cost limits its immediate application in the
construction industry. But, the recent advances in the
research of the production of amorphous nano silica (Lazaro
et al. 2012; Lazaro Garcia AA 2014), has paved a way for its
cost effective mass production method, which makes its
application in construction industry within reach (Quercia
and Brouwers 2010).
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