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� Cement mortar is produced with incorporation of nano-TiO2 and rice husk ash.
� Improvement in durability of mortar is showed by addition of NT and RHA.
� More packed pore structure is observed by addition of nanoparticles.
� The permeability is reduced with an increase in the contents of RHA and NT.
� Synergic influence of nanoparticles is illustrated by XRD results.
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a b s t r a c t

In the present study, Compressive strength, water absorption, electrical resistivity, Rapid Chloride
Permeability Test (RCPT) and Ultrasonic Pulse Velocity (UPV) tests of the hardened composites incorporat-
ing two supplementary cementitious materials: agricultural waste ash namely as rice husk ash (RHA) and
nano-TiO2 (NT) in cement mortars were investigated. The interfacial transition zone (ITZ) and the
microstructure were studied by using Scanning Electron Microscope (SEM) and X-ray Diffraction (XRD)
analysis, respectively. Compressive strength results showed a substantial improvement in samples con-
taining NT and also a slight increase in mortar performance was observed by using up to 10 wt% of RHA
as a replacement of cement. However, binarymixtures displayed the best results for strength development
and durability. It is also seen that a combination of 15% RHA and 5% NT in mortar led to a positive contri-
bution to durability properties. XRD analysis showed that intensity of Alite and Belite phases decreased and
new peak of portlandite achievedwith the addition of NT. The SEMmicrographs illustrated thewidespread
distribution ofmortars containing NTwith packed pore structures which resulted in promoting of strength
and durability of specimens. Consequently, the combined mixture of RHA and NT has led to the enhance-
ment of strength and durability properties of mortars. In general, it seems that 15% RHA and 5% NT can be
considered as a suitable replacement regarding to the economic efficiency and hardened properties.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction reported that usage of RHA has some positive impacts such as
A large number of studies were conducted in order to investi-
gate the influence of agricultural waste materials like rice husk
ash (RHA) or rice hulls which is the shells produced during the
de-husking operation of paddy rice, as it is available in large quan-
tities since it is the most important crop in many countries to be
used as a supplementary cementitious material. Van et al. [1]
improving the properties of the cement concrete or mortar, reduc-
tion of the negative environmental effects, and decreasing the cost
of concrete production. Therefore, these research and development
in various countries have led to the conclusion that RHA is appro-
priate mineral admixture as partial replacement of cement because
of its very high content of amorphous silica.

Nanotechnology has recently received special attention in vir-
tue of its performance. In recent years, the number of studies
related to nanotechnology for utilizing in the military strategies,
technology and science of the countries has fostered remarkably.
Nanotechnology is utilization and comprehension of new
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Table 1
Chemical composition and physical properties of cement and RHA.

Constituents (wt%) Cement RHA

Chemical composition SiO2 21.75 91.15
Al2O3 5.15 0.41
Fe2O3 3.23 0.21
CaO 63.75 0.41
MgO 1.15 0.45
SO3 1.95 0.62
K2O 0.56 6.25
Na2O 0.33 0.05
L.O.I 2.08 0.45

Physical properties Surface area (cm2/g) 3105 4091
Specific gravity (g/cm3) 3.15 2.07
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properties of materials that achieves novel physical impacts. When
nano-scale particles are incorporated in cement paste, mortar or in
concrete, the products with different properties will be created.

In the last two decades, some nanomaterials have been also uti-
lized in cementitious mixtures, since the mechanical properties of
concrete, such as compressive strength and flexural as well as
microstructure and hydration rate of cement composites can be
considerably promoted. Despite the fact that the effects of some
nanoparticles, such as nano-CuO, nano-Al2O3, nano-TiO2 (NT),
nano-ZnO2, nano-Fe2O3 on the physical properties have been
investigated in some studies [2–7] most of the research on
nanoparticles were done with nanosilica (SiO2) [8–10] in cement-
based materials. TiO2 nanoparticles are well known for strong pho-
tocatalytic activity. The influence of the microstructure of cement
paste on photocatalytic pollution degradation and the application
of photocatalytic action of TiO2 nanoparticles in terms of purifica-
tion of air and environment, self-cleaning, and self-disinfection
were investigated [11–14]. Moreover, restricted studies on the
effect of nanoparticles on the microstructure and durability of
cementitious materials have been directed. In this respect, Quercia
et al. [15] investigated durability of self-compacting concrete (SCC)
mixtures containing NS in terms of permeable porosity (following
the procedure described by ASTM C 1202), freeze-thaw resistance,
water penetration under pressure and rapid chloride migration.
The obtained results demonstrated that nano-silica efficiently used
in SCC can improve its mechanical properties and durability. The
combined effects of fibers and nanosilica on the mechanical,
rheological, and durability properties of SCC were measured by
Beigi et al. [16]. The results showed improvement in mechanical
properties and durability of SCC incorporating both nanosilica
and reinforcing fibers in optimal percentages. Chloride induced
corrosion durability of high volume fly ash concretes containing
nano silica (NS) and nano calcium carbonate (NC) has been pre-
sented by Shaikh et al. [17]. The results indicate that the addition
of NS and NC can significantly reduce the capillary pores and gel
pores of concretes and also shift the pore concentration towards
the medium capillary pores. Rao et al. [18] studied the mechanical
properties and durability of self-compacting mortars incorporating
SiO2 and TiO2 nanoparticles. They indicated that the use of nano
materials in repair and rehabilitation mortars has significant
potential but still needs to be optimized. Durability and pore size
distribution of concrete with nano-silica was assessed by Du
et al. [19]. The results verified the beneficial effects of nano-silica
on the durability and microstructure of samples.

Although, different aspects of cement-based materials contain-
ing by-product materials and nanoparticles separately have been
reported in the literature, to the authors’ knowledge, the perfor-
mance of such additives in conjunction with nanoparticles is not
well documented. In particular, the effects of RHA as by-product
materials and NT as a high surface area powder additive on the
workability as well as pore structure and durability properties of
SCC need to be studied in details. So, the present study is an
attempt to study the durability, mechanical, and microstructure
properties of mortar containing RHA and NT. In this respect, the
durability properties were evaluated by water absorption, electri-
cal resistivity, rapid chloride penetration test (RCPT) and ultrasonic
pulse velocity (UPV) tests. Microstructure properties were also
assessed via Scanning Electron Microscope (SEM) and X-ray
Diffraction (XRD).

2. Experimental program

2.1. Material

In this study, Natural river sand and ordinary Portland cement type I complying
with the requirement of ASTM C778 [20] and ASTM C150 [21], respectively, and
various ratios of RHA were used as a pozzolanic material with cement [22]. Table 1
shows the Chemical composition and physical properties of cement and RHA. Nano-
TiO2 in a form of dispersed suspension of 30 wt% in water was added to the mixture.
The nanoparticles have an average particle size of 20 nm and a nearly spherical
morphology with specific surface area of 200 m2/g. Fig. 1 illustrates The X-ray
diffraction (XRD) diagrams of NT and RHA. The scanning electron micrographs
(SEM) of NT and RHA are also given in Fig. 2. It can be seen from these figures that
the TiO2 nanoparticles are spherical while the RHA particles are of irregular shape.
Natural river sand with fineness modulus 2.25 and a specific gravity of 2.58 g/cm3

was used as the natural fine aggregate. To accelerate the compaction process of
specimens, a polycarboxylic-ether type super plasticizer (SP) of PCE with a density
of 1.03 g/cm3 conforming to ASTM C494 [23] was utilized. The content of (SP) was
adjusted for each mixture to keep the same fluidity of the mortars.

2.2. Mix proportions

A total of 13 different mixtures with different amounts of RHA, NT and SP were
prepared with total binder contents of 700 kg/m3, for all mix proportions. The per-
centage of RHA was varied between 0 and 15% by weight of the total binder. The
percentage of nanoparticles was 0, 1, 3 and 5% of the binder. The amount of SP var-
ied between 0.6 and 1.2% by weight of the binder. The water to binder ratio (w/b)
was kept constant at 0.4 for all the mixtures. Detailed mix proportions of the mor-
tars have been given in Table 2. The mixture proportions of the ingredients were
calculated by the volumetric method. Since the specific gravity of RHA and NT is
lower than that of cement, use of RHA and NT in place of cement by weight percent-
age reduced the amount of sand to maintain the same volume. In labeling of the
mixtures, the number before RHA and NT represents the percentage of rice husk
ash and nano-TiO2, respectively.

2.3. Production of specimens

The large surface area of nano-TiO2 particles may prevent them showing a uni-
fied distribution in the mortar mixture due to their tendency to agglomerate [24].
As this can directly effect on the physical and mechanical properties of the mortars,
the specimen production procedure which was used in this study was finalized
after conducting some preliminary experiments and the following mixing proce-
dure was considered: To begin, the cement and RHA were dry-mixed in the mixer
for 1 min at a speed of 80 rpm. Then, nanoparticles and 90% of the water were
added and mixed at a high speed for about 1 min. Afterward, the sand was gradually
added in 30 s while the mixer was running at a medium speed. The superplastisizer
and remaining water, then were added and mixed at high speed for 30 s. After stir-
ring the materials, the mixture was allowed to rest for around 1.5 min and then
mixing procedure was followed in order to achieve a uniform distribution of the
nanoparticles in the mortar. Eventually, fresh mortar was cast into
50 * 50 * 50 mm cubes for compressive strength, water absorption and electrical
resistivity tests. Cylindrical specimens of 100 * 50 mm were cast for the RCPT. After
casting, the specimens were left inside the mold for 24 h. Then the specimens were
de-molded and kept in water at 23 ± 3 �C until they were tested.

2.4. Test methods

2.4.1. Compressive strength
Compression tests for three 50 mm cubic mortar specimens were conducted at

3, 7, 28 and 90 days in accordance to ASTM C109 standard [25]. Compressive
strength for each mixture was obtained from an average of the compressive test
results of 3 cubic specimens.

2.4.2. Water absorption
Water absorption test was carried out using 50 mm cubic specimens at the age

of 90 days. After measuring the initial weight, the specimens were placed in an oven
at 110 �C for 3 days. Then the weight of dried samples was assessed by a digital



Fig. 1. X-ray diffraction of a) nano-TiO2 and b) rice husk ash.

Fig. 2. SEM micrograph rice husk ash.
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scale. After that, specimens were put in the water for 24 h and then their weight
was measured again. The proportion of absorption was reported by taking an aver-
age of the test results of two samples.

2.4.3. The electrical resistivity test
The electrical resistivity test of mortar cubed specimens was measured at ages

of 90 days. The resistivity test was done by using an electrical resistance measure-
ment device and two electrodes to be attached to both sides of the cube samples.
The resistivity value (q) was calculated using Eq. (1)

q ¼ RA
L

ð1Þ
Table 2
Mixture proportions of the mortars.

Sample ID Cement (kg/m3) RHA (kg/m3) Nano-TiO2

Control 700 0 0
5RHA 665 35 0
10RHA 630 70 0
15RHA 595 105 0

5RHA1NT 658 35 7
5RHA3NT 644 35 21
5RHA5NT 630 35 35

10RHA1NT 623 70 7
10RHA3NT 609 70 21
10RHA5NT 595 70 35

15RHA1NT 588 105 7
15RHA3NT 574 105 21
15RHA5NT 660 105 35
where, q is the resistivity (kO cm), R is the resistance (O), A is the area of sample
(cm2) and L is the length of the specimen (cm).
2.4.4. Rapid chloride permeability test results
The RCPT, a test method of evaluating the quality of hardened mortar with

regards to its durability performance was conducted on standard cylindrical cube
samples with a diameter and height of 100 mm and 50 mm, respectively, in
accordance with ASTM C-1202 [26] in order to measure their chloride resistivity.
Afterward, the transmission charge was measured by a PC for 6 h. It should be noted
that the lower chloride content indicates the better durability performance of the
specimen.
2.4.5. Ultrasonic pulse velocity
In this study, UPV measured using a PUNDIT device was also performed on the

cubic specimens before the compression test. This test is based on the evaluation of
the propagation velocity of a pulse of vibrational energy, which has passed through
a concrete medium in order to indicate the presence of voids and cracks, and to
evaluate the effectiveness of crack repairs [27].
2.4.6. X-ray diffraction analysis
This test was performed by special X-ray Diffraction Instrument. At first, sam-

ples were broken. After that, mortar particles were picked and they were then
grinded to the residue ratio on the 45 lm sieve almost 2% at the determined age.
XRD was used by Hussin and Poole [28] in order to analyze the orientation index
of CH crystal.
2.4.7. Scanning electron microscope test
At first, the mortar specimens were broken in order to convert into small frag-

ments. After that, hydration was stopped by pure alcohol at specific ages. Then, the
tiny particles were sprayed in SBC-12 Small Particles Sputtering Apparatus to make
samples [29].
(kg/m3) Water (kg/m3) Sand (kg/m3) SP (kg/m3)

280 1195 4.2
280 1107 5
280 1094 6
280 1080 7

280 1097 5.2
280 1076 5.5
280 1055 6

280 1083 6.2
280 1063 6.7
280 1042 7

280 1070 7.2
280 1050 7.5
280 958 8
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3. Results and discussion

3.1. Compressive strength

The average compressive strength results of the mortars which
were determined from three cubic specimens are shown in Fig. 3.
As it can be seen in the figure, improvement in compressive
strength compared to the control mix was observed for all speci-
mens incorporating RHA at all ages. Moreover, addition of RHA
up to 10% increased the compressive strength, as the highly reac-
tive RHA accelerates the hydration process of the mixes. It is inter-
esting to note that the highest values belong to the mixtures with
the RHA content of 10% replacement at the various ages with the
strength of almost 57 MPa, although results indicate a slight
decrease for the RHA content of 15%. This might be because when
a mixture contains 15% RHA, for the rest of 85% cement, homoge-
neous hydrated microstructure cannot be formed. By addition of
excessive amount of RHA, they replace part of the cementitious
materials, nonetheless this does not affect the strength and the
excess silica will leach out and cause a deficiency in strength.

Also, the addition of nano-TiO2 particles has a great impact on
improvement of compressive strength which can be observed in
Fig. 3. Research has shown that in all samples, the addition of
nanoparticles yields higher compressive strength results in com-
parison to mortars incorporating RHA and control samples. The
compressive strength was heightened when NT was added to the
samples and as the proportion of nanoparticles increased up to
5%, the compressive strength rose. Time as another important fac-
tor affects the compressive strength of mortar. By the increasing of
age of curing, the pozzolanic reactions are increased and this yields
a higher density and causes higher compressive strength. It is sub-
stantial to note that the best results in mechanical properties of
samples were achieved by mixes with 5% NT and 10% RHA com-
pared to the other mixes. Therefore, binary specimens with 5%
NT and 10% RHA considered as the optimum combination with
the optimum strength of almost 66 MPa. In fact, compressive
strength increased due to the higher pozzolanic behavior of RHA
while nanoparticles could behave as a foreign nucleation site. Fur-
thermore, TiO2 nanoparticles may provide a strengthening of gel
which led the mixes to be strengthened [30,31]. Besides that, as
can be seen from the nanoparticles morphology in Fig. 2, high sur-
face area of nanoparticles volume ratio, so they can act as nuclei for
cement phases, further boosting cement hydration due to their
high level of reactivity.

The rheological, mechanical, and durability properties of binder
might be indicated by the SEM micrographs. The density of mortar
Fig. 3. Compressive strength of mortars at different curing ages.
can be risen by adding nanoparticles as filler, so the porosity of
samples may be reduced. Also, in accordance with the research
conducted by Nazari and Riahi [32] the size of Ca(OH)2 crystals
and the tropism become smaller and more stochastic by utilizing
nanomaterials in cement mortar. Fig. 4 presents SEM micrographs
of the specimens with and without RHA and NT. In Fig. 4-a, large
capillary pores in control sample are observed compared to the
other figures. Fig. 4-b demonstrates a compact formation of the
10% RHA sample indicating a decrease in the width of the interfa-
cial transition zone (ITZ) between the paste and the aggregate. It
shows that by incorporating RHA in the mortar the ITZ can be
improved by rising the formation of C–S–H and decreasing C–H,
therefore the mechanical properties of mortar are improved.

According to the results of analysis, there are significant differ-
ences in the form and the texture of various reaction products in
the specimens without nanoparticles in comparison to the mix-
tures with NT (Fig. 4-b-c). As can be seen, lower pores are observed
in the mixtures with NT compared to the samples without NT.
After hydration initiates, hydrate products diffuse and envelop
nanoparticles as kernel. If the content of nanoparticles and the dis-
tance between them are convenient, the crystallization will be con-
trolled to be a suitable state through restricting the growth of Ca
(OH)2 crystal by nanoparticles. In fact, by utilizing nanoparticles,
which cause a reduction in content of Ca(OH)2 crystals, the large
pores become filled. Moreover, NT enhanced the density and com-
pact microstructure in accordance with increasing of compressive
strength results. However, it is evident from Fig. 4-c that there is
lower porosity. This is due to the rapid formation of C–S–H gel
which accelerates the hydration of cement. On the whole, nanopar-
ticles significantly decrease the volume of pores.

Other studies also indicate the positive effect of adding RHA and
NT. Zerbino et al. [33] showed that the compressive strength of
concrete samples incorporating RHA as 10 wt% of cement replace-
ment was increased. Gastaldini et al. [34] illustrated enhancement
in compressive strength when RHA was used as partial cement
replacement. However, excessive amounts of RHA could reduce
the compressive strength. Mohseni et al. reported that specimens
incorporating 5 wt% NT had the optimum strength [7].

3.2. Water absorption

The percentage of water absorption tests at different time inter-
vals are shown in Fig. 5. It is evident from the results that for all
samples, water absorption reduced by increasing the amount of
RHA and NT. As figure shows the mixtures without nanoparticles
reached the most significant water absorption. However, the pro-
portion of water absorption reduced considerably by adding NT
and RHA. The partial replacement of Portland cement by 15 wt%
RHA and 5 wt% NT led to an almost 30% reduction in water absorp-
tion. The result could be related to the fact that since the poz-
zolanic reaction has consumed Ca(OH)2 creating more C–S–H this
has led to a denser microstructure and consequently less water
absorption. This is in agreement with the results obtained by
Mohseni et al. [7]. In other words, as it is shown from the data
the reduction in water absorption with the increase of NT content
in the mixtures is resulted from enhancing the pore structure.
Another important reason is the role of NT as filler densifying the
microstructure and the ITZ, causing a reduced porosity.

3.3. The electrical resistivity test

The rate of probable corrosion through the mortars, which were
compared with the limits suggested by ACI Committee 222 [35] are
shown in Fig. 6. It is clear that by increasing of the electrical resis-
tivity of the specimens, a reduction in the probability of the corro-
sion is observed. It is obvious from the data that, significant



Fig. 4. SEM micrograph of a) control b) 10RHA and c) 10RHA5NT specimens.

Fig. 5. Water absorption results of mortars.
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improvements in electrical resistance of mortars were achieved
with the increase of TiO2 nanoparticles and RHA in the mixture.
The electrical resistivity result of the control mixture is between
5 and 10 kO cm, which shows that corrosion is more likely to occur
in comparison with the mixtures incorporating RHA and NT. As can
be seen in the figure the resistivity values of the mixtures contain-
ing 10RHA3NT, 15RHA3NT and 15RHA5NT are above 20 kO cm
indicating a very low probability of corrosion. The resistivity values
of the other samples are between 10 and 20 kO cm indicating a low
or medium probability of corrosion. It is also noticeable that the
most advantageously effective amount of RHA and NT in the
cement mortar were 15% and 5%, respectively.
3.4. Rapid chloride permeability test (RCPT)

In recent years, a couple of studies were directed through the
usage of RCPT in order to investigate the durability of mortar or
concrete [7,36,37]. The total charges passed indicating the values
of penetration of chloride ions which were compared to the limits
recommended in ASTM C1202-07 [38] are given in Fig. 7. It is note-
worthy to mention that compared to the electrical resistivity the
pattern for the results achieved from rapid chloride permeability
tests is reversed. As can be seen from the data, using both RHA
and TiO2 nanoparticles have positive impact on the chloride per-
meability results of the mixtures. It is also obvious that the charge
passed in the binary mixtures containing RHA and NT were less
than that in the control mixture. The least values of charge passed
were obtained by mixtures with 15% RHA. This is due to the
extended pozzolanic reaction of the RHA mortar mix. Zahedi
et al. [10] showed that the resistance to chloride penetration of
concrete is increased by the addition of RHA. The decrease in the
pore interconnectivity of mortars and pore water solution has led
to reduce the permeability of RHA mortar. Generally, specimens
incorporating RHA are placed among the mixtures with moderate
chloride permeability, while the control sample is classified in
the category with high chloride permeability, in accordance with
the recommendations of ASTM C1202-07.

From the data in Fig. 7, it is also evident that chloride ion per-
meability in the mortars with TiO2 nanoparticles has reduced com-
pared to RHA mixes at the age of 90 days. The crucial reason of this
enhancement in durability is that TiO2 nanoparticles improves the
denser microstructure and decreases the pores, therefore resis-
tance to chloride transportation can be promoted [39]. The best
result was achieved from the mixture 15RHA5NT, which showed
a 67% reduction of RCPT value compared to that of the plain



Fig. 6. Electrical resistivity levels of mortars containing TiO2 nanoparticle and rice husk ash and the limits of ACI Committee 222.

Fig. 7. Chloride Permeability Levels of mortars containing TiO2 nanoparticle and rice husk ash and the limits as Per ASTM C1202-07.
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sample. This is noteworthy that, all samples with NT are among the
mortars with low to moderate chloride permeability (Fig. 7). The
chloride binding capacity of the mortar affects the rate of chloride
penetration into the cement mortar. A portion of the chloride ions
reacts with the mortar matrix becoming either physically or chem-
ically bound, and this binding reduces the rate of diffusion. The
cementing materials used in the mortar control the chloride bind-
ing capacity. Binding is affected by the inclusion of supplementary
cementing materials, though the exact effect is not clear [40–44].
Fig. 8. UPV results of mortars.
3.5. Ultrasonic pulse velocity (UPV)

In this study UPV tests of all RHA with and without NT blended
mortars and were carried out to investigate the strength develop-
ment of specimens at determined ages as shown in Fig. 8. Based on
the data obtained from the graph the more NT and RHA content
added to the mixtures the greater velocity of the ultrasonic pulse
results were achieved. In fact, In the long run, the UPV for RHA
and NT blended mortars experienced a sharp increase compared
to the small proportion obtained by the control sample. As the
results indicate, incorporating RHA without NT increased the UPV
by 8% in comparison to the control sample. Also, incorporating
NT at 5% content can rise the UPV noticeably. The results illustrate
that 15% and 5% is the optimal proportion of the RHA and NT
replacement in the mortar, respectively. Generally, a high pulse
velocity shows higher quality in cement-based materials. Malhotra
[45] suggested that concrete has good durability when its pulse
velocity value is in the range of 3660–4575 m/s and in this
research the UPV results of all specimens were higher than
3660 m/s. Therefore, the specimens might be considered as dur-
able mortar [46].

Micrographs of the mixture containing 0, 5, 10 and 15% RHA are
shown in Fig. 9. As a compact formation of hydration products with
the increase of RHA content are indicated in the figure, the total
amount of porosity is reduced to a minimum compared to that of
the control sample.



Fig. 9. SEM micrograph of a) control b) 5RHA c) 10RHA and d) 15RHA specimens.

Fig. 10. Variation of UPV with electrical resistivity and chloride permeability mortar specimens.
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3.6. Correlation between compressive strength and durability test
results

In order to understand the interdependence between the prop-
erties of mortar, the electrical resistivity and rapid chloride perme-
ability test of mortars, incorporating NT and RHA were presented
against UPV in Fig 10. An increase in UPV is generally associated
with an increase in electrical resistivity, while Chloride permeabil-
ity and UPV are inversely related. Nevertheless, it was found that
the coefficient correlation between UPV and durability results is
relatively high (Fig. 9). In other words, a high correlation coefficient
reflects a strong relationship between two different durability tests.
3.7. XRD analysis

XRD analysis of mortar with and without NT at 28 days of cur-
ing which was performed in order to evaluate the structural evolu-
tion is shown in Fig. 11. Ettringite, Portlandite, Alite and Belite
were found to be major phases for specimens. Changes in peak
height and formation of new peaks were observed at 28 days.
Intensity of Alite and Belite phase decreased and new peak of port-
landite (2 theta deg. of 18, 47 and 51) were found. However, no
other new crystalline phase was found with the addition of
nano-TiO2 [47]. The results illustrated that, Ca(OH)2 crystals (port-
landite) which needs to formation of C–S–H gel appears in mortars



Fig. 11. XRD analysis of different specimens: a) control, b) 5RHA1NT, c) 5RHA3NT and d) 5RHA5NT.

E. Mohseni et al. / Construction and Building Materials 114 (2016) 656–664 663
containing nanoparticles while for sample without nanoparticles it
is not appeared demonstrating synergic influence of nanoparticles
on formation of subsequent C–S–H gel.
4. Conclusions

The following conclusions are drawn from the current study on
the mortars containing rice husk ash and nano-TiO2:

� The compressive strength of mixtures which were measured at
3, 7, 28, and 90 days was enhanced by the addition of RHA up to
10% in comparison with control samples. Nevertheless addition
of 15% RHA led to a reduction in strength of the mixture.
However, the compressive strength was still higher than that
of control mortar.

� The compressive strength increased when NT was added into
RHA cement samples. The best result was obtained by 5% NT.
Totally, the strength achieved by the mixture incorporating
10% RHA and 5% NT was higher than that of other samples since
it could reach the peak of 66 MPa.

� The water absorption of the specimens decreased dramatically
by the addition of RHA and NT. A decrease of almost 30% took
place in the water absorption by the partial replacement of
Portland cement by 15 wt% RHA and 5 wt% NT.

� The electrical resistivity, RCPT and UPV tests revealed that the
permeability was reduced with an increase in the contents of
RHA and NT with respect to the control specimen. It was con-
cluded that a combination of 15% RHA and 5% NT in mortar
led to a positive contribution to durability properties at 90 days.

� The SEM images admit the formation of denser microstructure
with utilizing NT in the mixtures. An improvement of ITZ was
observed by increasing the content of RHA in the mortar and
mechanical properties were improved.

� More rapid formation of hydrated products in the presence of
the TiO2 nanoparticles, which was confirmed by the XRD
results, is considered as the reason for durability improvement.
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