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This paper presents the effects of some admixtures including silica nanoparticles, silica fume and Class F
fly ash on different properties of high performance self compacting concrete (HPSCC). For this purpose, a
fraction of Portland cement with the aim of cement content reduction was replaced different fractions of
pozzolanic admixtures. The rheological properties of fresh concrete were observed through slump flow
time and diameter and V-funnel flow time. Thermal properties were investigated via thermogravimetric
analysis (TGA) test. Transport properties evaluated by water absorption, capillary absorption and chloride
ion penetration tests. The results indicated that increase of fly ash content improves the rheological
properties of HPSCC. The results also showed that mechanical and transport properties improved in
the mixtures containing admixtures especially blend of silica nanoparticles and silica fume. It can also
be concluded that higher amount of mineral admixtures combined with small fractions of nanopowders
could be promising technique toward high performance concrete as a key material along with energy
saving in construction and building technology.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

High performance concrete (HPC) offers high strength, better
durability properties, and good construction. High strength is one
of the important attributes of HPC. High strength concrete,
according to American Concrete Institute Committee ACI 363 R
[1], is the concrete which has specific compressive strength of
41 MPa or more at 28 days. The HPC offers significant economic
and architectural advantages over NSC in similar situations, and
is suited well for constructions that require high durability.
Self consolidating concrete (SCC) is a concrete which has little
resistance to flow so that it can be placed and compacted under
its own weight with no vibration effort, yet possesses enough
viscosity to be handled without segregation or bleeding [2,3]. The
most important advantage of SCC over conventional concrete is
its flowability. Other advantages of using SCC include shorter
construction periods, reduction in the labor cost, and better
compaction in the structure especially in confined zones where
compaction is difficult. SCC can also provide a better working
environment by eliminating the vibration noise.

By combining the characteristics and advantages of HPC and
SCC, high performance self-compacting concrete (HPSCC) can be
produced which possesses the advantages in both forms of fresh
and hardened concrete, i.e. while presenting higher strength and
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Table 1
Chemical composition and physical properties of cement and silica fume.

Chemical analysis (%) Cement Silica fume

Sio2 20< 93.6
Al2O3 6< 1.3
Fe2O3 6< 0.9
CaO <50 0.5
MgO <5 1
SO3 <3 0.4
K2O <1 1.52
Na2O <1 0.45
Loss of ignition <3 3.1
Specific gravity 3.15 2.2
Blaine fineness (cm2/g) 3260 21090

Fig. 1. SEM micrograph of silica nanoparticles.

Table 2
Properties of silica nanoparticles.

Diameter (nm) Surface volume ratio (m2/g) Density (g/cm3) Purity (%)

15 ± 3 165 ± 17 <0.15 >99.9
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durability, it has a good workability and rheological properties [4–
6].

In order to maintain sufficient yield value and viscosity of fresh
mix of SCC, and to reduce bleeding, segregation and settlement, the
common practice is to use new generation high range water reduc-
ers, to limit the maximum coarse aggregate size and content, and
to use low water powder ratios or use viscosity modifying admix-
tures. Therefore, one of the disadvantages of SCC is its cost, associ-
ated with the use of chemical admixtures and use of high volumes
of Portland cement. High cement content usually introduces high
hydration heat, high autogenous shrinkage and high cost.
Moreover, the consumption of natural resources and carbon diox-
ide emissions associated with cement production can cause serious
environmental impacts.

On the other hand, it is worldwide accepted that energy saving
in building technology is one of the most important problems in
the world. Reduction of energy usage can be taken place even by
design methods [7,8] or using waste materials [9–11].

Nowadays, most industrial wastes are being used without tak-
ing full advantages of their characteristics or disposed rather than
used. Among these materials, fly ash (FA), a by-product of thermal
power plants, and ground granulated blast furnace slag (GGBFS)
have been reported to improve the mechanical properties and
durability of concrete when used as a cement replacement mate-
rial [12,13]. It is worth mentioning that for example in Turkey,
more than 13 million tons of FA has been produced per year, how-
ever, because of insufficient data on the properties of fly ash and
concrete incorporating FA, only 5% of this amount is utilized in
construction industry [14]. Therefore, one solution to reuse such
industrial wastes and reduce the cost of SCC is the use of mineral
admixtures such as limestone powder, natural pozzolans, GGBFS
and FA.

The amount of FA in concrete for structural use is generally lim-
ited to 15–25% of the total cementitious materials. Concretes con-
taining large amounts of FA were initially developed for mass
concrete applications to reduce the heat of hydration [15].
Canada Centre for Mineral and Energy Technology first developed
high volume FA concrete for structural use by the late 1980’s
[16]. In a study undertaken by Bouzoubaâ and Lachemi, it was
shown that it was possible to design SCC with high volumes of
FA by replacing up to 60% of cement with Class F FA [17].
Moreover, Nehdi et al. also studied the durability of SCC with high
volume replacement materials (FA and ground granulated blast
furnace slag), and concluded that SCC with 50% replacement with
Portland cement of FA and slag can improve the workability and
durability [18]. With this respect, it should be mentioned that a
50% replacement of each ton of Portland cement would result in
a reduction of approximately 500,000 t of CO2. Using GGBFS or
FA as a partial replacement takes advantage of the energy saving
in Portland cement which is governed by AASHTO M302 [19].

According to Fava et al. [20], in SCCs with ground granulated
blast furnace slag (GGBFS), strength increase can be achieved.
Kulakowski et al. [21] reviewed the silica fume influence on rein-
forcement corrosion in concrete and the effect of metakaolin on
transport properties of concrete were also investigated by
Shekarchi et al. [22].

There are also some works on incorporating nanoparticles into
concrete specimens to achieve improved physical and mechanical
properties which most of them have focused on using SiO2

nanoparticles in normal concrete [23], generally cement mortars
and cement-based materials [24–26], self compacting concrete
(SCC) [27] and high performance self compacting concrete
(HPSCC) [4].

Production and application of HPSCC containing nanomaterials
and mineral admixtures seems to be a promising and energy sav-
ing step toward sustainable construction and building technology.
However, this would not be achieved without studying its perfor-
mance before being widely adopted in construction. Also, the
behavior of structural elements made with HPSCC needs better
understanding, together with design provisions.

This paper investigates the effects of silica nanoparticles, silica
fume and Class F fly ash on rheological, mechanical, thermal, trans-
port and microstructural properties of HPSCC with different binder
contents. The mechanical properties were assessed by compressive,
splitting tensile and flexural strengths. Thermal properties were
evaluated by thermogravimetric analysis and transport properties
were evaluated by water absorption, capillary absorption and chlo-
ride ion penetration tests. The microstructure was also investigated
through scanning electron microscopy (SEM) micrographs.
2. Materials

An ASTM Type II Portland cement (PC) was used to produce the various HPSCC
mixtures. In addition, silica nanoparticles, silica fume and Class F fly ash were used
as admixtures which are hereafter named as nano silica (NS), silica fume (SF) and fly
ash (FA) respectively. Table 1 summarizes physical properties and chemical compo-
sition of the cement and silica fume. Scanning electron microscopy (SEM) of the sil-
ica nanoparticles is shown in Fig. 1 and the nanoparticles properties are presented
in Table 2. Class F fly ash was used in this study which its physical and chemical
properties are given in Table 3. SEM micrograph of Class F fly ash is also shown
in Fig. 2. The coarse aggregate used was limestone gravel with a nominal maximum
size of 12.5 mm. As fine aggregate, a mixture of silica aggregate sand and crushed
limestone (as filler) was used with a maximum size of 4.75 mm. physical properties
of the filler, fine and coarse aggregates are presented in Table 4. All aggregates in
this research were used in dry form and the aggregates are a mixture of eight



Table 3
Chemical and physical properties fly ash.

Constituent Percent by weight

Sio2 52
Fe2O3 3.5
Al2O3 30
CaO 6.5
MgO 5
SO3 1.6
Loss of ignition 3.7
Na2O 0.58
K2O 1.27
Color Gray
Specific gravity 2.13

Fig. 2. SEM micrograph of Class F fly ash particles [6].

Table 4
Sieve analysis and physical properties of the filler, fine and coarse aggregates.

Sieve size (mm) Filler
(% passing)

Fine aggregate
(% passing)

Coarse aggregate
(% passing)

12.5 100 100 97.9
9.5 100 100 79.3
4.75 100 98.38 13.2
2.36 100 76.45 0
1.18 100 46.65 0
0.6 100 39.32 0
0.3 100 15.26 0
0.15 90.9 3.62 0
0.075 33.7 0 0
Bulk density (kg/m3) 1460 1450
Specific gravity (g/m3) 2.619 2.6
Absorption (%) 8 2.72 0.4
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particle sizes of fine and coarse aggregates. A polycarboxylic-ether type superplas-
ticizer (SP) with a specific gravity of between 1.06 and 1.08 was employed to
achieve the desired workability in all concrete mixtures. Furthermore viscosity
modifying agent (VMA) for better stability was used.

3. Grading

In fact, the packing theory of Fuller and Thompson [28] repre-
sents a special case of the more general packing equations derived
by Andreasen and Andersen [29]. According to their theory, opti-
mum packing can be achieved when the cumulative Particle Size
Distribution (PSD) obeys Eq. (1) [30]:

PðDÞ ¼ D
Dmax

� �q

ð1Þ
where P is the fraction that can pass through a sieve with opening
diameter D; Dmax is maximum particle size of the mix. The param-
eter q has a value between 0 and 1, Andreasen and Andersen [29]
have found that optimum packing is obtained when q = 0.37. The
grading by Fuller is obtained when q = 0.5 [30].

PSD curve of some of the mixtures used in this research has
been compared with the Fuller and A&A optimized PSD curve,
shown in Fig. 3. As shown, the more the PSD curve of the mixtures
approaches the Fuller curve (q = 0.5), the more the results for the
fresh HPSCC tests and segregation resistance of the mixes are
improved. In this paper q = 0.45 was used and the modified grading
curve is shown in Fig. 3. The figure shows four grading curves with
three different values of q. Though q = 0.37 improves workability
because of increase of finer grains, however it leads to strength
and durability problems of the hardened concrete and hence it is
not suitable to be used in high performance concrete mix design.
Although strength improvement was expected by using Fuller
grading curve, but it lead to decrease of finer grains compared to
Andreasen and Andersen and resulted in segregation while making
self-compacting concrete. In order to reach a more optimal grada-
tion satisfying strength, durability and workability purposes,
q = 0.45 was considered as a base and according to the available
aggregates, it was tried to prepare a modified grading curve which
is plotted in Fig. 3.

4. Mix proportions

A total number of 14 concrete mixtures were designed with a
constant water/binder (w/b) ratio of 0.38 and total binder content
of 400 and 500 kg/m3. Concrete mixtures were prepared with 10%,
2% and 10% + 2% (by weight) replacement of Portland cement by SF,
NS and blend of SF + NS respectively. Also some mixtures were
designed with 5%, 10% and 15% replacement of Portland cement
by FA. The mixture proportions of concrete and binder paste are
given in Table 5. The abbreviations used in the study for labeling
the mixtures were adopted in such a way that they clearly show
the main parameters and their amount. HPSCC stands for high per-
formance self compacting concrete which is followed by the binder
content. NS, SF and FA denote nano silica, silica fume and fly ash
respectively which are followed by their percentages.

5. Mixing procedure

Since the SP plays a very important role in the flowability of SCC
mixes [31], a modified mixing procedure was adopted to take the
benefit of action of adsorption of molecules of poly-carboxylic
ether based SP on the cement particles for all the mixes. HPSCC
mixtures were prepared by mixing the coarse aggregates, fine
aggregates and powder materials (cement, nano silica, silica fume
and fly ash) in a laboratory drum mixer. The powder material and
aggregates were mixed in dry form for 2 min. Then half of the
water containing the whole amount of Super plasticizer was
poured and mixed for 3 min. After that, about 1 min rest was
allowed and finally rest of the water containing VMA was added
into the mixture and mixed for 1 min.

6. Preparation of the specimens

Cubic molds with dimensions of 150 � 150 � 150 mm,
50 � 50 � 200 mm and cylindrical molds with dimension of
100 � 200 mm were made for compressive, flexural and splitting
tensile tests respectively. The molds for HPSCC were covered with
polyethylene sheets and moistened for 48 h. Then the specimens
were demolded and cured in water at a temperature of 20 �C until
the test time. The compressive and splitting tensile strengths of the
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Table 5
Mix proportions of the concrete specimens.

No Concrete ID w/b Cement Silica fume Nano silica Fly ash Filler Fine aggregate Coarse aggregate Sp VMA

(kg/m3)

1 HPSCC400 0.38 400 – – – 177 1003 578 2.5 2
2 HPSCC500 0.38 500 – – – 177 1003 578 3.12 2.5
3 HPSCC400FA5% 0.38 380 – – 20 177 1003 578 2.5 2
4 HPSCC400FA10% 0.38 360 – – 40 177 1003 578 2.5 2
5 HPSCC400FA15% 0.38 340 – – 60 177 1003 578 2.5 2
6 HPSCC500FA5% 0.38 475 – – 25 177 1003 578 3.12 2.5
7 HPSCC500FA10% 0.38 450 – – 50 177 1003 578 3.12 2.5
8 HPSCC500FA15% 0.38 425 – – 75 177 1003 578 3.12 2.5
9 HPSCC400NS2% 0.38 392 – 8 – 177 1003 578 2.5 2
10 HPSCC400SF10% 0.38 360 40 – – 177 1003 578 2.5 2
11 HPSCC400SF10NS2% 0.38 352 40 8 – 177 1003 578 2.5 2
12 HPSCC500NS2% 0.38 490 – 10 – 177 1003 578 3.12 2.5
13 HPSCC500SF10% 0.38 450 50 – – 177 1003 578 3.12 2.5
14 HPSCC500SF10NS2% 0.38 440 50 10 – 177 1003 578 3.12 2.5
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concrete samples were determined at 7, 28 and 90 days and the
average of two trials was reported.
7. Testing of the specimens

When the mixing procedure was completed, tests were con-
ducted on the fresh concrete to determine slump flow time, slump
flow diameter and V-funnel flow time. Segregation was also visu-
ally checked during the slump flow test. From each concrete mix-
ture, cubic samples of 150 � 150 � 150 mm and
50 � 50 � 200 mm, and cylinder samples of 100 � 200 mm were
cast for the determination of compressive strength, flexural
strength, split tensile strength respectively. Cubic samples of
100 � 100 � 100 mm were also made for transport tests (water
absorption, capillary absorption and chloride ion penetration
tests). All specimens were cast in one layer without any com-
paction. At the age of 48 h, the specimens were demolded and
stored in water at 21 ± 2 �C until the date of testing.
7.1. Tests on fresh concrete

The flow rate of a SCC mixture is influenced by its viscosity.
When developing an SCC mixture in the laboratory, a relative mea-
sure of viscosity is useful. The time it takes for the outer edge of the
concrete to spread and reach a diameter of 20 in. (500 mm) from
the time the mold is first raised, based on the procedure described
in the slump flow test, provides a relative measure of the uncon-
fined flow rate of the concrete mixture. For similar materials, this
time period, termed T50, gives an indication of the viscosity of
the SCC mixture [32]. According to Nagataki and Fujiwara [33],
the slump flow represents the mean diameter of the mass of con-
crete after release of a standard slump cone; the diameter is mea-
sured in two perpendicular directions. Basic workability
requirements for an acceptable SCC are summarized by Khayat
[34] as; excellent deformability, good stability, and lower risk of
blockage.

Workability properties of SCC mixtures in this study were eval-
uated through the measurement of slump flow time (T50) to reach
a concrete 50 cm spread circle, slump flow diameter (D) and
V-funnel flow time according to the ‘‘Specification and Guidelines
for SCC’’ prepared by EFNARC (European Federation for Specialist
Construction Chemicals and Concrete Systems) [35].

7.2. Tests on hardened concrete

Tests performed on hardened concrete aimed to determine the
mechanical properties including the compressive and splitting ten-
sile strengths of the concrete specimens. Compressive strength val-
ues were measured according to BS-1881 [36] on
150 � 150 � 150 mm cubes with two specimens for each concrete
mix on 7, 28 and 90 days of curing.

The splitting tensile strengths were determined on 7, 28 and
90 days on cylinders measuring 100-mm diameter and 200 mm



Table 6
Rheological properties of HPSCC mixtures.

No Concrete ID Slump flow (mm) T50 (s) V funnel (s)

1 HPSCC400 750 2 9
2 HPSCC500 840 1.5 4
3 HPSCC400FA5% 760 2 8
4 HPSCC400FA10% 800 1.7 7
5 HPSCC400FA15% 830 1.5 6
6 HPSCC500FA5% 870 1.3 3.5
7 HPSCC500FA10% 890 1.1 2.5
8 HPSCC500FA15% 910 0.9 2.5
9 HPSCC400NS2% 740 2.1 10
10 HPSCC400SF10% 650 2.2 10
11 HPSCC400SF10NS2% 640 2.4 12
12 HPSCC500NS2% 820 1.7 4
13 HPSCC500SF10% 760 2.2 5
14 HPSCC500SF10NS2% 740 2.1 6

Acceptance criteria of SCC
suggested by EFNARC

Slump flow

D (mm) T50 (s)

Min 650 2 6
Max 800 5 12
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height and cured in water until the date of test according the ASTM
C496 [37]. Flexural tests were performed conforming to the ASTM
C293 standard on 50 � 50 � 200 mm cubes [38]. Two specimens of
each mixture were tested and the mean value was reported.

7.3. Thermogravimetric analysis test

Thermogravimetric analysis (TGA) test was conducted so that
the weight loss of the concrete specimens due to heating can be
determined. A Netzsch simultaneous thermal analyzer equipped
with a Data Acquisition System was used for the tests. Specimens
which were cured for 28 days were heated from 110 to 650 �C, at
a heating rate of 4 �C/min and in an inert N2 atmosphere.

7.4. Transport tests

7.4.1. Absorption test
This test is based on BS 1881-Part 122 for testing water absorp-

tion in hardened concrete. The 100 � 100 � 100 mm specimens
were dried in an oven at 45 �C for a week and after 14 days speci-
mens reached to constant weight. The specimens were then
immersed in water and scaled after 0.5, 1, 24, 72 and 168 h to
check the weight increase and to calculate the water absorption
percentage. In this test, water absorption can only take place in
pores which are emptied during drying and filled with water dur-
ing the immersion period.

7.4.2. Capillary test
When a non-saturated concrete element is in contact with

water at one side and absorbed water evaporation is possible from
the other side, a permanent flowing regime through capillary
absorption is established [39]. The test carried out in this study
for determination of capillary water absorption is based on
RILEM CPC 11.2, TC 14-CPC for testing capillary absorption in hard-
ened concrete. The 100 � 100 � 100 mm specimens were dried in
the oven at 40 ± 5 �C. They were put on rods in a water bath in such
a way that they were immersed in water for no more than 5 mm. In
this test, unidirectional flow depths of the specimens were mea-
sured and results of capillary depths were reported.

7.4.3. Chloride ion penetration
After curing period of 90 days, 150 � 150 � 150 mm cubic spec-

imens were immersed in 3% NaCl solution for 90 days. Then spec-
imens were dried in the oven for 24 h. After that, in order to
prepare some pulverized concrete samples (powder samples) for
the test, all 6 faces of the cubic specimens were drilled by depths
of 0–5, 5–10, 10–15, 15–20 and 20–30 mm and the concrete pow-
der samples obtained from all 6 faces for each depth were blended
and in this way, the samples were prepared for the next step of the
test [ASTM C1218].

In this test method, total chloride content of pulverized con-
crete sample is determined by the potentiometric titration of chlo-
ride with silver nitrate [ASTM C114]. The pulverized concrete
sample prepared is solved in nitric acid solution and then if the
solution is acidic, a little of NaHCO3 is added to this solution until
pH value reaches 6 or 7. Then the K2CrO4 indicator is added so that
the color of the solution changes to light yellow. Eventually, 0.05 N
AgNO3 is added until the color of the solution turns to
orange-yellow (weak brown) and the volume of the AgNO3 solu-
tion is measured. In order to determine the Cl ion percentage,
the volume of the AgNO3 solution is substituted in Eq. (2).

Cl�ð%Þ ¼ 3:5453ðV � NÞ
W

ð2Þ

W: weigh of pulverized (powder) concrete prepared from the sam-
ple, N: normality of AgNO3 solution, V: volume of AgNO3 solution.
8. Results and discussion

8.1. Rheological properties

In this experimental program, rheological properties of HPSCC
was measured by slump flow (D (mm) and T50 (s)) and V-funnel.
Table 6 lists the test results performed on fresh concrete. The
slump flow diameters of all mixtures were in the range of 640–
910 mm, slump flow times were less than 2.4 s, and the V-funnel
flow times (s) were in the range of 2.5–12 s. The lowest V-funnel
flow time as 2.5 s was measured for the HPSCC500FA10% and
HPSCC500FA15%, while the HPSCC400SF10NS2% mixture had the
highest flow time as 12 s. Incorporating SF and NS in binary and
ternary systems, generally made the concretes more viscous. In
order to increase V-funnel flow time of the concretes, the mineral
admixtures as SF were used in binary blends. Almost all workabil-
ity test results were in the range established by EFNARC [35]
except some T50 flow times. T50 measurements of some mixtures
were less than the lower limit; however, all concrete mixtures
filled the molds by its own weight without the need for vibration.
In addition to the above properties, visual inspection of fresh con-
crete did not indicate any segregation or considerable bleeding in
any of the mixtures containing SF, NS, blended SF and NS, and FA
during the slump flow and V funnel; however, a little bleeding
was observed in the control specimens without any SF, NS and
FA. The effect of including SF and NS with various volume fractions
decreased flowability characteristics; however, they can improve
the consistency of concrete mixtures. Less bleeding and segrega-
tion were also observed in the mixtures containing SF + NS.

Variations of slump flow (mm), T50 (s) and V funnel (s) are
shown in Figs. 4–6 respectively. Nevertheless, the effect of FA with
different percentages increased flowability characteristics and a
little decreases the mix consistency. Generally it can be inferred
from the figures that rheological properties of the mixtures con-
taining 2% NS were close to those of the mixtures without admix-
tures and addition of 2% NS did not change the workability
significantly. However, the rheological properties changed more
in the mixtures containing 10% SF, 10% SF + 2% NS and different
percentages of FA.

It has been found that addition of fine materials in the cement
paste generally has a great effect on its viscosity. Limestone can
improve the viscosity, and it is proved to be the best additive at
40% content [40]. On the other hand, silica fume and pozzolan do
not seem to have the desired effects, meaning to lower the value
of viscosity so as to have a more easy to flow paste [40].



Control FA,5% FA,10% FA,15% NS,2% SF,10% NS,2%,SF10%
0

100

200

300

400

500

600

700

800

900

1000

Sl
um

p 
F

lo
w

 (
m

m
)

binder content: 400(kg/m3) binder content: 500(kg/m3)

Fig. 4. Slump flow diameter changes for different mixes of HPSCC.

NS,2%,SF10%SF,10%NS,2%FA,15%FA,10%FA,5%Control
0

0.5

1

1.5

2

2.5

T
50

 (
se

c)

binder content: 400(kg/m3) binder content: 500(kg/m3)

Fig. 5. T50 results for different mixes of HPSCC.

Control FA,5% FA,10% FA,15% NS,2% SF,10% NS,2%,SF10%
0

2

4

6

8

10

12

V
 F

un
ne

l (
se

c)

binder content: 400(kg/m3) binder content: 500(kg/m3)

Fig. 6. V funnel flow time changes for different mixes of HPSCC.

M. Jalal et al. / Construction and Building Materials 94 (2015) 90–104 95
The trends in Fig. 4 clearly reveal the increase of slump flow
diameter by increasing the fly ash percentage from 0% to 15%.
Binder content increase also has lead to increase of workability.
The increase of slump flow diameter for 5%, 10% and 15% of fly
ash is 10 and 80 mm, 10 and 70 mm, 30 and 70 mm for binder con-
tent of 400 and 500 respectively. This increase, from binder content
of 400 to 500 kg/m3 is 90 mm, 110 mm, 90 mm, 80 mm for 0%, 5%,
10% and 15% of fly ash respectively. In Fig. 5, an inverse trend com-
pared to Fig. 4 can be seen i.e. T50 has been reduced by increasing
the fly ash percentage and binder content. Addition of fly ash up to
15% reduced the T50 values from 2 s to 1.5 s, and 1.5 s to 0.9 s for
binder content of 400 and 500 kg/m3 respectively. Results of V fun-
nel flow time of HPSCC are shown in Fig. 6. The figure obviously
show that V funnel flow time decreases with the increase of fly
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ash percentage and binder content which can be explained by ball
bearing-shaped particles of Class F fly ash as shown in Fig. 2 and
also increase of fine grains and water content (paste volume) in
virtue of binder content increase which leads to workability
enhancement. Addition of fly ash up to 15% reduced the Tv-f values
from 9 s to 6 s, and 4 s to 2.5 s for cement content of 400 and
500 kg/m3 respectively.

Findings by other authors show that addition of lime stone and
fly ash increase the slump flow of SCC and their combination lead
to optimized consistency in terms of slump flow time and diameter
[41]. Diamantonis et al. found that limestone is the best fine mate-
rial that can be used as a fine additive, among fly ash, silica fume,
and nano silica in their study. Based on their results, more
improvement of cement paste rheological properties could be
achieved by lime stone addition compared to other additives
[40]. It has also been reported that incorporation of 2% NS by mass
of cementitious materials reduced initial and final setting times by
90 and 100 min in high volume fly ash concrete. However, the set-
ting times and early strength of these concretes were not affected
by the silica fume significantly [42]. It was investigated that mor-
tars with 3.5% nS and 3% SP show spread on table values higher
than the ones with 20% SF and 0.7% SP [43].
8.2. Mechanical properties

Mechanical properties of HPSCC mixtures including the com-
pressive, flexural and split tensile strength results are given in
Table 7. This table presents the average of the compressive and
flexural strengths as determined from two cubic specimens and
splitting tensile strength as reported from two cylindrical speci-
mens at each age. Increasing the SF content increased the compres-
sive strength considerably, especially at older ages. Compared to
control specimens, replacement by 10% SF in binary mixtures
increased the compressive strength for binder content of 400 and
500 by 34, 9 and 9%, 9, 21 and 23% at, 7, 28 and 90 days respec-
tively. Replacement by 2% NS in binary mixtures increased the
compressive strength for binder content of 400 and 500 by 22%,
38% and 43%, 22%, 56% and 62% at 7, 28 and 90 days respectively.
Replacement by 10% SF and 2% NS in ternary mixtures increased
the compressive strength for binder content of 400 and 500 by
62%, 52% and 55%, 30%, 67% and 73% at 7, 28 and 90 days respec-
tively. Generally in binary mixtures, the compressive strength
improvement was higher in the mixtures containing 2% NS and
the highest in ternary mixtures. Generally in all ages (7, 28 and
90 days) ascending trends were observed in compressive strength
values by increasing the binder content.
Table 7
Mechanical properties of HPSCC mixtures.

No Concrete ID Compressive strength (MPa) Sp

7 days 28 days 90 days 7

1 HPSCC400 36.4 51.8 53.1 2
2 HPSCC500 40.2 52.5 53.2 3
3 HPSCC400FA5% 32.7 40.4 50.3 2
4 HPSCC400FA10% 26.9 37.3 52.5 2
5 HPSCC400FA15% 22.4 34.2 55 2
6 HPSCC500FA5% 33.2 43.1 53 2
7 HPSCC500FA10% 31.5 40.3 56.3 2
8 HPSCC500FA15% 30.1 36.1 60.2 2
9 HPSCC400NS2% 44.3 71.3 75.9 3
10 HPSCC400SF10% 48.7 56.5 58.1 3
11 HPSCC400SF10NS2% 59 78.8 82.4 3
12 HPSCC500NS2% 49.1 82.1 86.1 3
13 HPSCC500SF10% 43.9 63.4 65.1 3
14 HPSCC500SF10NS2% 52.3 87.9 92.1 3
With the increase in fly ash content from 0% to 15%, HPSCC
mixes showed loss of compressive strengths at 7 and 28 days but
at 90 day age compressive strength was developed. The compres-
sive strength increased with a decrease in the percentage of the
fly ash at low ages and increase of binder content.

To make the results more illustrative, compressive strength
results for HPSCC at 10% level of cement replacement by SF, 2%
replacement by NS, ternary blends of 10% SF and 2% NS, and 0–
15% replacement by FA compared to control samples at 7, 28 and
90 days are shown in Fig. 7. It can be noted from the results that
in 28-day old specimens and for 5%, 10% and 15% of fly ash, com-
pressive strength losses of ‘‘22%, 28% and 34%’’, ‘‘17.9%, 23.2% and
31.2%’’ were observed for binder content of 400 and 500 kg/m3

respectively. However, in the 90-day old specimens and for binder
content of 400 kg/m3, strength decrease of 5.2% and 1% and
increase of 3.5% was observed for 5%, 10% and 15% of fly ash respec-
tively. For binder content of 500 kg/m3, strength decrease of 0.3%
and increase of 5.8% and 7% was also observed for 5%, 10% and
15% of fly ash respectively.

Many researchers have investigated compressive strength of
SCC containing different admixtures. Wongkeo et al. found that
FA addition decreases compressive strength while SF at 5 and
10 wt% increases compressive strength of SCC. The reduction due
to FA is attributed to its slow pozzolanic reaction and the dilution
effect [44]. It was reported that incorporation of 2% NS by mass of
cementitious materials increased 3- and 7-day compressive
strengths of high-volume fly ash concrete by 30% and 25%, respec-
tively, in comparison to the reference concrete with 50% fly ash.
Similar trends were observed in high-volume slag concrete [42].
Behfarnia et al. found that replacement of cement content with
nano-SiO2 improved the compressive strength of concrete mixes
used in this research. In their study, the optimum content of
nano-SiO2 in concrete in order to increase its compressive strength
was 5 wt% [45]. A review on nanotechnology in concrete reported a
comparison of nanoparticles’ effect on compressive strength of
cement mortars for nano-SiO2 (NS), nano-Fe2O3 (NF) and silica
fume at 7 and 28 days [46]. The highest values were obtained at
NS-10% and NF-3%.

Regarding splitting tensile strength, it can be inferred from the
results that the highest values belong to the mixtures containing
both NS and SF with binder content of 500 kg/m3. Compared to
control specimens, replacement by 10% SF and 2% NS in ternary
mixtures increased the splitting tensile strength for binder content
of 400and 500 by 17%, 33% and 25%, and 27%, 2% and 11% at 7, 28
and 90 days respectively. In the same mixtures, binder content
increase has also lead to average increase of splitting tensile
strength by about 4%. In general, it may be seen from the results
litting tensile strength (MPa) Flexural strength (MPa)

days 28 days 90 days 7 days 28 days 90 days

.9 3.6 3.9 3.4 3.9 5.3

.7 4.7 4.8 4 4.8 5.9

.1 2.9 3.7 3.3 3.7 5.3

.1 2.6 3.8 3 3.7 5.2

.1 2.4 3.7 2.9 3.6 5.4

.5 3 4.6 4 4.6 6

.1 2.8 4.7 3.8 4.5 6.1

.3 2.7 4.8 3.7 4.5 6.2
3.7 4.4 4.2 5.7 6.4

.1 3.7 4.3 3.8 4.6 5.9

.4 4.8 4.9 4.2 6.2 7.8

.6 4.7 4.9 4.6 6.1 7.2

.7 4.7 4.8 4.3 5.2 6.3

.7 4.8 5.3 4.8 7.3 9
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Fig. 7. Compressive strength results of HPSCC mixtures with binder content of (a) 400 kg/m3, (b) 500 kg/m3.
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that the splitting tensile strength has increased significantly by
addition of both NS and SF. It is also noted that the splitting tensile
strength has increased rather significantly at more advanced ages.

Splitting tensile strength generally increased with a decrease in
the percentage of the fly ash and an increase in binder content. At
the age of 28 days, addition of fly ash from 0% to 15% reduced the
split tensile strength from 3.6 to 2.4, and 4.7 to 2.7 MPa for binder
content of 400 and 500 kg/m3 respectively. However at the age of
90 days, the split tensile strength changes for 0–15% of fly ash were
from 3.9 to 3.7, and 4.8 to 4.8 MPa for binder content of 400and
500 kg/m3 respectively.

Similar trends were found by others. Nazari et al. found that
addition of GGBFS content up to 45 wt% results in increased split
tensile strength and SiO2 nanoparticles incorporation up to
3 wt%, could also have beneficial effect [27]. Jalal et al. in another
study reported enhanced split tensile strength of SCC by addition
of nano-TiO2 up to 4 wt% [5].

Flexural strength results of different HPSCC mixtures are plot-
ted in Fig. 8 for different binder contents. Compared to control
specimens, replacement by 10% SF + 2% NS in ternary mixtures
increased the flexural strength for binder content of 400 and 500
by 23.5%, 58.9% and 47%, and 20%, 52% and 52% at 7, 28 and 90 days
respectively. Replacement by 15% FA in the mixtures increased the
flexural strength for binder content of 400 and 500 by 1.8% and 5%
at 90 days respectively. However at earlier ages, the flexural
strengths decreased by increasing the FA contents.
The use of CNF to 0.08%VF in the pastes specimens has been
reported to increase the flexural strength by 30%. However, early
age surface cracking also increased. The reduction in the size par-
ticle of the silica addition accelerated material stiffening and
increased cracking risk [47].

According to Yu et al., the addition of waste bottom ash (WBA)
reduces the compressive strength of the designed concrete.
However, due to the coarse surface of WBA and the thread-like
stuff on its surface, the flexural strength of the designed concrete
can be slightly enhanced. After the nano-silica and hybrid fibers
are added into the concrete, its mechanical properties (especially
the flexural strength) can be significantly improved [48]. Beigi
et al. found that increasing nanosilica content to 4 wt.%, increases
the tensile and flexural strengths more significantly which is
because of the filling and pozzolanic effects of nanosilica in contact
area between fibers and cement matrix [49].

Several studies have been conducted on flexural strength of
cementitious composites reinforced by Silica nano-particles and
some possible reasons have been represented to show the incre-
ment of flexural strength:

1. When a small amount of the nano-particles is uniformly dis-
persed in the cement paste, the nano-particles act as a nucleus
to tightly bond with cement hydrate and further promote
cement hydration due to their high activity, which is favorable
for the strength of cement mortar [50,51].
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Fig. 8. Flexural strength results of HPSCC mixtures with binder content of (a) 400 kg/m3, (b) 500 kg/m3.

Table 8
Thermogravimetric analysis results of HPSCC specimens.

No ID Weight loss in the range of 110–650 �C (%)

1 HPSCC400 13.5
2 HPSCC500 14.5
3 HPSCC400FA5% 14.2
4 HPSCC400FA10% 14.9
5 HPSCC400F15% 15.6
6 HPSCC500FA5% 14.8
7 HPSCC500FA10% 15.9
8 HPSCC500FA15% 16.3
9 HPSCC400NS2% 17.8
10 HPSCC400SF10% 18.1
11 HPSCC400SF10NS2% 19.3
12 HPSCC500NS2% 18.8
13 HPSCC500SF10% 19.2
14 HPSCC500SF10NS2% 19.9
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2. The nano-particles among the hydrate products will prevent
crystals from growing which are positive for the strength of
cement paste [51–53].

3. The nano-particles fill the cement pores, thus increasing the
strength. Nano-SiO2 can contribute in the hydration process to
generate C–S–H through reaction with Ca(OH)2 [54,55].

8.3. TGA results

Table 8 shows the thermogravimetric analysis results of differ-
ent HPSCC specimens measured in the 110–650 �C range in which
dehydration of the hydrated products occurred. The results show
that after 28 days of curing, the loss in weight of the specimens
is increased by decreasing the PC content in concretes. The results
also showed that the loss in weight of the specimens is increased
by increasing NS and SF in concrete mixtures. Increasing the FA
percentage in the binder resulted in weight loss increase, however
the weight losses were not as significant as those occurred in the
specimens containing NS and SF. The most noticeable weight losses
belonged to the mixtures containing 10%SF + 2%NS with binder
content of 500 kg/m3. The increase in weight loss could be due to
more formation of CH and C3H compounds in the cement paste.
Furthermore, more rapid formation of hydrated products in pres-
ence of silica nanoparticles and silica fume could be the reason
of more weight loss.



Table 10
Results of capillary absorption by time.

No Concrete ID Capillary water absorption (mm)
Time (h)

3 6 24 72

1 HPSCC400 2.8 2.82 6.5 8.6
2 HPSCC500 2.5 3.4 5.5 6.6
3 HPSCC400FA5% 2.7 3.7 6.2 8.3
4 HPSCC400FA10% 2.4 3.2 5 6.3
5 HPSCC400F15% 2 2.9 4.3 5.8
6 HPSCC500FA5% 2.4 3.2 5.3 6.3
7 HPSCC500FA10% 2 2.9 4.3 5.8
8 HPSCC500FA15% 1.9 2.4 3.3 3.8
9 HPSCC400NS2% 2.2 2.7 3.4 3.6
10 HPSCC400SF10% 2.1 2.5 3.3 3.4
11 HPSCC400SF10NS2% 1.9 2 2.8 2.9
12 HPSCC500NS2% 1.8 2.3 2.9 3
13 HPSCC500SF10% 1.7 2.16 2.9 3.1
14 HPSCC500SF10NS2% 1.5 1.7 2.1 2.2
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8.4. Transport properties

8.4.1. Water sorption
The water absorption results of the concrete samples at differ-

ent time intervals are presented in Table 9. As can be seen, increase
in binder content from 400 to 500 kg/m3 resulted in water absorp-
tion decrease by 15.3% respectively at the first time step of water
absorption (0.5 h) in the samples without any admixtures. Water
absorption decrease in the samples containing 2% NS in the first
time step appeared to be 35% and 32% for binder content of 400
and 500 respectively. Addition of 10% SF resulted in water absorp-
tion decreases in the same duration by 31% and 34% for binder con-
tent of 400 and 500 respectively, which is similar to the values
obtained in the mixtures containing 2% NS. The reductions in water
absorption in the mixtures containing 2% NS + 10% SF were
obtained as 46% and 50% for binder content of 400 and 500 respec-
tively, which is noticeable and reveals the good performance of
SF + NS blends in the HPSCC mixtures.

Water absorption decrease in the samples containing 5% of fly
ash in the first time step appeared to be 4% and 9% for binder con-
tent of 400 and 500 respectively. The reductions for fly ash addition
by 10% and 15% were 19%, 18% and 27%, 27% for similar binder con-
tents respectively. Considering the results, the enhanced water
resistant performance of the concrete samples containing fly ash
may be inferred.

The water permeability test carried out by Ji et al. shows that
the nano-SiO2 concrete has better water permeability resistant
behavior than the normal concrete [56]. In another study,
Mortars with 7% NS, exhibited the highest values of water absorp-
tion and apparent porosity (between samples with 0.35 W/B),
while these values decreased for mortars with 20% SF [43].
Wongkeo et al. study revealed that water absorption has a direct
relationship with the voids so the absorption decreased as the
voids decreased. Thus, at the same w/b ratio, the water absorption
of all SCC containing FA was higher than Portland cement control
and tends to decrease with increasing SF content [44].

The results generally show desirable effect of FA as a natural
pozzolan on water absorption properties of the concrete samples.
With this respect, more desirable performances were observed in
the mixtures with binder content and FA percent of 500 kg/m3,
15% FA. Although water absorption decreases were also observed
in the mixtures containing lower percentages of FA, however the
values were not significant.

8.4.2. Capillary water absorption
The capillary water absorption results of the HPSCC samples at

different time intervals are presented in Table 10. The results show
Table 9
Results of water absorption by time.

No Concrete ID Water absorption (%)
Time (h)

0.5 h 1 h 24 h 48 h 72 h 168 h

1 HPSCC400 2.6 3.2 5.3 5.5 5.6 5.8
2 HPSCC500 2.2 3.1 4.3 4.4 4.6 4.9
3 HPSCC400FA5% 2.5 3 5.1 5.2 5.4 5.6
4 HPSCC400FA10% 2.1 2.2 3 3.4 3.6 3.9
5 HPSCC400F15% 1.9 2.1 2.5 2.9 3 3.3
6 HPSCC500FA5% 2 2.9 3.9 4 4.2 4.3
7 HPSCC500FA10% 1.8 1.9 2.5 2.7 2.8 3.1
8 HPSCC500FA15% 1.6 1.9 2.3 2.5 2.6 2.8
9 HPSCC400NS2% 1.7 2.2 2.7 2.8 2.85 3
10 HPSCC400SF10% 1.8 2.25 2.65 2.7 2.74 3
11 HPSCC400SF10NS2% 1.4 1.8 2 2.2 2.3 2.4
12 HPSCC500NS2% 1.5 1.95 2.4 2.5 2.6 2.7
13 HPSCC500SF10% 1.44 1.7 2.2 2.3 2.4 2.5
14 HPSCC500SF10NS2% 1.1 1.4 1.6 1.7 1.9 2
that the height of absorbed water in the concrete samples has
decreased by increasing the binder content from 400 to 500 and
addition of NS, SF and FA admixtures. Increase in binder content
from 400 to 500 lead to capillary water absorption from 2.8 to
2.5 mm during three hours and from 8.6 to 6.6 mm during 72 h
respectively, which the capillary water height decreases seem
more significant at longer times. It may be due to the fact that
the samples fully dried in the oven have more tendency to absorb
water at earlier times, however at longer times the effect of binder
content, NS, SF and especially FA admixtures comes to be revealed
more and the results considered to be more realistic and reliable.
Addition of 2% NS resulted in capillary water absorption of 3.6
and 3 mm for binder content of 400 and 500 respectively during
72 h for which the reductions of 58% and 54% compared to the mix-
tures without any admixture can be considered. Addition of 10% SF
with binder content of 400 and 500 resulted in capillary water
absorption decrease by 60% and 53% respectively during 72 h com-
pared to the mixtures without any admixture. The same reductions
observed for mixtures containing blend of 2% NS + 10% SF were 66%
and 66% respectively. As can be seen, the water proofing effects of
SF and NS on HPSCC tend to appear more obviously in the mixtures
containing both SF and NS with higher binder content. As can be
inferred from the water absorption results, this performance may
be attributed to the more packed and refined microstructure and
pore structure of the concrete achieved by addition of SF + NS.

Addition of 5% fly ash resulted in capillary water absorption of
8.3 and 6.3 mm for cement content of 400, 450 and 500 respec-
tively during 72 h for which the reductions of 3.5% and 4.7% com-
pared to the mixtures without any pozzolan can be considered. By
increasing the fly ash percentage more significant results were rec-
ognized. Addition of 10% and 15% FA with binder content of 400
and 500 resulted in capillary water absorption decrease by 27%
and 12% and 44% and 42.5% respectively during 72 h compared
to the mixtures without any FA. As can be seen, the water proofing
effects of fly ash on high performance self compacting concrete
tend to be revealed more obviously at higher percentages of FA
addition. As observed in water absorption results, this performance
may be attributed to the more packed microstructure and pore
structure of the concrete by addition of fly ash. At the nano scale,
the results demonstrated that the chloride penetration velocities
were more closely related to the change in the CPDs in the cement
matrix than to the APDs, including the capillary pores, in both the
ITZ and the cement matrix as detected by the MIP [41].

8.4.3. Chloride ion penetration
In this test, the chloride ion penetration has been determined as

a fraction of the concrete sample weight. Presented in Table 11 are
the results of chloride percentage at different depths of the



Table 11
Chloride ion percentage at different average depths of the concrete samples.

No Concrete ID Chloride ion percentage (%)
Mean of depth (mm)

2.5
(mm)

7.5
(mm)

12.5
(mm)

17.5
(mm)

25
(mm)

1 HPSCC400 4.2 1.7 0.8 0.52 0.19
2 HPSCC500 2.98 1.4 0.65 0.37 0.14
3 HPSCC400FA5% 4 1.5 0.7 0.48 0.18
4 HPSCC400FA10% 3.5 1.3 0.65 0.43 0.16
5 HPSCC400F15% 3.2 1.1 0.62 0.4 0.15
6 HPSCC500FA5% 2.7 1.3 0.58 0.35 0.13
7 HPSCC500FA10% 2.4 1.15 0.54 0.32 0.12
8 HPSCC500FA15% 2.3 0.9 0.43 0.31 0.1
9 HPSCC400NS2% 2.4 1.1 0.62 0.42 0.15
10 HPSCC400SF10% 2.3 0.81 0.51 0.32 0.14
11 HPSCC400SF10NS2% 1.6 1 0.4 0.29 0.09
12 HPSCC500NS2% 2 0.85 0.43 0.32 0.12
13 HPSCC500SF10% 1.7 0.4 0.43 0.23 0.09
14 HPSCC500SF10NS2% 1.3 0.55 0.33 0.11 0.03
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concrete samples. The results show a general decrease in chloride
percentage by depth of concrete sample which conveys the fact
that the concrete ingredients especially aggregates are clear from
binder conte
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Fig. 9. Chloride ion percentage results of HPSCC mixtures
chloride ions. In depth of 0–5 mm, increase in binder content from
400 to 500 in the samples without any admixture resulted in
reductions of chloride ion amount by 29%. In depth of 0–5 mm of
the samples containing 2% NS, chloride ion penetration decreased
by 43% and 43% for binder contents of 400 and 500 respectively.
The reductions in the samples containing 10% SF were obtained
as 52% and 43% for the same binder contents respectively. The
samples containing blend of 10% SF + 2% NS showed significant
chloride ion penetration decrease as 62% and 56% for the same bin-
der contents respectively.

In depth of 0–5 mm of the samples containing 5% FA, chloride
ion penetration decreased by 5% and 9.3% for binder contents of
400 and 500 respectively. The reductions in the samples containing
10% and 15% FA were observed as 16.6%, 19.4% and 24%, 23% for
binder contents of 400 and 500 respectively.

As can be considered, SF and NS addition has resulted in rela-
tively significant decrease in chloride ion percentage which may
be in virtue of more refined pore structure of the concrete obtained
by addition of the admixtures especially nanoparticles and poz-
zolanic effect of this material.

The results of chloride ion percentage versus average depth of
the concrete sample for different binder contents and admixtures
amount are plotted in Fig. 9. The curves obviously show
nt: 400 (kg/m3)
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descending trends by increase in depth. Comparison is easier in
lower depths, however in higher depths the curves get closer
together and the differences get smaller. According to this figure,
again it is confirmed that the mixture with binder content of 500
containing NS + SF has the most desirable durability performance.

Comparable results were obtained by some researchers. The
work done by Wongkeo et al. shows that at the same w/b ratio,
the charges passed of Portland cement control concrete were
higher than that of FA and SF concretes. Furthermore, the charges
passed of FA concrete were higher than that of SF concrete [44].
Another study demonstrates that the use of lime stone (LP) at rel-
atively high replacement of cement increased the chloride penetra-
tion velocity of LP–SCC as compared with both the use of cement
only (without any replacement) and the incorporating of mineral
admixture such as FA and FA + SF at the same replacement per-
centage [41]. Results of water absorption and catalyzed chloride
ion penetration tests show that nanosilica has a great influence
on the reduction of water absorption and chloride ion penetration
into fiber-reinforced concrete [49].
Fig. 10. SEM micrographs of HPSCC mixtures (1) with 15% fly ash and (2) witho
8.5. Microstructures

The microstructure of the HPSCC containing Class F fly ash as
investigated by Scanning Electron Microscopy (SEM) at different
ages is shown in Fig. 10. The mechanical, rheological and durability
properties are influenced by the microstructure and might be
explained by the SEM micrographs. As can be seen in Fig. 10-1-a,
the ball bearing-shaped particles of Class F fly ash are distributed
in the HPSCC paste and they could facilitate the flowability of the
paste and therefore improve the workability and rheological prop-
erties of the mixture. However, in higher ages the reactions in the
HPSCC paste evolve and by formation of more reaction products, a
denser microstructure may be expected as shown in Fig. 10-1-b. At
more advanced ages, the pozzolanic effects of fly ash and the reac-
tions in the composite paste rather reach to the highest level and
the reaction products appear crystalline in the microstructure
and even denser pore structure may be reached as appeared in
Fig. 10-1-c. The development of the compressive strength at higher
ages might be explained by this evolutionary trend of the pore
ut fly ash at 7 days (series a), 28 days (series b) and 90 days (series c) [6].



Fig. 11. SEM micrographs of HPSCC mixtures (a) without admixtures, (b) with 10% SF, (c) with 2% NS and (d) with 10% SF + 2% NS at 7 days (series 1) and 90 days (series 2) [4].
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structure. Regarding durability properties, it may be deduced from
the micrographs that the pore structure of the mixtures containing
fly ash get denser and more packed especially at more advanced
ages and the pores get smaller and it can result in less water
absorption, capillary absorption and Cl ion penetration and more
resistivity. Regarding microstructure effect on transport properties,
Beigi et al. mentioned that reduction in chloride ion penetration is
because of high activity of nanosilica that facilitates reaction
between nanosilica and calcium hydroxide (with low resistance
against chemical attacks) that compacts it to calcium silicate
hydrate [49]. This compaction could improve and strengthen
microstructure of concrete against chloride ion penetration [49].
Diamantonis et al. concluded that there is a synergy between lime-
stone and fly ash that results in a denser micro-structure, due to
better filling the void space among the granules [40]. Better dura-
bility of nano-SiO2 blended concrete was also attributed to the fact
that the nano-SiO2 particles can fill the voids of the C–S–H gel
structure and act as nucleus to tightly bond with C–S–H gel parti-
cles, making binding paste matrix denser, and long-term mechan-
ical properties and durability of concrete are expected to be
increased [56]. It was also maintained that the chloride migration
coefficient is proportional to both the thickness and the porosity of
the ITZ. High ITZ thickness can increased the capillary pore’s perco-
lation in the ITZ and thus ITZ thickness was more responsible than
ITZ porosity alone in determining the chloride ingress [41].

The mechanism that the nano particles improve the pore struc-
ture of concrete can be interpreted as follows [27]: suppose that
nano particles are uniformly dispersed in concrete and each parti-
cle is contained in a cube pattern, therefore the distance between
nano particles can be determined. After the hydration begins,
hydrate products diffuse and envelop nano particles as kernel
[27]. If the content of nano particles and the distance between
them are appropriate, the crystallization will be controlled to be
a suitable state through restricting the growth of Ca(OH)2 crystal
by nano particles. Moreover, the nano particles located in cement
paste as kernel can further promote cement hydration due to their
high activity. This makes the cement matrix more homogeneous
and compact. Consequently, the pore structure of concrete is
improved evidently such as the concrete containing nano-SiO2 in
the amount of 1% by weight of binder [27].

On the whole, the addition of silica fume and especially silica
nanoparticles improves the pore structure of concrete. On the
one hand, nano particles can act as a filler to enhance the density
of concrete, which leads to the porosity of concrete reduced
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significantly. On the other hand, nano particles can not only act as
an activator to accelerate cement hydration due to their high activ-
ity, but also act as a kernel in cement paste which makes the size of
Ca(OH)2 crystal smaller and the tropism more stochastic. Some
researchers explain that nano-SiO2 can absorb the Ca(OH)2 crys-
tals, and reduce the size and amount of the Ca(OH)2 crystals, thus
making the interfacial transition zone (ITZ) of aggregates and bind-
ing paste matrix denser [56]. Others found that the modification in
the chemistry of the ITZ due to the use of different fillers and min-
eral admixture as a high partial replacement leads to different ITZ
porosities which was more noticeable in the case of using the
FA + SF replacement [41]. Yu et al. concluded that the simultaneous
addition of nanosilica and hybrid fibers into UHPFRC can effec-
tively restrict and minimize the cracks leading to significant
enhancement of mechanical properties of the designed UHPFRC
with waste bottom ash (WBA) [48].

The high enhancement of compressive strength and splitting
tensile strength in the SF and NS blended HPSCC is due to the rapid
consuming of Ca(OH)2 which was formed during hydration of
Portland cement specially at early ages related to the high reactiv-
ity of NS particles. As a consequence, the hydration of cement is
accelerated and larger volumes of reaction products are formed.
Also NS particles recover the particle packing density of the
blended cement, directing to a reduced volume of larger pores in
the cement paste. Fig. 11a–d show respectively the scanning elec-
tron micrographs (SEM) of HPSCC without admixture, with 10% SF,
with 2% NS, and blend of 10% SF and 2% NS after 7 days (Fig. 11, ser-
ies 1) and 90 days (Fig. 11, series 2) of curing in water. C–S–H gel
which is existed in isolation is enclosed by some of
needle-hydrates in the SEM of cement paste (Fig. 11a). On the
other hand, the micrograph of the mixture containing SF
(Fig. 11b) and especially NS (Fig. 11c and d) revealed a compact for-
mation of hydration products and a reduced content of Ca(OH)2

crystals. Fig. 11c and d show a more compact mixture after all days
of curing which indicate rapid formation of C–S–H gel in presence
of Silica nano particles.
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