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� Effects of nanoparticles on properties of self-compacting mortar were investigated.
� Fresh and hardened properties of mortar were affected by the nanoparticle dosage.
� Nanoparticles improve compressive strength and durability performance of mortar.
� Adding nano-SiO2 and nano-TiO2 at 5% improved the all-round performance.
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a b s t r a c t

This article reports an investigation into the single and the combined effects of nano-SiO2 (NS), nano-
Al2O3 (NA) and nano-TiO2 (NT) on the mechanical and durability properties of self-compacting mortar
(SCM) containing fly ash. Three different nanoparticles at quantities of 1%, 3%, and 5% of the binder by
weight were considered, with a constant fly ash amount of 25% of the weight of cement for all mixtures.
Water absorption, electrical resistivity and rapid chloride permeability tests (RCPTs) were performed to
observe the durability properties of SCM samples containing fly ash. Compressive strength was obtained
at 3, 7, 28 and 90 days. Mini V-funnel flow time and mini slump flow diameter tests were also performed
to obtain rheological properties. The results indicate that 1%, 3%, and 5% of the binder provide the best
compressive strength for nanoparticles NA, NS, and NT, respectively, when used on their own. For all
combinations, the strength increased and reached its peak by the 90th day. The similar improvement
effect was also seen with water absorption. In fact, the binary combinations NS/NT (NST) and NS/NA
(NSA) at 5% and 1% had the greatest water absorption among all samples. In terms of electrical resistivity
and chloride permeability, the best results were obtained with the ternary combination NSAT at 3%.
Overall, the best all-round performance was provided by the binary combination NST at 5%.

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

Self-compacting concrete (SCC) is now widely developed and is
a new type of concrete designed to bring many benefits to the
properties of structural concrete [1–5]. What differentiates SCC
from conventional concrete is the ability to be compacted by its
own weight without the need for vibration [6–8]. Vibration of
concrete sometimes is not only inherently difficult, but also can
pose some health and safety problems, such as white finger syn-
drome which is a serious challenge for construction workers, as
well as the noise pollution and vibration problems [2,7].
Published studies have also revealed that the homogeneous and
uniform concrete cannot be produced by even the perceived full
compaction [5,6]. SCC offers a fresh approach to improve the
workability, allowing the pouring of concrete in restricted areas,
for example where there is a narrow gap between bars [5,9]. It also
improves the properties of concrete. So SCC has received added
prominence in recent years [4]. However, this study investigated
mortar instead of concrete as the mortar phase has similar
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Table 1
Chemical composition and physical properties of ordinary Portland cement and fly
ash.

Chemical analysis (%) Cement Fly ash

SiO2 21.56 55.8
Al2O3 6.67 20.75
Fe2O3 6.17 6.66
CaO 49.88 4.12
MgO 4.51 1.9
SO3 2.75 0.44
K2O 0.76 1.73
Na2O 0.43 0.78
LOI 2.79 1.95
Specific gravity (g/cm3) 3.15 2.2
Specific surface area (cm2/g) 3250 5230

Table 2
Properties of nanoparticles.

Nanoparticles Average diameter (nm) Surface volume ratio (m2/g) Purity (%)

Nano SiO2 15 ± 3 200 >99
Nano Al2O3 15 ± 3 200 >99
Nano TiO2 15 ± 3 200 >99

Table 3
Mix design.

Label Cement
(kg/m3)

FA
(kg/m3)

Nano
SiO2

(kg/m3)

Nano
Al2O3

(kg/m3)

Nano
TiO2

(kg/m3)

Water
(kg/m3)

Sand
(kg/m3)

SP
(kg/m3)

Control 525 175 0 0 0 280 1210 4.5
1NS 518 175 7 0 0 280 1198 4.5
3NS 504 175 21 0 0 280 1176 4.2
5NS 490 175 35 0 0 280 1153 4.2
1NA 518 175 0 7 0 280 1198 4.2
3NA 504 175 0 21 0 280 1176 4
5NA 490 175 0 35 0 280 1153 4
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properties to concrete and research on mortar is more controllable.
Also, apart from coarse aggregate, mortar contains the same mate-
rials as concrete, and the influence of the test variables is similar to
those in concrete [10–12].

Nanotechnology is a topic which is currently being given a lot of
attention by researchers, and nanoparticles are employed by some
researchers to modify the properties of cementitious materials, as
these materials, such as SiO2, Al2O3 and TiO2 nanoparticles, can
improve durability, thermal, mechanical, and electrical properties
[6,13,14]. It is expected that the kinetics and the hydration of
cement can be significantly influenced by nanoparticles [9].
Nano-SiO2 is the most commonly used nano-powder, whereas
silica fume and fly ash are the most widely used pozzolanic
materials in the cement and concrete industry [3].

Much research has been carried out on the application of nano-
sized materials and pozzolanic materials in the conventional mor-
tar/concrete and self-compacting mortar (SCM)/concrete (SCC) to
improve their mechanical and physical properties [6,15–20]. Jalal
et al. [6] investigated the effects of micro SiO2 and nanoparticles
on the mechanical, rheological, durability and microstructural
properties of high performance self-compacting concrete. As their
results showed, using micro and nano-silica had a significant effect
on improving the properties of SCC. Oltulu et al. [9] studied the
influence of nano-SiO2, nano-Al2O3 and nano-Fe2O3 powders on
the compressive strengths and capillary water absorption of
cement mortar containing fly ash. According to their results,
nano-powders can improve the mechanical and physical properties
of mortars by increasing their pozzolanic activity. Barbhuiya [2]
used dolomite powder as an alternative material to limestone
powder in SCC. The results suggested the possibility of manufac-
turing SCC using fly ash and dolomite powder. In 2012, Meng
et al. [19] showed that nano-TiO2 significantly increased the
strength of cement mortar at the early stages of curing, while the
flowability and strength at the latter stages decreased significantly.
Rashad [20] reviewed the effect of nanoparticles (nano-Al2O3,
nano-Fe2O3, nano-Fe3O4 and nano-clay) on various properties of
cementitious materials. The results showed that the inclusion of
nano-Al2O3 reduced the water absorption at the later ages and
enhanced the compressive, splitting tensile, flexural strengths
and the elastic modulus after adding nano-Al2O3 by 0.5–5% in mor-
tars and 0.5–3% in concretes.

Although nano-TiO2 is another effective nano-powder which
has some unique benefits, such as good photocatalytic properties,
it has not been thoroughly investigated [3]. In this study, the
effects of nano-SiO2 (NS), nano-Al2O3 (NA) and nano-TiO2 (NT),
and their binary and ternary combinations on the rheological,
mechanical and durability properties of early, standard and late
aged self-compacting mortars (SCMs) were investigated. It is
anticipated that the findings can contribute to the literature on
determining the optimal nanoparticles proportions for SCMs con-
taining FA. This study also attempts to answer the question of
whether or not nanoparticles create drawbacks as well as advan-
tages in self-compacting mortar.
1NT 518 175 0 0 7 280 1198 4.2
3NT 504 175 0 0 21 280 1176 4
5NT 490 175 0 0 35 280 1153 3.9
1NSA 518 175 3.5 3.5 0 280 1198 4.2
3NSA 504 175 10.5 10.5 0 280 1176 4.2
5NSA 490 175 17.5 17.5 0 280 1153 4
1NST 518 175 3.5 0 3.5 280 1198 4.1
3NST 504 175 10.5 0 10.5 280 1176 4
5NST 490 175 17.5 0 17.5 280 1153 4
1NAT 518 175 0 3.5 3.5 280 1198 4
3NAT 504 175 0 10.5 10.5 280 1176 3.8
5NAT 490 175 0 17.5 17.5 280 1153 3.8
1NSAT 518 175 2.3 2.3 2.3 280 1198 3.8
3NSAT 504 175 7 7 7 280 1176 3.8
5NSAT 490 175 11.7 11.7 11.7 280 1153 3.5
2. Experimental work

2.1. Materials

In this study, ordinary Portland cement (ASTM C150) [21] type II and fly ash
class F were used. The chemical composition and physical properties of cement
and fly ash are illustrated in Table 1. The fine aggregate used was natural river sand,
which was washed before using. To achieve better compaction, the polycarboxylate
acid based superplasticizer, conforming to ASTM C494 [22] TYPE F, was used with a
dosage of 1.03 g/cm3. Three different types of nanoparticles (i.e. NS, NA, NT) in a
form of dispersed suspension of 30% in water were added to the mixture. Those
nanoparticles have an average particle size of 15 nm and a nearly spherical mor-
phology. Table 2 presents some of the specific properties of the nanoparticles,
which were provided by suppliers.
2.2. Mixture proportion

A total of 22 samples with various proportions and 700 kg/m3 of binder were
prepared. Water, cement, sand and FA were mixed to produce the control SCM
mix. The amount of fly ash used was 25% of the cement weight. A constant water
to binder ratio of 0.4 was used for all mixtures. The nanoparticle ratio adopted in
this study was obtained by carrying out some preliminary experimental tests,
and ratios of 1%, 3% and 5% by weight of the cement replacement were selected
and remained constant in all mixtures (single, binary and ternary). As an example,
in the ternary samples at 5%, each nanoparticle was included at a ratio of one third
of 5%. To keep the slump flow diameter within the prescribed limits (240–260 mm),
the dosage of superplasticizer was set as between 3.5 and 4.5 kg/m3. The detailed
mix design is presented in Table 3.

As indicated before, the abbreviations NS, NA, and NT indicate nano-SiO2, nano-
Al2O3, and nano-TiO2, respectively. In the case of combined nanoparticles, for
instance, NSA indicates mixtures containing both nano-SiO2 and nano-Al2O3. A
similar format applies for other abbreviations. A digit before these abbreviations
represents the percentage of the corresponding nanoparticles added; for instance,
5NSA represents the binary combination of nano-SiO2 and nano-Al2O3 with a total
percentage dosage of 5% by weight of the cement.



Table 4
Fresh properties of mortars.

Label Slump flow diameter (mm) V-funnel flow time (s)

Control 245 11
1NS 245 10.2
3NS 248 9.7
5NS 250 8.3
1NA 248 10.6
3NA 248 10
5NA 250 10
1NT 245 9.8
3NT 250 8.1
5NT 258 7.6
1NSA 245 10.3
3NSA 250 10.2
5NSA 248 10
1NST 245 10.4
3NST 253 9.6
5NST 257 8.2
1NAT 243 10.8
3NAT 246 10.7
5NAT 246 10
1NSAT 246 10.3
3NSAT 246 9.5
5NSAT 249 8.7
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2.3. Production of samples

Nanoparticles are unlikely to be distributed uniformly in a mixture due to their
high surface area, and this issue can impact directly on the physical and mechanical
properties of mortars. Standard slump tests conforming to EFNARC [11] were car-
ried out to determine the workability of the mortars by performing the mini slump
flow and mini V-funnel flow time tests. The process of preparing samples after con-
ducting some preliminary experiments is as follows:

1. Cement and sand were mixed for approximately 1 min at a speed of 80 rpm.
2. Fly ash, 30% of the water, and the nanoparticle powder were added in the

appropriate proportions and promptly mixed for about 1 min.
3. The mixture was then rested for around 1.5 min.
4. The rest of the water (70%) and the superplasticizer were finally added and fully

mixed for 2 min.

The molding process for the samples was performed by pouring the mortars
into cube molds with dimensions of 50 � 50 � 50 mm for the compressive strength,
water absorption and electrical resistivity tests. Also 100 � 50 mm cylinder samples
were cast for the rapid chloride permeability test (RCPT). The test results were cho-
sen as the average of three test specimens. The samples were cured in the lab-
oratory for 24 h under a constant ambient temperature. All samples were then
stored in a water tank at a temperature of 20 ± 1 �C until the day of the test.

The properties of fresh mortar were obtained by performing the mini slump
flow and mini V-funnel flow tests, while the mechanical properties of the hardened
mortar were investigated by conducting compressive strength tests at 3, 7, 28, and
90 days, confirming to ASTM C109-93 [23].

To determine the durability properties, various tests such as water absorption,
electrical resistivity, and RCPT were also conducted on the 90th day.

The water absorption test was carried out as follows. Saturated surface dry
specimens were kept in an oven at 110 �C for 24 h. After measuring the initial
weight, the specimens were immersed in water for 24 h. The final weight was then
measured and the final absorption was reported to evaluate the mortar permeabil-
ity. For each absorption value, three specimens were tested and the average was
taken.

The electrical resistivity test was conducted as it is believed the electrical prop-
erties of concrete can be related to the concrete’s porous microstructure, water
permeability, moisture and ion transport in concrete. It can also be used to measure
corrosion potentials in reinforced concrete. For electrical resistivity test, cubed sam-
ples with dimensions of 50 � 50 � 50 mm were prepared and measured at 90 days.
The resistivity test involved an electrical resistance measurement device and two
electrodes which were attached to both sides of the samples, and the resistivity
value (q) was calculated using:

q ¼ RA
L

ð1Þ

where R is the resistance, A is the cross-sectional area and L is the length of the mea-
sured sample.

The RCPT is one of the methods of evaluating the quality of the hardened mortar
or concrete with regards to its durability performance. Cylindrical samples with a
diameter and length of 100 mm were cut to cylinders with a diameter of 100 mm
and a thickness of 50 mm in accordance with ASTM C-1202 [24], which were used
to conduct RCPT. The transmission charge was then recorded on a PC for approxi-
mately 6 h. It is worth noting that the obtained results indicate the resistance of
samples to chloride permeability but do not determine the water permeability of
samples. RCPT evaluates the chloride content penetrating into the concrete by the
weight of the concrete specimens. The lower chloride content indicates the better
durability performance of the specimen.

3. Results and discussion

3.1. Properties of fresh self-compacting mortar

When the materials were completely mixed, fresh mortar tests
were carried out to evaluate the slump flow diameter and V-funnel
flow time. Bleeding and segregation of mortars were observed
visually.

The slump flow diameters of the samples range between 243
and 258 mm, while the V-funnel flow times range from 7.6 to
11 s. As can be seen in Table 4, NT at a ratio of 5% and the control
samples had the lowest and the highest V-funnel flow times at 7.6
and 11 s, respectively. The results indicate that the length of the
V-funnel flow time was slightly reduced with an increase in the
content of nanoparticles. In fact, the highest V-funnel flow time
was observed in the samples with the lowest percentage of nano-
particle. However, this phenomenon is different for the slump flow
diameter, as the highest diameter was obtained at 5% for each type
of mixture.

As indicated in Table 4, the rheological properties of samples
with various nanoparticle combinations improved slightly com-
pared to the control sample. The 5NT samples experienced the
greatest increase among all.

3.2. Mechanical and durability properties of self-compacting mortars

To determine the durability properties of the mortar mixtures,
various tests such as water absorption, electrical resistivity, and
chloride permeability were conducted. Compressive strength tests
were carried out to ascertain the mechanical properties of the
mixtures.

3.2.1. The effect of adding single nanoparticles
3.2.1.1. Compressive strength. Fig. 1a–c shows the compressive
strength results obtained for the various mortar samples with sin-
gle nanoparticles. As the figures indicate, the compressive strength
of the samples improved with an increase in age, to the extent that
the strength reached a peak at 90 days. This is due to the inclusion
of FA having pozzolanic activity over time. The best performing
mixtures of the single NS, NA, and NT were those containing 3%,
1% and 5%, respectively. Among all of the samples the 5NA sample
at 3 days had the lowest compressive strength at 12 MPa, which
was even lower than the 12.1 MPa that was achieved by the control
sample. One of the possible reasons is that, by adding excessive
amounts of NA, the amount of nanoparticles and the distance
between them influence the crystallization process and can restrict
the growth of Ca(OH)2 crystals, and the increase of crystals makes
the cement matrix more homogenous and compact [13,25]. This
result is in agreement with those obtained by Agarkar in 2012,
which revealed that adding up to 1% Al2O3 increased the compres-
sive strength, but at higher ratios it decreased [26]. Arefi et al. con-
cluded that the compressive strength of mixtures decreases after
replacing 3% cement with Al2O3 nanoparticles [27]. However, this
effect is different for samples with TiO2 nanoparticles, where an
upward trend in strength with the content of the single nano-
TiO2 has been observed. This can also be found from investigation
by Jalal et al. [28]. Their results demonstrated that adding TiO2 to
mixtures enhanced the compressive strength, particularly at the
latter stages of hydration. For mixtures incorporating NS, at the



Fig. 1. Variation of compressive strengths of self-compacting mortars containing
(a) NS, (b) NA and (c) NT at different ages.
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early stages of hydration, the compressive strength is increased by
replacing up to 3% with nanoparticles, above which it is then
reduced. This can be seen in the results of a study by Nazari and
Riahi [29]. Using NS up to a proportion of 1% increased the strength
of the samples cured in water, and the strength was then decreased
by increasing the proportion of nanoparticles. By comparison,
regarding the compressive strength of samples containing NS,
NA, and NT, the samples with NT had the highest strength among
those involving single nanoparticles at all stages of hydration. This
is probably due to the important role of this type of nanoparticle in
accelerating the formation of C–S–H gel by increasing the amount
of crystalline Ca(OH)2 at the early stage of hydration [19].
3.2.1.2. Water absorption. The water absorption of self-compacting
mortars containing a single type of nanoparticle at various ratios is
shown in Fig. 2. As the figure shows, increasing the amount of
nanoparticles leads to a monotonic trend in some samples, such
as those containing NA and NT. Mixtures with NT have been influ-
enced positively by adding nanoparticles (i.e. water absorption is
decreased), whereas the opposite phenomenon is observed in sam-
ples mixed with NA (i.e. water absorption is increased). In fact, the
water absorption was increased continuously in NA containing
samples, while this rate was reduced by the addition of NT, or to
some extent in samples containing NS. Oltulu and Sahin also found
that replacing a portion of the cement with NA enhanced the water
absorption of the samples [9]. The addition of NS into mixtures at a
proportion of 1% did not yield results which were significantly dif-
ferent from the control sample, with absorption decreasing by
about 2%. After increasing the proportion of NS to 3%, the lowest
absorption value was observed. On the other hand, raising the ratio
to 5% increased the water absorption by 1.15% in comparison with
the control sample (see Fig. 2). A similar conclusion was reached by
Moral [9], where the addition of 0.5% and 1.25% NS into mixtures
containing fly ash decreased the capillary action of the mortars
in comparison with the control sample by 2% and 9%, respectively.
In contrast to this, the addition of 2.5% NS increased the same value
by 20% which is not desirable [9]. Mortars containing 3% NS (3NS)
and 1% NT (1NT) had the same results as each other. This indicates
that using 1% of NT can be as effective as the 3NS sample in terms
of their water absorption. This could therefore be useful from an
economic point of view. In contrast with the other samples, the
specimen incorporating NT at a ratio of 5% was found to be the best
combination among the single use samples, again from the water
absorption point of view. This finding is in agreement with the
results of the research by Jalal et al. [28], who found that the per-
centage of water absorption was decreased through the addition of
nano-TiO2 up to 4% by weight. Meanwhile, the mixture with a ratio
of 5% by weight of NS resulted in the highest percentage of water
absorption, which was even higher than the control samples by
around 1.1%. With that exception, it was generally observed that
using nanoparticles reduced water absorption in comparison with
the control mixture. In fact, it might be expected that nanoparticles
would fill any voids in samples and so reduce water absorption.
Since the water absorption test generally indicates the volume of
the voids in cement-based materials, it can be concluded that using
nanoparticles of SiO2, Al2O3 and TiO2 leads to a reduction of this
volume in mixtures, and therefore samples will be protected from
some damaging factors such as corrosion.

3.2.1.3. Electrical resistivity. According to Fig. 3 and Table 5, corro-
sion is less likely to occur when NT is included, except for the mix-
tures containing 1% NS. However, in the mixtures containing 5% NT
and 3% NS, the electrical resistivity is increased considerably, and
according to Table 4, the corrosion rate is likely to be low. The rate
of change in electrical resistivity fluctuated in samples containing
NS. The resistivity reached a peak when 3% nano-SiO2 was added,
but it was reduced by 20% when 5% of nanoparticles was used.
Although this decrease has occurred, the resistivity is still higher
than that of the other samples, apart from the 3NS (at 3%) and
the 5NT (at 5%) samples. The reduction in electrical resistivity of
mixtures containing NS nanoparticles at a ratio of 5% is moderate.
Sharbaf and Hejazi [30] revealed that by increasing the content of
NS in concrete the electrical resistivity of samples was enhanced.
Compared with the other mixtures containing single nanoparticles,
samples mixed with NT at ratio of 5% had the highest resistivity.
This indicates that NT has a substantial effect on the resistivity of
mixtures, and it can be seen that the most effective level was 5%.
In samples with NA, the electrical resistivity decreased with an
increased proportion of the nanoparticles. In fact, the 1NA sample
had an electrical resistivity of 18 kX cm, and this became
14 kX cm for 5NA, which is a 22% decrease. In general, the dis-
tribution pattern of the electrical resistivity as presented in Fig. 3



Fig. 2. Water absorption of self-compacting mortars containing single nanoparticles.

Fig. 3. Electrical resistivity values for specimens containing single nanoparticles.

Table 5
Relationship between electrical resistivity and corrosion rate [31].

Electrical resistivity q (kX cm) Corrosion rate

>20 Low
10–20 Low to moderate
5–10 High
<5 Very high
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shows an opposite trend to that of the water absorption in Fig. 2. A
correlation can be seen between these two properties, both of
which are believed to be related to the influence of the nanoparti-
cles on the internal voids and microstructure of mixtures.
3.2.1.4. Rapid chloride permeability test (RCPT). The obtained RCPT
results are shown in Fig. 4 for the samples containing single nano-
particles. The results indicate that using nanoparticles positively
influenced the chloride permeability of the mixtures. In fact, mix-
tures with 5% by weight of NT had the lowest charge passed among
the single nanoparticle samples, and can be placed in a category
with very low chloride permeability (see Table 6). The results
obtained by Li and Zhang [32] demonstrate that NS and NT
increase the resistance to chloride penetration of concrete by refin-
ing the pore structures. Although the mixtures with 1% NS, NA or
NT had the worst results compared with the other samples con-
taining single admixtures, and belongs to the category of moderate
chloride permeability (Table 6), it still had a lower amount of
charge passed than the control sample. This shows that the chlo-
ride permeability of the samples decreases when the nanoparticles
is added. In most samples, the highest charge was passed in mix-
tures at a ratio of 1%. In mortars containing NT, the increase of
the level of NT resulted the dramatic reduction of the chloride
permeability. The results obtained by Jalal et al. indicated a
decrease in chloride penetration by the addition of NT to cement
mixtures [28]. In the other single nanoparticle samples other than
NT ones, the lowest chloride permeability was obtained at a ratio
of 3%. The results show that nanoparticles fulfill the function of
reducing the level of chloride permeability at various ratios, and
as a result increase the durability of mixtures.
3.2.2. The effect of adding binary nanoparticles
3.2.2.1. Compressive strength. The results of compressive strength
tests for mixtures containing a binary combination are shown in
Fig. 5a–c. As shown in these figures, the NST samples demonstrated
a trend of increasing compressive strength at all stages of curing
(early, standard and late) with an increase in the content of nano-
particles, and this trend was more significant at 90 days. This
figure also shows that all those three groups of sample exhibited
a fairly constant 3-day strength, while in the NSA and NAT sam-
ples, the 7-, 28- and 90-day strengths fluctuated with the nanopar-
ticle dosage. In the case of NAT, the peak values were reached at
the 3% dosage, while for NSA the 3% dosage yielded a peak value
only for 7-day strength, and at the late age (28- and 90-day), it
was achieved at a lower dosage of 1%. However, in both cases,
the 5% dosage rendered a decrease in the compressive strength.
Meral and Remzi [3] found that the compressive strength of sam-
ples containing NSA decreased after adding more than 0.5% NSA
[3]. In fact, the highest strength for NSA samples was at 1% for most
ages, except for the 7-day one. The highest compressive strength
occurred at 3% for the NAT sample (3NAT). Samples containing
5% NST (5NST) at 90 had the highest strength of 60.55 MPa. To
ascertain the best binary combination, it can be seen that the
NST samples obtained the highest strength overall among the mix-
tures with binary uses. Apart from the important role of NT in
increasing the strength, it might be also due to the combined effect
of FA and NS, which both increase the pozzolanic reaction in



Fig. 4. Rapid chloride permeability test (RCPT) results for single nanoparticles.

Table 6
Chloride permeability based on charge passed [24].

Charge passed (coulombs) Chloride permeability

>4000 High
2000–4000 Moderate
1000–2000 Low
100–1000 Very low
<100 Negligible
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mortar and so enhance the compressive strength. However, at 28
and 90 days, the NST samples at 1% had strength of 39.66 and
49.88 MPa, which were lower than those of the 1% NSA samples,
with strength of 41.11 and 56 MPa, respectively. According to the
results, at a low inclusion level (e.g. 1%), NSA would be a better
option than NST in terms of their compressive strength.
However, if a high inclusion level is sought, NST should be
considered since the content of NST will consistently increase the
compressive stress.
3.2.2.2. Water absorption. The results of water absorption tests for
the binary combinations can be seen in Fig. 6. As the figure shows,
increasing the content of nanoparticles led to various trends in
those samples. The NST samples were influenced positively by add-
ing nanoparticles, whereas this was not the case for samples con-
taining NAT and NSA. In these cases, the water absorption
increased continuously with an increase in nanoparticle ratio in
the NSA samples, and reached a peak of 8.45%, while the level of
water absorption fluctuated with an increase in nanoparticle ratio
in the NAT samples. The increased water absorption in the 5NAT
samples occurred when nanoparticles were not well distributed
in mortar, resulting in agglomeration and introducing more inter-
nal voids. In the NAT combination, the lowest amount of water
absorption was found at the 3% ratio with absorption of 8.25%.
The NSA and NST mixtures at ratios of 1% and 5%, respectively were
shown to be the best binary combinations, having a similar water
absorption level of about 7.9%. Mortars containing NAT and NST
nanoparticles at the 1% ratio had the same level of water absorp-
tion. These mixtures (1NST, and 1NAT) showed the highest per-
centage of water absorption, with both reaching a level of 8.8%,
which was 1.5% higher than the control samples. However, it was
generally found that the water absorption of the samples, except
1NST and 1NAT, was decreased by using nanoparticles, as they
would be expected to fill the voids in the samples and so reduce
water absorption.
Fig. 5. Variation of compressive strengths of self-compacting mortars containing
(a) NSA, (b) NST and (c) NAT at different ages.
3.2.2.3. Electrical resistivity. The influence of binary nanoparticles
on electrical resistivity is presented in Fig. 7. From the obtained
results it is seen that the resistivity of all the samples was



Fig. 6. Water absorption of self-compacting mortars containing binary nanoparticles.

E. Mohseni et al. / Construction and Building Materials 84 (2015) 331–340 337
enhanced by adding binary admixtures, and for all of them it is
higher than for the control mixture. The closest result to control
sample was obtained by the 1NAT sample, which shows the lowest
resistivity for all of the binary combinations. A high probability of
corrosion occurring is only found in the 1NAT mixtures (see
Table 5). Although the resistivity of 3NAT (18 kX cm) is higher
than that of 5NAT (17 kX cm), this difference is not significant. In
contrast with the other binary mixtures, there is an upward trend
in the electrical resistivity of mortars containing binary NST. This
rate of increase reached a peak at 23 kX cm at the highest ratio
of the nanoparticle (5NST), which is indicated by Table 4 to have
a low rate of corrosion. In fact, the probability of corrosion after
the addition of any of the NST admixtures is low. The NSA
combinations at various ratios of nanoparticles fall within the
low to moderate corrosion rate category. Therefore, changing the
ratio of nanoparticles does not affect the resistivity of mortars con-
taining the NSA admixtures significantly. In the samples containing
NSA, the highest amount of electrical resistivity was gained by
3NSA.

3.2.2.4. Rapid chloride permeability test (RCPT). It can be seen from
Fig. 8 that the presence of binary nanoparticle combinations has
an effect on the chloride permeability of the samples. Among these,
the most and the least affected samples were 5NST and 1NST with
a charge passed of 945 and 2145 coulombs, respectively, which
show that this combination is the most influential of the binary
uses tested. As can be seen from the results, the mixture of 5NST
had the lowest charge passed and so can be considered to have
low chloride permeability. The 1NST samples had the highest
charge passed of all the samples, after the control sample, and so
can be considered to have moderate chloride permeability. As
shown in Fig. 8, there was a consistent but modest rise in the
charge passed as the ratio of NSA nanoparticles in the mixtures
increased. The increase percentage of charge passed in 3NSA and
5NSA samples were 7.5% and 16%, respectively. This indicates that
adding increased amounts of NSA nanoparticles to mixtures is
ineffective in improving the chloride permeability. It can also be
seen that the rate of change in the amount of charge passed fluctu-
ated in the samples with NAT admixtures. The NAT samples at 1%,
3%, and 5% had a charge passed of 1899, 1641, and 1791 coulombs,
respectively, which can be considered as having low chloride
permeability, like the NSA mixtures, which had a charge passed
between 1000 and 2000 coulombs.

3.2.3. The effect of adding ternary nanoparticles
3.2.3.1. Compressive strength. The results of the compressive
strength tests for mortars with ternary nanoparticle combinations
are shown in Fig. 9. According to the results obtained, the strength
of all of the samples increased at all stages of curing and this
increase was more evident over time. The possible reasons that
explain such enhancement are threefold: (1) nanoparticles can be
distributed uniformly in cement paste and will act as a nucleus
to bond with cement hydrates; (2) nanoparticles fill the cement
pores that will increase the strength; (3) they also accelerate the
hydration process due to their high activity which is favorable
for the strength development. At the early stages (3 and 7 days),
the highest strength was seen in 3NSAT, in particular at 7 days,
there was an increase in the strength values by 27% compared with
the control sample. However, this increased percentage was
switched to 15% in the 3NSAT specimen at the ages of 28 and
90 days. It can also be seen that incorporating nanoparticles at
levels of more than 3% did not affect the compressive strength of
the mixtures considerably, and there is not a large difference
between the strength results of samples at 3% and 5%. However,
there is a significant difference between the samples at 1% and at
3%. In general, the strength is higher in mixtures with ratios of
3% or 5% NSAT than with 1% NSAT. This suggests that the best ratio
of additives would be 3% or 5% rather than 1%.

3.2.3.2. Water absorption. The ratio of water absorption of all sam-
ples was influenced significantly by adding ternary nanoparticles
(Fig. 10). Compared to the control samples, there was a decrease
in water absorption, followed by a further drop, and then by an
increase as the ratio of the NSAT additive increased. Such a result
was attributed to the fact that the addition of ultrafine nanoparti-
cles leads to the segmentation of large pores and enhances nucle-
ation sites for precipitation of hydration products in the cement
paste. This leads to the pore refinement and a better distribution
of hydration products. More specifically, in the 1NSAT combina-
tion, the water absorption decreased by about 6% compared to
the control mixture, and this trend continued with a drop of 9%.
Finally, an increase of 8% was evident in the 5NSAT sample com-
pared with the 3NSAT sample, but the amount of water absorption
was still less than the control sample. The water absorption of the
5NSAT mixtures is more than that for the other samples containing
ternary admixtures, with a water absorption level of 8.5%. This
could be due to inadequate dispersion of nanoparticles in the con-
crete matrix. A proportion of 3% nanoparticle mixture is therefore
the best ratio for mortars made with fly ash and ternary nanopar-
ticles, as it has the lowest water absorption rate.

3.2.3.3. Electrical resistivity. The electrical resistivity of the ternary
combinations can be seen in Fig. 11. The resistivity of all samples
with various ratios of additives was significantly affected. Based
on the obtained results, adding ternary combinations of nanoparti-
cles at ratios of 1% and 3% has almost doubled and trebled the



Fig. 7. Electrical resistivity values for specimens containing binary nanoparticles.

Fig. 8. Rapid chloride permeability test (RCPT) results for binary nanoparticles.

Fig. 9. Variation of compressive strengths of self-compacting mortars containing
NSAT at different ages.

Fig. 10. Water absorption of self-compacting
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electrical resistivity of the mixtures compared with the control
sample. In fact, the resistivity has increased from 7.2 kX cm for
the control sample to 14 and 24 kX cm for the 1% and 3% NSAT
samples respectively. However, in the 5NSAT sample, the resistiv-
ity decreased slowly by about 9% compared with 3NSAT, but it is
still higher than that of the control sample. 3NSAT exhibited the
highest level of electrical resistivity compared with the other
samples. This indicates that a ratio of 3% of nanoparticles can be
considered to be the best ratio of additives in the test for electrical
resistivity.

3.2.3.4. Rapid chloride permeability test (RCPT). Fig. 12 shows the
electrical charge passed through the mortars containing a ternary
combination. As the results indicate, the charge passed by the sam-
ples with nanoparticle additives decreased dramatically in com-
parison with the control mortars. For instance, the charge passed
by 1NSAT dropped by about 46%. There were also large decreases
in mixtures with 3NSAT and 5NSAT, of about 54% and 50%
mortars containing ternary nanoparticles.



Fig. 11. Electrical resistivity values for specimens containing ternary nanoparticles.

Fig. 12. Rapid chloride permeability test (RCPT) results containing ternary nanoparticles.
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respectively, compared with the control sample. The best result
was obtained by the 3NSAT mixture. As can be seen, all of the
specimens containing nanoparticle additives fall into the category
of low chloride permeability, whereas the control specimen has
moderate chloride permeability (see Table 6). This indicates the
importance of adding nanoparticle additives to improve the resis-
tance of samples against chloride ion penetration.

4. Conclusion

A series of tests were carried out to determine the rheological,
mechanical and durability properties of self-compacting mortar
(SCM) containing NT, NS, NA, and FA and their resulting benefits
were examined. The tests conducted include the slump flow and
V-funnel flow tests of the fresh samples, the compressive strength
after various curing times, the water absorption, the electrical
resistivity and the chloride permeability tests. Based on the
obtained results, the following conclusions can be drawn:

1. The properties of fresh and hardened samples were affected
considerably by the nanoparticle ratio in the cement mortars.

2. The inclusion of NS powder increased the compressive strength
more significantly at the early stages in comparison with the
other nanoparticle additives. However, at 28 and 90 days there
was not any significant difference among the mortars with vari-
ous nanoparticles. Among all samples, 5NST rendered highest
compressive strength and was closely followed by 5NT.

3. In terms of water absorption, for nanoparticles used singly the
best result was obtained by 5NT giving a decrease of 10% com-
pared to the control sample. The similar level of decrease was
seen in 5NST and 1NSA for the binary combinations, and in
the ternary combinations, a decrease of 8% was observed in
3NSAT.
4. The inclusion of nanoparticles influences the electrical resistiv-
ity of the mixtures significantly. The best results were shown by
5NT for the single nanoparticle use, and 5NST and 3NSAT for the
binary and ternary combinations, which had low probability of
corrosion. These results indicate the important role of NT in
improving the electrical resistivity.

5. Among all samples, the highest chloride permeability improve-
ment was observed with 5NT, 5NST and 3NSAT, among which
5NST showed the lowest chloride permeability.

6. In summary, by comparing all the examined properties, 5NST
provided the best all-round performance.
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