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Abstract

The addition of high performance nano materials like carbon fibers, carbon nanotubes, graphene etc. in the cement and concrete is
gaining attention for achieving multifunctional composite materials with enhanced mechanical, physical and electrical properties.
The nano-metric size range and the exceptionally high mechanical properties of carbon nanotubes possess very great potential for
their utilization in cementitious composites for obtaining remarkable properties. Billions of ton of concrete is used every year in
construction industry and its quantity may be reduced to a large extent only by improving the mechanical and durability properties.
One way of achieving the enhanced mechanical properties of cement composite is the utilization of thoroughly dispersed carbon
nanotubes in the composite matrix. In the present research, small fractions of multiwall carbon nanotube (MWCNTs) i.e. 0.05 and
0.10 wt.% of cement have been incorporated into the cement concrete and their influence on the mechanical properties of the
resulting composites have been studied. It is a well-known fact that the uniform dispersion of the MWCNTs in the composite
matrix holds the key for the performance improvement. Therefore, special attention was paid to this aspect and uniform dispersion
of MWCNTs was achieved through the use of high energy sonication in the presence of modified acrylic based polymer (acting as
a surfactant). The concrete specimens were tested in splitting tensile, flexure and compressive strength after 3, 7, 28 and 56 days
of immersed water curing. It was observed that the addition of 0.05wt.% MWCNTs increased the splitting tensile strength by
20.58%, flexural strength by 26.29% and compressive strength by 15.60% as compared to the control mix at 28 days of curing.
The strength enhancements for the concrete mixes containing MWCNTSs may be regarded to the phenomenon of bridging, pinning
and branching of the cracks at nano/micro level due to the presence of MWCNTSs. Beside strength enhancements, it was also
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observed that the MWCNTSs had tremendously enhanced the fracture energy and breaking strains of the concrete mixes as observed
in three-point bending tests. The research concludes that very low amounts of MWCNTs incorporated in the cement concrete mixes
improve their mechanical strengths and fracture behavior remarkably but the thorough dispersion of MWCNTs in the matrix have
to be insured.
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1. Introduction

Cement and concrete composites are the basic construction materials which are extensively used around the globe.
The production of cement involves generation of enormous amounts of anthropogenic carbon dioxide (CO,) in the
atmosphere, contributing approximately 5.0% CO, generation around the globe. Beside this, other environmental
concerns are also associated with the use of cement and concrete composites such as depletion of virgin aggregates
and its impact on the ecosystem. Ordinary cement and concrete composites offer much flexibility and cost
effectiveness in their utilization but they are vulnerable to physical and chemical attacks affecting their performance
in service life span; therefore, requiring costly repair and maintenance works. Construction of super-paves, tunneling,
long span structural members and pre-stress technology demands the concretes of ultra-high strength and performance.
For effective service life in different situations and under different loading conditions, ordinary concrete is not much
beneficial. Therefore, the production of modified concrete with exceptional properties in terms of mechanical strength
and with minimum amount of cement is highly desired so that economical and sustainable construction may be
achieved along with reduction in CO, emissions in the atmosphere.

The idea of nanotechnology for the modifications of composite properties at nano scale is not new in relation to the
construction materials. Nanotechnology deals with the synthesis, characterization, utilization and analysis of materials
at nano scale. Several researchers have explained that the properties of cement and concrete composites may greatly
be modified by using nano and micro sized particle inclusions in the matrix Raki et al. (2010); Lopez et al. (2013);
Ferro et al. (2015); Ahmad et al. (2015); Khushnood et al. (2014); Khushnood et al. (2016); Ferro et al. (2014). The
nano level inclusions in concrete have shown improved durability, mechanical strength, porosity reduction and
economical construction Lothenbach et al. (2011); Lothenbach et al. (2008); Wu et al. (2016); Khushnood, Ahmad,
Savi, et al. (2015); Barbhuiya et al. (2015); Abd Elrahman & Hillemeier (2014); Khushnood, Ahmad, Ferro, et al.
(2015). The nano metric inclusions includes nano silica, graphene, multi walled carbon nano tubes (MWCNTs), nano
CaCOs, nano TiO; ete. Li et al. (2015); Li et al. (2005); Siddique & Mehta (2014); Wang et al. (2013); Chithra et al.
(2016); Chuah et al. (2014); Vulic et al. (2013). The studies show that the inclusions improve the packing of particles
and produce crack bridging phenomena by densifying the nanostructures. Nano particles control the C-S-H reaction
and improves the concrete durability Singh et al. (2016); Kong et al. (2012); Hou et al. (2013); Fan et al. (2015); Hu
etal. (2014).

Among above mentioned nano materials, MWCNTSs possess unique and exceptional characteristics in terms of
physical and mechanical properties. MWCNTSs have tubular structure composed of folded layers of graphene with
exceptionally high aspect ratios Mubarak et al. (2014); Broza (2010); Mamalis et al. (2004); Popov (2004). Several
researchers have been reported the utilization of MWCNTs in preparing cement and mortar composites and studied
the behavior but limited work is available describing the full scale utilization of the MWCNTs in the concrete matrix.
Therefore, in the present research MWCNTSs were utilized in the preparation of concrete matrix and their influence on
the mechanical behavior of concrete is discussed in detail.

Nomenclature

C-S-H Calcium silicate hydrate CMOD Crack mouth opening displacement
MWCNTs Multi walled carbon nano tubes w/c Water to cement ratio
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2. Experimental program
2.1. Materials

The concrete mixes were prepared from ordinary Portland cement (ASTM Type 1 grade 52.5), having specific
gravity of 3.10. Locally available sand having fineness modulus of 2.13 and water absorption of 2.87% was utilized.
Crushed lime stone aggregates confirming to the ASTM C33 were incorporated in the concrete mix. The
characteristics of MWCNTs used for the preparation of concrete samples are presented in Table 1.

Table 1. Characteristics of MWCNTSs.

Diameter (nm) — Length (um)  Purity (%)  Surface area (m’/g)  Density (g/cm’)
6-25 10-50 >90% 250-300 2.35

2.2. Dispersion of MWCNTs

The dispersion of MWCNTSs was achieved by the help of bath sonication in the presence of modified acrylic based
surfactant. For attaining good dispersion of MWCNTs in water a solution of surfactant and water was prepared and
then the measured amount of MWCNTSs was added to the solution. The solution was sonicated for 20 min at 25+5°C.
The dispersion was assessed qualitatively by filling test tubes with dispersed MWCNTSs solution and observing the
color of solution for next 48 h. The observations revealed that the MWCNTs did not settled down in the test tube and
remained in the solution indicating effective dispersion of MWCNTSs. The composition details of solution containing
dispersed MWCNTs are presented in Table 2.

Table 2. Composition of solution containing dispersed MWCNTSs

Designation ~ Water (g)  Surfactant (g) MWCNTSs (g) Comments
Control mix
C 100 2.0 0.000 ) o
Mix containing 0.00% MWCNTSs by mass of cement
COp05 100 2.0 0.125 Mix containing 0.05% MWCNTSs by mass of cement
COpl0 100 2.0 0.250 Mix containing 0.10% MWCNTSs by mass of cement

2.3. Mixture proportioning and sample preparation

The sand, aggregate and cement were mixed in dry condition as per the required quantities mentioned in Table 3.
After dry mixing half of the water containing MW CNTs was added into the mixing machine and mixing was continued
for 2 minutes at slow speed. After slow mixing, the machine was stopped for 30 seconds and walls of the machine
were cleaned by trowel to separate any material attached to them. Then remaining water was added into the mix and
the mixing was continued for 2 more minutes at high speed to achieve workable concrete mixture Rizwan et al. (2012).
The mix proportions of concrete containing MWCNTs are reported in Table 3.

Table 3. Mix proportions of concretes containing MWCNTs
Designation ~ Cement (kg/m’)  Sand (kg/m’)  Aggregate (kg/m’)  Water (kg/m®)  Surfactant (kg/m®) MWCNTs(g/m’)
C 476 690 1047 190.40 3.81 -
COp05 476 690 1047 190.40 3.81 238
COpl0 476 690 1047 190.40 3.81 476
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After complete mixing, the concrete was poured into standard cylinders having 150 mm diameter and 300 mm
height and beam molds of 100 mm x 100 mm x 400 mm. The molds were then kept in closed containers having 90%
humidity for 24 h. The dried samples were then removed from the molds, labelled, weighed and cured in water at
25+2°C until the day of testing. The beam samples were notched with water cooled diamond saw blade and tested in
three-point bending in CMOD controlled mode. The rate of CMOD was kept at 0.50 mm/min. The schematic diagram
of test setup and sample geometry are shown in Figure 1.
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Fig. 1. Schematic diagram of (a) Test setup; (b) Specimen geometry.
3. Results and discussion
3.1. Performance evaluation of samples in tension and flexure

The splitting cylinder tensile strength of concrete specimen was studied at 3, 7, 28 and 56 days of curing. The
cylindrical specimens were tested according to ASTM C496 under constant rate of loading of 0.8 MPa/min to
determine the splitting tensile strength of control mix and the MWCNTs reinforced mixes. The test results are
presented in Figure 2 (a) below. The results revealed that the mixes containing MWCNTSs exhibit higher tensile
strength as compared to the plane concrete samples. Maximum enhancement around 26% was observed for COp05 at
56 days of age whereas, it was around 18% for COp10. The overall trend shows that the addition of small amounts of
MWCNTs produce better results. This behavior may be regarded to the effective dispersion of MWCNTs at lower
percentage addition. Whereas, in case of enhancement of compressive strength of modified samples the direct relation
between the amount of MWCNTs inclusion and modification of strength was observed. It reveals that the reduction
of effective water content which ultimately results into the improvement in compressive strength. Dispersion concerns
and agglomeration sometimes cause the reduction in strength in case of inclusion of more quantity of MWCNTs as
compared to that of small fraction of MWCNTs.
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Fig. 2. (a) Splitting cylinder tensile strength of concrete mixes; (b) Modulus of rupture of concrete mixes.
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The three-point bending tests showed similar trend as produced by the splitting cylinder tensile tests. Overall better
performance was achieved at 0.05wt.% addition of MWCNTSs. A typical stress vs crack mouth opening displacement
(CMOD) curve is presented in Figure 3 where it can be seen that the MWCNTs not only enhanced the modulus of
rupture but also substantially prolonged the post peak response of the specimens under investigation. The extended
post peak behavior of concrete reinforced with MWCNTs is due to the crack bridging phenomena of MWCNTs thus
imparting ductility and toughness.
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Fig. 3. Typical stress vs CMOD curves of concrete specimen with and without MWCNTs

3.2. Performance evaluation of samples in compression

The concrete samples were also investigated for their compressive strength at 3, 7, 28 and 56 days of curing to
assess the influence of MWCNTs addition on compressive behavior of concrete. The results of the compressive
strength tests are presented in figure 4. The results indicate that the mix containing higher amount of MWCNTSs
exhibited higher compressive strength as compared to others. At 56 days of curing the mix COp10 gives 24.66% higher
compressive strength than the control mix whereas, the enhancement was 19.11% for the mix COp05. Similar pattern
can be observed for strength at other ages.
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Fig. 4. Compressive strength of concrete mixes with and without MWCNTs

Unlike flexural and tensile behavior, where better performance was observed at 0.05wt.% addition of MWCNTs;
here in compression the performance improves with the increase in the MWCNTs addition. This behavior may be
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regarded to the reduction in water content (i.e. effective w/c ratio) in the concrete mix due to the presence of large
number of MWCNTs.

3.3. Strength activity indices of concrete mixes
For relative comparison of the influence of MWCNTs addition on the concrete mixes strength activity indices were
evaluated and reported in Figure 5 (a, b & c) below. The observations reveal that the concrete mixes containing

0.05wt.% MWCNTs performed better in splitting tensile strength and modulus of rupture whereas, concrete containing
0.10wt.% addition of MWCNTSs performed better in compression as explained earlier.
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Fig. 5. Strength activity indices for concrete mixes containing MWCNTs (a) Splitting tensile strength, (b) Flexural strength, (¢) Compressive
strength

Conclusions

The remarkable improvement in the mechanical properties of concrete was observed on the inclusion of small
fractions of MWCNTSs in concrete matrix. The effect and behavior of MWCNTs addition is purely dependent upon
the dispersion of MWCNTs in the mix. Many other factors other than dispersion, are also associated with effective
outcomes of the inclusion of MWCNTs in concrete i.e., size, aspect ratio, purity etc. of MWCNTs being utilized in
the mix. From the present study it may be concluded that the same amount of MWCNTs may exhibit different behavior
in certain mechanical properties of concrete mix i.e. the lower amount of MWCNTs are fruitful in case of enhancement
of tensile and flexural strength but in case of compressive strength the larger fraction was more effective.
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