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� Colloidal Nano-Silica is used as partial replacement of cement for production of concrete mixes.
� Recycled aggregate concrete has inferior mechanical properties as compared to that of control concrete.
� Recycled aggregate concrete with 3% Nano-Silica has compressive strength similar to that of natural aggregate concrete.
� Improvement in tensile strength of recycled aggregate concrete is observed with the incorporation of Nano-Silica.
� Non-Destructive parameters are also enhanced with addition of Nano-Silica.
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The present work addresses the effect of incorporation of colloidal Nano-Silica on the behavior of con-
crete containing 100% recycled coarse aggregate. In this study, concrete mixes containing both natural
and recycled aggregate are produced by replacing a fraction of Portland cement 0.75%, 1.5% and 3% of col-
loidal Nano-Silica respectively. The results of experimental investigation depicts that compressive
strength, tensile strength and Non-Destructive parameters are enhanced due to addition of NS. Moreover,
the study reveals that the characteristics of recycled aggregate concrete resembles with that of natural
aggregate concrete with the addition of little amount (3%) of Nano-Silica.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete, being most extensively used construction material is
primarily responsible for depletion of natural resources since its
main constituent materials such as aggregates are drawn from nat-
ure, therefore, several countries are facing acute shortage of natu-
ral aggregates. Simultaneously, huge amount of waste concrete is
produced due to demolition of aged concrete structures and suffi-
cient number landfills are not available for dumping such waste
materials. In recent decades, these waste concrete are collected
and are crushed to produce aggregates and these aggregates are
effectively used as novel construction materials in several coun-
tries. Therefore, utilization of recycled aggregates (RAs) as a
replacement of natural aggregate (NA) is a solution to a number
of problems faced by civilization: preservation of natural re-
sources, lessening the costs of waste treatment prior to disposal,
and reduction of pollution [1]. However, the main problem in using
these recycled aggregates is the attached mortar that distinguishes
these aggregates from natural aggregate. Earlier works confirmed
that RA had some inferior properties like low density, more water
absorption and reduction in quality and durability due to the mor-
tar that remains attached to NA [2]. Several studies were found in
literature regarding the application of aggregates produced from
waste concrete and those were reported in the previous review
works done by Nixon [3] and Hansen [4,5]. The characteristics of
parent source concrete had influence in determining the properties
of the fresh concrete produced with the recycled aggregates for in-
stance water absorption of RCA increased with an increase in
strength of parent concrete from which the aggregates are pro-
duced [6]. The behavior of the RAC containing aggregates from var-
ious field sources was investigated and reduction of mechanical
properties and micro-structural compared to NAC was reported
[7]. Previous study confirmed that there was no significant change
in compressive strength (CS) of recycled aggregate concrete (RAC)
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when the replacement of aggregates was within 30% and reduction
of CS was observed beyond this limit [8]. However, elastic modulus
of concrete containing 30% of recycled aggregates was found to be
15% lower than that of NAC [9]. Kwan et al. [10] recommended that
target strength could be achieved using recycled aggregates up to
80% with accepted mechanical and durable properties. Moreover,
concrete having strength 80 MPa or more than that could be pro-
duced using recycled aggregates, however mechanical properties
of the concrete is inferior to the natural aggregate concrete
(NAC). Moreover, the use of recycled fine aggregate (RFA) was
not recommended in place of natural sand since it had an adverse
effect on workability and strength of concrete [11]. The develop-
ment of compressive strength (CS) of both RAC and NAC were
maintaining similar trend but strength development was little fas-
ter in case of NAC during first seven days and 10% reduction of
28 days CS was reported [12]. The durability properties like creep
and shrinkage of RAC increased with replacement of NA with RA
due to the inferior properties of aggregates [13].

1.1. Influence of two stage mixing and supplementary cementitious
materials

To improve the properties of RAC, researchers adopted two-
stage mixing approach and improvement in strength and durabil-
ity was reported [14]. Detailed and quantitative analysis of Scan-
ning Electron Microscopy (SEM) images and nano-indentation
confirmed that the proposed two-stage mixing approach strength-
ened the interfacial transition zone (ITZ), hence it was an effective
method for enhancement of mechanical and durability characteris-
tics of RAC [15,16]. Tam and Tam [17] brought further modification
in two-stage mixing approach methods by addition of silica fume
(SF) into certain percentages of recycled aggregate (RA) in the
pre-mix procedure, which was named as two-stage mixing
approach(silica fume) (TSMAs). The other proposed technique
was the addition of SF and proportional amounts of cement into
certain percentages of RA in the first mix, named as two-stage mix-
ing approach(silica fume and cement) (TSMAsc). The weak areas of
the RA were filled by silica fume and proportional cement content,
which created a stronger interfacial layer around aggregate, and
hence the compressive strength of the concrete was improved. In
addition to above mixing techniques, addition of supplementary
cementitious materials are another significant method of improve-
ment of properties of RAC. The incorporation of fly ash (FA) in RAC
significantly improved the resistance to chloride ingress and resis-
tance to sulfate erosion the long-term resistance to carbonation
[18]. The CS of RAC could be improved with incorporation of SF
and FA as a fine aggregate replacement and it was observed that
the pore structure of RAC is improved, and particularly the volume
of macro-pores was reduced due to addition of fly ash [19]. Brendt
[20] adopted different proportion of FA and blast furnace slag (BFC)
in RAC and concluded that the concrete with 50% BFC had pro-
duced best results in terms of strength characteristics among all
combinations. However, addition of fly ash in RAC decreased elas-
tic modulus, increased the coefficient of permeability and chloride
diffusion coefficient, although the values remained satisfactory for
durable concrete. In addition to above, pulverized fuel ash (PFA)
and ground granulated blast furnace slag (GGBS) were used to en-
hance the concrete properties: the long-term strength develop-
ment, the resistance to chloride permeability and resistance to
chloride-induced corrosion [21]. Li et al. [22] investigated the ef-
fect of a new mixing technique-coating with pozzolanic powder:
Fly ash (FA), SF, blast furnace slag (BS) or their combination on
the workability, strength and microstructure. The outcome the
study was that a dense ITZ structure along with satisfying work-
ability and strength could be achieved with this new mixing tech-
nique-coating with pozzolanic powder. Kong et al. [23] conducted
similar type of study by adopting a triple mixing method (TM) to
further enhance ITZ and thus properties of the RAC by surface-
coating of pozzalanic materials, such as fly ash, slag and silica
fume. The outcome of the experimental investigation revealed that
the compressive strength and chloride ions penetration resistance
of the RAC could be further enhanced by using TM as compared to
that by using two-stage mixing approach.
1.2. Application of nano-materials

Currently, the applications of nanotechnology have been gain-
ing popularity in different fields of science and technology [24].
The developments of new materials with new functions or
improvements in the properties of existing materials using nano-
technology are new areas of interest in civil engineering [25].
The use of nano-particles in cement based products was increasing
day by day as these particles are effective in filling the voids of the
C–H–S, enhancing the rate of hydrations by acting as nucleation
centers and reducing the size of Ca(OH)2 crystal [26]. Among exist-
ing nano-particles, Nano-silica (NS) is efficiently applied in the
field of cement and concrete for enhancing the properties of con-
crete. The use of NS was preferred in place of previously used poz-
zolanic material SF because the pozzolanic activity of the NS was
more than SF at early days due to the higher of rate of consumption
of Ca(OH)2 crystals [27]. NS was quite effective in improving the
mechanical properties and the microstructure of high-strength ce-
ment pastes even in low concentration and this improvement of
paste behavior is attributed to the fact that increasing packing
among particles [28]. However, the addition of NS to paste and
mortar reduced the mix workability, due to immediate reaction be-
tween the NS and the cement paste, with development of gels
characterized by high water retention capacities [29]. The incorpo-
ration of NS enhanced the CS and tensile strength of mortar due to
the increased pozzolanic action and filling effect. Moreover, incor-
poration of NS improved the microstructure of cement mortar [30].
Other studies comprising of addition of NS in mortar were pro-
duced similar type of observations [31–33]. Moreover, the fire
resistance of high strength fly ash mortar could be improved with
addition of NS [34]. The use of colloidal NS in place of dry powder
form in concrete was preferred as it was more dispersive in nature
and reduced segregation compared to dry powder form of NS [35].
In addition to above, the addition of colloidal NS accelerated the
cement hydration largely in the early age with a reduction in
low-stiffness C–S–H gel and an increase in high-stiffness C–S–H
gel [36].

The application of NS in concrete was proven to be beneficial in
enhancing compressive strength (CS) along with reduction of
porosity due to fact that the addition of NS led to significant con-
sumption of portlandite (CH) in the pozzolanic reaction, hence
making concrete strong and dense [37]. Moreover, the permeabil-
ity of concrete was also improved with addition of NS due to the
removal of minute pores present in cement mortar matrix and
ITZ [38]. Hosseini et al [39] confirmed that the replacing cement
by 3% of NS of in the concrete made with 100% recycled aggregate
produces strength more that of concrete made with natural aggre-
gates. Moreover, microstructure became dense, uniform and even
extremely small voids had been omitted due to the filling of small
particles of NS in those voids. However, it was proved that higher
dosage of the NS affected workability due to dispersion problems
and conglomeration of particles.

The critical observations from the detailed literature review are
follows:

� The properties of recycled aggregates are inferior to natural
aggregates due to the adhered mortar present in them.



Fig. 1. X-ray diffraction pattern of OPC.
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� The compressive strength of RAC deceases up to 25%, split-
ting and flexural tensile strength decrease up to 10% and
modulus of elasticity decreases up to 45% for RAC.

� Pozzolanic materials are quite effective in enhancing
mechanical properties of RAC.

� The pozzolanic activity of NS is more than SF during early
days to higher surface area.

� NS influences the workability of the cementitious mix due to
absorption of mixing water.

� The mechanical properties of cement paste and mortar
improves with addition of NS.

� Application of colloidal NS is easier than dry form of NS due
less segregation.

� NS is successfully applied in concrete for improvement its
properties.

From the broad literature survey, it is observed that the inves-
tigations on the mechanical and microstructure properties of RAC
are often available in open literature. As the properties of RAC
are inferior to NAC, several techniques are adapted to improve its
characteristics and addition of pozzolanic materials is one among
in this regard. Different pozzolanic materials incorporated with
different mixing techniques are successfully applied in RAC to
enhance its properties. Moreover, after the innovation of nano-
technology, NS is applied in cement, mortar and concrete for
improvement of behavior of the parent material, which are well
documented in literature. However, the study in the area of
application of colloidal NS in the recycled aggregate concrete is
rarely found in literature. The aim of the present work comprises
of systematic examination the mechanical behavior of RAC with
different percentages of NS and Non-Destructive tests are
conducted to verify the uniformity in the concrete and pores
behavior of RAC. The objectives of the present investigation to
fulfill the aim of the work are stated as follows:

� Comparative study of properties of natural coarse aggregates
and recycled coarse aggregates collected from field sources.

� Study of influence of NS on the fresh concrete behavior.
� Analysis of the harden properties of RAC containing NS.
� Non-Destructive evaluation of quality of concrete containing

RCA and NS.

2. Experimental program

2.1. Materials

Ordinary Portland Cement (OPC) of 43 Grade, meeting the requirements of Bu-
reau of Indian Standard Specifications (BIS) (IS: 8112-1989) [40] was used to con-
duct the experimental work. The experimental program was carried out in such a
manner that the whole work was completed within one month of receipt of cement.
The standard tests has been performed to characterize the cement and those results
are tabulated Table 1.

The X-ray Diffraction (XRD) analysis of the OPC was conducted and the obtained
pattern from the test was presented in Fig. 1. The XRD of the powder sample of ce-
ment was carried out to have detailed knowledge about the various chemical com-
pounds available cement. Moreover, this analysis was conducted for determination
of the crystalline phases and orientation of the chemical compounds, which consti-
tutes the mixture. The results of the analysis of the cement showed that the differ-
ent chemical compounds were in crystalline form since sharp peaks were visible in
the XRD pattern. Moreover, the analysis illustrated that calcium silicates were main
constituents of cement and the presence of alumina noticed along with silicates.
Table 1
Properties of cement.

Consistency Setting time (min) Specific gravity

Initial Final

32% 135 295 3.12
The NS used in this experimental was the commercially available colloidal NS
that was suspension of fine amorphous, non-porous and typically spherical parti-
cles in liquid phase. The properties of NS are illustrated in Table 2.

The results of XRD and Transmission Electron Microscope (TEM) analysis are
shown in Figs. 2 and 3 respectively. It was observed from the XRD analysis of NS
that a broad peak (2h varies from 13� to 40�) was obtained, which provided infor-
mation about presence of the chemical compound in nano-form. In addition to
above, the presence of silicon oxide in dominant form was also detected from the
analysis. XRD analysis of NS reveals that crystallite size of NS was found to be
approximately 11 nm. TEM was a microscopic technique employed for determina-
tion of particle size of nano-particles, since direct measurement of nano-particles
could not be done. The TEM image of NS is shown in Fig. 3, which was taken in
bright field mode. It was observed from the analysis that the particles being in
spherical shape and present in non-agglomerated form. The analysis TEM picture
revealed that the particle size of the colloidal NS was found to be varying between
8 and 20 nm, which was confirmed by the results of the XRD analysis.

Locally available river sand confirming to Zone II specification of IS 383-1970
[41] was used as Natural Fine Aggregate (NFA) in producing concrete mixes. The
crushed dolerite of 20 mm nominal size was employed as Natural coarse aggregate
(NCA) and the Recycled Coarse Aggregates (RCA) were prepared from the concrete
collected from a 30 years old demolished building of Jhargram, West Bengal, (A city
of Eastern India). The standard tests were performed on aggregates and the results
of those tests are presented in Table 3.

2.2. Concrete mixtures

Table 4 illustrates the details of mix proportions of concrete mixes containing
recycled coarse aggregates and different amount of NS as a replacement of cement.
The water cement ratio was kept constant as 0.4 and three different amounts of NS
(0.75, 1.5, and 3) by weight of cement were used for production of concrete mixes.
The reference concrete or control concrete containing NCA without NS was fabri-
cated along with above mixes. The quantity of water present in colloidal NS should
be taken into consideration while calculating the total amount of water for making
concrete mixes. Normal tap water suitable for drinking purpose was used for man-
ufacture of concrete mixtures. Additional 10% water along with stipulated amount
of water was added in RAC mixes to mitigate the additional water requirements of
RCA.

2.3. Specimen casting and curing

For production of concrete mixes, initially, colloidal NS was mixed with water
and stirred properly so that uniform dispersion of silica nano-particles could be
achieved. After that, the cement, sand and coarse aggregates were mixed at a low
speed for 2 min in a concrete rotary mixture. Then mixture of NS and water was
Fineness (m2/kg) Mortar strength (MPa)

3 days 7 days 28 days

306 37.96 44.2 48.02



Table 2
Properties of colloidal Nano-Silica.

Color Specific
gravity

Solid
content

Particle
size

SiO2

content
pH
value

White 1.12 39% 8-20 nm 99.1% 10.11

Fig. 2. X-ray diffraction of Nano-Silica.

Fig. 3. TEM picture of Nano-Silica.

Table 3
Properties of Aggregates.

Type of aggregate Bulk density (kg/m3) Apparent specific gravity Specific gra

Loose Compact

NFA 1525 1698 2.66 2.62
NCA 1504 1654 2.81 2.72
RCA 1321 1418 2.67 2.46

Table 4
Proportions of mixtures per cubic meter of concrete.

Mixture Cement
(kg)

NCA
(kg)

RCA
(kg)

NFA
(kg)

NS
(kg)

Water
(kg)

NAC 1 450.000 1180 – 640 – 180
NAC 2 446.625 1180 – 640 3.375 180
NAC 3 443.250 1180 – 640 6.750 180
NAC 4 436.500 1180 – 640 13.500 180
RAC 1 450.000 – 1067 640 – 180
RAC 2 446.625 – 1067 640 3.375 180
RAC 3 443.250 – 1067 640 6.750 180
RAC 4 436.500 – 1067 640 13.500 180
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slowly poured in and stirred at a low speed for another 2 min to achieve desired
workability. After proper mixing, the fresh concrete was poured in to the specified
molds and kept for 24 h under plastic sheet for moisture control curing. After 24 h,
the specimens were unmolded and curing of specimens was done traditionally by
storing the specimens under water.

2.4. Testing of specimens

The compressive strength test was carried out on standard cubes of size
150 mm using 3000 kN compressive testing machine in accordance with BIS (IS:
516-1959) [42]. The compressive strength was determined at 7, 28, and 90 days
and rate of loading was maintained at 14 N/mm2/min throughout the test as per
BIS specifications [42]. The split tensile strength (STS) of concrete at 28 days was
conducted on cylindrical specimen of 150 mm £ � 300 mm height using 3000 kN
compression testing machine according to the procedure given in Indian standards
[43]. The Flexural Tensile Strength (FTS) was performed on prisms of size
100 � 100 � 500 mm after 28 days curing. The test was done in accordance with
BIS (IS: 516-1959) using 100 kN universal testing machine [42]. Two types of
Non-Destructive tests were conducted on 15 cm cubes after 28 days of curing:
Ultrasonic Pulse Velocity (UPV) and Rebound Number (RN). UPV test was per-
formed in accordance with BIS code [44] using TICO ULTRASONIC INSTRUMENT
(UPV), supplied by PROCEQ SA, Switzerland. The RN test was carried out in accor-
dance with BIS [45] using Schmit Hammer (TYPE ND) supplied by PROCEQ SA, Swit-
zerland. For RN test, at least 20 measurements were taken at different points upon
each specimen. Three numbers of specimens were used for carrying out every test
and averages of three results were reported.
3. Results and discussion

3.1. Fresh concrete properties

The results of slump test of fresh concrete mixtures is illus-
trated in Fig. 4, which indicates that addition of NS in concrete
mixtures causes loss of slump and this loss is dependent upon
the NS content. The phenomenon of reduction of slump is
attributed to the absorption of some parts of mixing water by
nano-particles. Silica nano-particles have high surface area and
contain many unsaturated bonds, which make them highly reac-
tive, and water molecules are attracted towards the surface these
particles. Due to this attraction to wards NS, chemical bond is cre-
ated between water and these particles along with formation of sil-
anol groups (Si–OH). Therefore, the amount of the free water
available for mix, whose role is to improve the fluidity of the mix-
ture, is reduced and viscosity of the mix is increased, hence, work-
ability of the concrete mixes containing NS is reduced [31,32].
However, from the results slump test shown in Fig. 4, it observed
that lower values of slump are obtained with the in RAC mixtures
vity Impact value (%) Los Angeles abrasion value (%) Crushing value (%)

– – –
15.35 19.72 15.11
34.85 36.56 31.52



Fig. 4. Variation of slump results of concrete mixes.

B.B. Mukharjee, S.V. Barai / Construction and Building Materials 55 (2014) 29–37 33
compared to the control mix. recycled coarse aggregates are having
high water absorption capacity due to the presence of the old ad-
hered mortar in the aggregates, which is more porous in nature.
To mitigate this extra water demand of recycled aggregates, addi-
tional amount of water added to the mix to achieve proper work-
ability during production of concrete mixtures. However, there is
some amount of loss of slump occurred during this whole process
and characteristics of RCA are responsible for slump loss in the
concrete containing RAC only. Moreover, the loss of slump occurs
in the concrete mixtures containing NS and increase in loss of
slump with increasing content of silica nano-particles. Hence, the
loss of slump in concrete mixtures containing RCA and NS is be-
cause of combined water absorption of recycled coarse aggregates
and nano-particles [2,31–32,39].
3.2. Compressive strength

The development of compressive strength (CS) from 7 days to
90 days for different types of mix is presented in Fig. 5. The afore-
mentioned figure indicates that the 7 days CS of NAC increases
from 34.81 MPa to 39.12 MPa with incorporation 3% colloidal NS.
This 12% enhancement of CS of NS incorporated concrete is attrib-
Fig. 5. Variation of com
uted to the increase in pozzolanic action when NS is added in con-
crete. However, the 7 days CS of concrete reduces from 34.12 MPa
to 30.3 MPa due to replacement of natural aggregates by RCA,
which indicates 11% reduction in 7 days CS. This decrease in CS is
because of inherent characteristics of RCA such as highly porous
nature of RCA, presence of large number of cracks, and high level
of impurity and attached cement mortar, of RCA compared to
NCA [13]. The effect of NS in improving the 7 days CS of RAC can
be visualized in Fig. 5 as the CS increases from 30.3 MPa to
34.13 MPa, which almost equalizes with the 7 days CS of control
concrete. This improvement of CS is due to improvement of micro-
structure of ITZ by NS. Moreover, the 7 days CS of concrete incorpo-
rating NS is more than that of concrete without NS because the
pozzolanic activity of NS is high in initial days [23,25]. It is ob-
served that 28 days CS of both RAC and NAC increase with increas-
ing percentages of NS, which is due to improvement of quality of
concrete. The CS of NAC increases from 40.67 MPa to 49.89 MPa
(22% Increase) with addition of small quantity (3%) of colloidal
NS. It should be noticed from Fig. 5 that there is 14% reduction
28 days CS of concrete when RCA are used as aggregates in place
of natural aggregates. This reduction of CS of concrete mainly
due to high water absorption and porous nature of RCA, which
make a weak bond between cement matrix and aggregates. The
reduction of 28 days CS as obtained present experimental study
is in the same line with previous studies as some researchers re-
port 10–15% of reduction of 28 days of CS of fully RAC [9,11]. How-
ever, 28 CS of RAC increases significantly with incorporation of NS
and 28 days CS of RAC is more than that of reference concrete with
addition of 3% of NS. The enhancement of CS is due to the filling of
the voids of CHS structure by NS, which leads to a denser and
stronger concrete [38,39]. The behavior of CS of concrete mixes
at 90 days due to addition of NS is similar to the strength develop-
ment at 28 days. The development of CS from 7 days to 90 days is
uniform for eight different types of mixes.
3.3. Split tensile strength

Fig. 6 shows the variation of split tensile strength (STS) with re-
spect to percentage of NS. It can be seen that STS of concrete in-
creases from 2.12 MPa to 2.63 MPa as the percentage of
incorporation of NS changes from zero to three percentages. The
improvement STS of concrete is attributed to the strengthening
pressive strength.



Fig. 6. Variation of split tensile strength.

Table 5
Formulations to predict fsp and ft from fc.

Splitting tensile strength Flexural tensile strength

CEB [47]
fsp ¼ 1:56 � fc�8

10

� �2
3 CEB [47] ft ¼ 0:81 �

ffiffiffiffi
fc

p

EHE [48] fsp ¼ 0:21 � f
2
3
c

IS:456 [55] ft ¼ 0:70 �
ffiffiffiffi
fc

p

ACI 318 [49] fsp ¼ 0:56 �
ffiffiffiffi
fc

p
ACI 318 [49] ft ¼ 0:62 �

ffiffiffiffi
fc

p

GB 10010 [50] fsp ¼ 0:19 � f 0:75
c DJ/TJ07 [56] ft ¼ 0:75 �

ffiffiffiffi
fc

p

NBR 6118 [51] fsp ¼ 0:3 � f
2
3
c

Hueste et al. [52] fsp ¼ 0:55 �
ffiffiffiffi
fc

p

Xieo et al. [53] fsp ¼ 0:24 � f 0:65
c

Kau and poon [54] fsp ¼ 0:093 � f 0:8842
c

Fig. 7. Comparison of experimental fsp values with various formulations.
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of ITZ by the silica nano-particles. Primarily the individual compo-
nents of concrete such as aggregate and cement paste are having
more tensile strength when tested individually, however, when
they are combined to form concrete lesser tensile strength is found
than individual strength. The reason behind the above phenome-
non is that ITZ is one the weakest link in concrete. The addition
of NS makes a stronger and denser ITZ than normal concrete by
reducing the voids present in ITZ [26]. However, the STS of RAC
without NS is 1.86 MPa, which is 12% lower than that of control
concrete. This reduction of STS is due to weaker interfacial transi-
tion zone (ITZ) compared to ITZ of NAC [12]. However, STS in-
creases with increasing percentage of NS and RAC with 3% NS is
almost equal value of STS with the control concrete.

This improvement of STS is due to the pozzolanic action and fil-
ler effects of NS. Interfacial Transition Zone (ITZ) plays an impor-
tant role on the tensile strength of concrete. The ITZ becomes
dense and compact due to addition fine particles of NS and there-
fore improvement of tensile strength is observed [24,37]. The com-
parative study between present experimental results and split
tensile strength (fsp) values obtained by using formulation found
in literature given in Table 5 is shown in Fig. 7. It should be noted
that in all the relations characteristics compressive strength (fc) re-
ferred to 28-day cylinder strength. Therefore, a correction factor of
0.8 is adopted for converting cube strength to cylinder strength
[46]. The study indicated that present experimental values are sim-
ilar to the splitting tensile results of Spanish code formulation [48].
However, higher values of STS are obtained using all other
relationships.
Fig. 8. Variation of flexural tensile strength.
3.4. Flexural tensile strength

The variation of FTS with respect to different percentage of NS is
presented in Fig. 8, which illustrates that FTS increases with
increasing percentage of NS irrespective of type of concrete. FTS
of control concrete enhances from 4.33 MPa to 4.97 MPa with addi-
tion of three percentages of NS. The improvement of 15% in FTS of
NAC is because of the strengthening of concrete with the incorpo-
ration NS. The ITZ of concrete becomes stronger as pozzolanic
products generated by NS helps in improving the bond between ce-
ment mortar and aggregate [26]. However, the FTS of concrete re-
duces from 4.33 MPa to 3.96 MPa when the NCA are replaced by
RCA. This reduction of FTS is attributed to the poor bonding be-
tween the RCA and cement mortar. Furthermore, the improvement
in FTS of RAC could be achieved by addition of NS as silica nano-
particles have potential to fill the voids of cement mortar and
aggregate interface. The results of this study indicates about the
improvement of FTS with incorporation of NS as the FTS increases
from 3.96 MPa to 4.54 MPa with addition of three percent NS.
Therefore, the reduction of FTS occurred due to replacement aggre-
gates could be compensated by addition of NS.

Fig. 9 illustrates the relationship between FTS and CS of the
present values along values obtained using the formulations given
in Table 5. While using the formulations, it should be noted that
cylinder strength used in the formula given by ACI 318 [49] and
cube strength is used in other formulae. The comparative study



Fig. 9. Comparison of experimental ft values with various formulations.

Fig. 11. Variation of ultrasonic pulse velocity.

Fig. 12. Relationship between RN and compressive strength.
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indicates that present experimental values of flexural strength are
higher than those values predicted by ACI 318 [49] but lower than
CEB [47]. The experimental values are comparable to the results
obtained by formula given in Indian standard IS 456:2000 [55].

3.5. Non-Destructive test

The Rebound Number and Ultrasonic Pulse Velocity test results
are shown in Figs. 10 and 11 respectively. The figure illustrates that
both RN and UPV parameters of RAC are lower than those values of
NAC, which may be due to inferior quality of aggregates and more
porous nature of RCA. However, these parameters improve with
increasing percentage of NS, which is due to densification of con-
crete by addition of NS. The plot between 28 days CS and RN is pre-
sented in Fig. 12 and the best fit line is a second degree curve,
which resembles with previous study [57]. Fig. 13 demonstrates
the best-fit line, which represents the relationship between the
UPV and the compressive strength of concrete, which is a sec-
ond-degree curve. This second order relation is similar to the equa-
tion as given reference [57]. There is no universal relation between
the compressive strength and UPV, but various empirical relations
are found in literature.
Fig. 10. Variation of Rebound Number.

Fig. 13. Relationship between the UPV and compressive strength.
4. General discussion

The present study was designed to test the effects of colloidal
NS on the properties of concrete containing recycled coarse
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aggregates in place of natural coarse aggregates. The main inten-
tion of the current research to investigate the feasibility of use of
RAC incorporating NS and the primary findings of the experimental
work are summarized in the following bullets:

� The colloidal NS could be utilized as a mineral admixture in pro-
duction of concrete mixes but proper adjustment of amount
water should be done considering the amount of solid content
of the colloidal NS while designing concrete mixes. The results
of slump test indicated that decease in slump values with
increasing percentage of NS and the reason could be attributed
to the absorption of mixing water by nano-particles due to the
high surface area of colloidal NS. This aforesaid reason pre-
vented the use of higher dosages of silica nano-particles in con-
crete. Moreover, Replacement of natural coarse aggregates with
recycled coarse aggregates reduced the workability of concrete
mixture due to the high water absorption capacity of RCA and
further deceased in workability was observed due to the addi-
tion of NS to RAC mixes.
� The enhancement of compressive strength of concrete mixes at

early days was resulted because of addition of NS and this
improvement of strength could be owing to the high pozzolanic
activity of NS at initial periods. The phenomenon of increase of
28 days strength with increasing percentage of NS is caused by
the filling of voids C–H–S structure leading to a dense structure.
A decrease of 14% of compressive strength was observed when
replacement of NCA was done with 100% RCA. This reduction of
strength was because of poor quality of RCA compared to virgin
aggregates. However, addition of NS enhanced the compressive
strength of RAC and with incorporation of 3% NS the 28 days
compressive strength equalized with control concrete. This
improvement of strength was due to the filling effect of nano-
particles and making the concrete strong and dense.
� The enrichment of tensile strength of concrete was achieved by

adding NS as the nano-sized silica particles fill voids of concrete
and making ITZ stronger and denser compared to control con-
crete. Both Spit Tensile Strength and Flexural Strength of fully
recycled aggregate concrete deceased as the formation of a
weaker ITZ in RAC compared to that of NAC. This degradation
of tensile strength could be compensated by adding NS, which
improve the ITZ of RCA by fling the minute pores, present in it
and forming a stronger bond between cement paste and
aggregates.
� The Non-Destructive tests were widely conducted to determine

the change of quality of concrete without damaging the test
specimen. In this work, significant increase in Non-Destructive
parameters was observed in concrete containing NS, which con-
firmed about the improvement in quality of concrete due to
addition of NS. However, both the UPV and RN of RAC were
lower than those values of NAC confirming about the degrada-
tion of quality of concrete due to use of inferior quality of aggre-
gates compared to natural coarse aggregates. However, the
improvement of both RN and UPV were observed in concrete
mixtures containing NS, which provided confirmation about
the reduction voids and denseness of the concrete mix.
� The results of this research could provide the information for

construction sector for use of recycled aggregate concrete con-
taining colloidal NS as an admixture. However, further investi-
gations are required to know durability characteristics for
field application.

5. Conclusion

From this experimental investigation, it can be concluded that
replacement of NCA by RCA for production of concrete mixes de-
creased workability of concrete. This reduction of slump was fur-
ther augmented with the incorporation of NS as NS absorbed
some part of mixing water. Furthermore, the mechanical and
Non-Destructive test results of indicated that these properties of
RAC were inferior to those of NAC. However, incorporation of NS
improved the mechanical properties of RAC and improvement in
non-destructive characteristics of RAC containing NS was a sign
of quality of RAC. The properties of RAC containing three percent-
age NS could be comparable with control concrete and NS could be
utilized as an efficient admixture for production of concrete mixes
containing recycled aggregates in a large extent intended for con-
struction sector.

References

[1] Oikonomou ND. Recycled concrete aggregates. Cem Concr Compos
2005;27(2):315–8.

[2] De Juan MS, Gutiérrez PA. Study on the influence of attached mortar content on
the properties of recycled concrete aggregate. Constr Build Mater
2009;23(2):872–7.

[3] Nixon PJ. Recycled concrete as an aggregate for concrete – a review. Mater
Struct 1978;11(65):371–8.

[4] Hansen TC. Recycled aggregate and recycled aggregate concrete, second state-
of-the-art report, developments from 1945–1985. Mater Struct
1986;19(111):201–46.

[5] Hansen TC. Recycling of demolished concrete and masonry. London: E&FN
SPON; 1992.

[6] Padmini AK, Ramamurthy K, Mathews MS. Influence of parent concrete on the
properties of recycled aggregate concrete. Constr Build Mater
2009;23(2):829–36.

[7] Rao MC, Bhattacharyya SK, Barai SV. Influence of field recycled coarse
aggregate on properties of concrete. Mater Struct 2011;44(1):205–20.

[8] Tabsh SW, Abdelfatah AS. Influence of recycled concrete aggregates on
strength properties of concrete. Constr Build Mater 2009;23(2):1163–7.

[9] Corinaldesi V. Mechanical and elastic behaviour of concretes made of recycled-
concrete coarse aggregates. Constr Build Mater 2010;24(9):1616–20.

[10] Kwan WH, Ramli M, Kam KJ, Sulieman MZ. Influence of the amount of recycled
coarse aggregate in concrete design and durability properties. Constr Build
Mater 2012;26(1):565–73.

[11] Ajdukiewicz A, Kliszczewicz A. Influence of recycled aggregates on mechanical
properties of HS/HPC. Cem Concr Compos 2002;24(2):269–79.

[12] Rahal K. Mechanical properties of concrete with recycled coarse aggregate.
Build Environ 2007;42(1):407–15.

[13] Domingo-Cabo A, Lazaro C, López-Gayarre F, Serrano-López MA, Serna P,
Castaño-Tabares JO. Creep and shrinkage of recycled aggregate concrete.
Constr Build Mater 2009;23(7):2545–53.

[14] Tam VWY, Tam CM, Wang Y. Optimization on proportion for recycled
aggregate in concrete using two-stage mixing approach. Constr Build Mater
2007;21(10):1928–39.

[15] Tam VWY, Gao XF, Tam CM. Microstructural analysis of recycled aggregate
concrete produced from two-stage mixing approach. Cem Concr Res
2005;35(6):1195–203.

[16] Li W, Xiao J, Sun Z, Kawashima S, Shah SP. Interfacial transition zones in
recycled aggregate concrete with different mixing approaches. Constr Build
Mater 2012;35:1045–55.

[17] Tam VWY, Tam CM. Diversifying two-stage mixing approach (TSMA) for
recycled aggregate concrete: TSMAs and TSMAsc. Constr Build Mater
2008;22(10):2068–77.

[18] Limbachiya M, Meddah MS, Ouchagour Y. Use of recycled concrete aggregate
in fly-ash concrete. Constr Build Mater 2012;27(1):439–49.

[19] Corinaldesi V, Moriconi G. Influence of mineral additions on the performance
of 100% recycled aggregate concrete. Constr Build Mater 2009;23(8):2869–76.

[20] Berndt ML. Properties of sustainable concrete containing fly ash, slag and
recycled concrete aggregate. Constr Build Mater 2009;23(7):2609–13.

[21] Ann KY, Moon HY, Kim YB, Ryou J. Durability of recycled aggregate concrete
using pozzolanic materials. Waste Manage 2008;28(6):993–9.

[22] Li J, Xiao H, Zhou Y. Influence of coating recycled aggregate surface with
pozzolanic powder on properties of recycled aggregate concrete. Constr Build
Mater 2009;23(3):1287–91.

[23] Kong D, Lei T, Zheng J, Ma C, Jiang J, Jing J. Effect and mechanism of surface-
coating pozzalanics materials around aggregateon properties and ITZ
microstructure of recycled aggregate concrete. Constr Build Mater
2010;24(5):701–8.

[24] Sanchez F, Sobolev K. Nanotechnology in concrete – a review. Constr Build
Mater 2010;24(11):2060–71.

[25] Pacheco-Torgal F, Jalali S. Nanotechnology: advantages and drawbacks in the
field of construction and building materials. Constr Build Mater
2011;25(2):582–90.

[26] Pacheco-Torgal F, Miraldo S, Ding Y, Labrincha JA. Targeting HPC with the help
of nanoparticles: an overview. Constr Build Mater 2013;38:365–70.

[27] Qing Y, Zenan Z, Deyu K, Rongshen C. Influence of nano-SiO2 addition on
properties of hardened cement paste as compared with silica fume. Constr
Build Mater 2007;21(3):539–45.

http://refhub.elsevier.com/S0950-0618(14)00025-7/h0005
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0005
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0010
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0010
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0010
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0015
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0015
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0020
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0020
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0020
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0025
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0025
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0030
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0030
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0030
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0035
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0035
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0040
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0040
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0045
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0045
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0050
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0050
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0050
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0055
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0055
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0060
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0060
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0065
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0065
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0065
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0070
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0070
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0070
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0075
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0075
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0075
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0080
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0080
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0080
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0085
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0085
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0085
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0090
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0090
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0095
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0095
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0100
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0100
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0105
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0105
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0110
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0110
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0110
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0115
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0115
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0115
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0115
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0120
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0120
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0125
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0125
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0125
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0130
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0130
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0135
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0135
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0135
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0135


B.B. Mukharjee, S.V. Barai / Construction and Building Materials 55 (2014) 29–37 37
[28] Stefanidou M, Papayiann I. Influence of nano-SiO2 on the Portland cement
pastes. Compos Part B: Eng 2012;43(6):2706–10.

[29] Berra M, Carassiti F, Mangialardi T, Paolini AE, Sebastiani M. Effects of
nanosilica addition on workability and compressive strength of Portland
cement pastes. Constr Build Mater 2012;35:666–75.

[30] Jo BW, Kim CH, Tae Gh, Park JB. Characteristics of cement mortar with nano-
SiO2 particles. Constr Build Mater 2007;21(6):1351–5.

[31] Senff L, Labrincha JA, Ferreira VM, Hotza D, Repette WL. Effect of nano-silica on
rheology and fresh properties of cement pastes and mortars. Constr Build
Mater 2009;23(7):2487–91.

[32] Senff L, Hotzab D, Lucasc S, Ferreirac V, Labrinchaa JA. Effect of nano-SiO2 and
nano-TiO2 addition on the rheological behavior and the hardened properties of
cement mortars. Mat Sci Eng A – Struct 2012;532:354–61.

[33] Ltifi M, Guefrech A, Mounanga P, Khelidj A. Experimental study of the effect of
addition of nano-silica on the behaviour of cement mortars. Procedia Eng
2011;10:900–5.

[34] Ibrahim KR, Hamid R, Taha MR. Fire resistance of high-volume fly ash mortars
with nanosilica addition. Constr Build Mater 2012;36:779–86.

[35] Quercia G, Husken G, Brouwers HJH. Water demand of amorphous nano silica
and its impact on the workability of cement paste. Cem Concr Res
2012;42(2):344–57.

[36] Hou P, Kawashima S, Kong D, Corr DJ, Qian J, Shah SP. Modification effects of
colloidal nano-SiO2 on cement hydration and its gel property. Compos Part B:
Eng 2013;45(1):440–8.

[37] Said AM, Zeidan MS, Bassuoni MT, Tian Y. Properties of concrete incorporating
nano-silica. Constr Build Mater 2012;36:838–44.

[38] Zhang MH, Li H. Pore structure and chloride permeability of concrete
containing nano-particles for pavement. Constr Build Mater
2011;25(2):608–16.

[39] Hosseini P, Booshehrian A, Madari A. Developing concrete recycling strategies
by utilization of nano-SiO2 particles. Waste Biomass Valorization
2011;2(3):347–55.

[40] IS: 8112. Indian Standard Specification 43 Grade ordinary Portland cement
specification. Bureau of Indian Standards, New Delhi; 1989.

[41] IS: 383. Indian Standard Specification for coarse and fine aggregate from
natural sources. Bureau of Indian Standards, New Delhi; 1970.
[42] IS: 516. Indian Standard methods of tests for strength concrete. Bureau of
Indian Standards, New Delhi; 1959 [Reaffirmed in 1999].

[43] IS: 5816. Indian Standard splitting tensile strength of concrete-method of test.
Bureau of Indian Standards, New Delhi; 1999.

[44] IS:1331. Indian Standard non-destructive testing of concrete-Method of test:
Part 1 Ultrasonic pulse velocity. Bureau of Indian Standards, New Delhi; 1992.

[45] IS: 1331. Indian Standard non-destructive testing of concrete-Method of test:
Part 2 Rebound hammer. Bureau of Indian Standards, New Delhi; 1992.

[46] Neville AM. Properties of concrete. 4th ed. New Delhi: Person Education
Limited; 2006.

[47] Comité Euro-International du Béton. CEB-FIP model code
1990. London: Thomas Telford; 1993.

[48] Spanish code for structural concrete EHE. Real Decreto 2661/1998, Madrid;
December 11; 1998 [in Spanish].

[49] American Concrete Institute. ACI Committee 318: building code requirements
for structural concrete. MI: Farmington Hills; 2011.

[50] GB: 50010-2002. Chinese standard: code for design of concrete structures.
Beijing (China): China building press; 2002 [in Chinese].

[51] Brazilian association of technical standards NBR 6118: design of concrete
structures, Rio de Janeiro; 2003 [in Portuguese].

[52] Hueste MBD, Chompreda P, Trejo D, Cline DBH, Keating PB. Mechanical
properties of high-strength concrete for prestressed members. ACI Struct J
2004;101(4):457–65.

[53] Xiao J, Li J, Zhang C. Mechanical properties of recycled aggregate concrete
under uniaxial loading. Cem Concr Res 2005;35(6):1187–94.

[54] Kou SC, Poon CS. Mechanical properties of 5-year-old concrete prepared with
recycled aggregates obtained from three different sources. Mag Concr Res
2008;60(1):57–64.

[55] IS:456. Indian Standard plain and reinforced concrete code of practice. Bureau
of Indian Standards, New Delhi; 2000.

[56] DG/TJ-008.Technical code for application of recycled aggregate concrete.
Shangai: Shangai Construction Standard Society (SCSS).

[57] Knaze P, Beno P. The use of combined non-destructive testing methods to
determine the compressive strength of concrete. Mater Struct
1984;17(3):207–10.

http://refhub.elsevier.com/S0950-0618(14)00025-7/h0140
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0140
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0140
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0145
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0145
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0145
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0150
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0150
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0150
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0155
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0155
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0155
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0160
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0160
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0160
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0160
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0160
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0165
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0165
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0165
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0170
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0170
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0175
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0175
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0175
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0180
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0180
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0180
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0180
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0185
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0185
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0190
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0190
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0190
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0195
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0195
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0195
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0195
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0230
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0230
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0235
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0235
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0245
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0245
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0260
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0260
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0260
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0265
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0265
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0270
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0270
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0270
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0285
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0285
http://refhub.elsevier.com/S0950-0618(14)00025-7/h0285

	Influence of Nano-Silica on the properties of recycled aggregate concrete
	1 Introduction
	1.1 Influence of two stage mixing and supplementary cementitious materials
	1.2 Application of nano-materials

	2 Experimental program
	2.1 Materials
	2.2 Concrete mixtures
	2.3 Specimen casting and curing
	2.4 Testing of specimens

	3 Results and discussion
	3.1 Fresh concrete properties
	3.2 Compressive strength
	3.3 Split tensile strength
	3.4 Flexural tensile strength
	3.5 Non-Destructive test

	4 General discussion
	5 Conclusion
	References


