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materials and develop smart cementitious nanocomposites can be a challenge in terms of developing scalable manufacturing 
methods. Scaling up the manufacturing size of CNT and CNF reinforced cement based materials and produce multifunctional 
concrete that exhibits exceptional strength, stiffness and toughness and multifunctionality requires optimization of dispersion 
procedure. The effectiveness of successfully using CNTs and CNFs in concrete depends on the fiber count, the volume fraction 
of sand and coarse aggregates. In this work, we present the flexural strength and stiffness, fracture toughness and brittleness of 
nanomodified pastes and mortars reinforced at amount of 0.08 and 0.1 wt% and an investigation on the optimization of the fiber 
count proportioning of concrete. The addition of a very low amount, 0.1 wt%, of both CNTs and CNFs, increases approximately 
1.5 times the flexural strength and the Young`s modulus of concrete nanocomposites. The nanomodified concrete also exhibits 
60% higher energy absorption capability.
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Резюме: Использование уникальных свойств УНТ и УНВ для улучшения механических свойств и характеристик излома 
цементных материалов и разработки высокотехнологичных вяжущих нанокомпозитов является сложной научной задачей 
с точки зрения развивающихся масштабируемых методов производства. Увеличение производственного размера УНТ и УНВ 
армированных цементных материалов, а также изготовление полифункциональных бетонов с исключительной прочностью, 
жесткостью и сопротивлением хрупкому излому требует оптимизации диспергирования. Эффективность успешного при-
менения УНТ и УНВ в бетоне зависит от количества волокон, объемного содержания песка и крупнозернистого заполнителя. 
В данной работе представлены такие характеристики как прочность на изгиб и жесткость, изломостойкость и хрупкость 
наномодифицированных смесей и растворов, армированных в количестве 0.08 и 0.1 % масс. Исследование посвящено оп-
тимизации количества волокон при подборе состава бетонной смеси. Добавление УНТ или УНВ в очень малых количествах 
0.1% масс. повышает примерно в 1,5 раза прочность на изгиб и модуль Юнга бетонных нанокомпозитов. Более того, нано-
модифицированный бетон также демонстрирует возросшую на 60% энергопоглощающую способность.

Ключевые слова: бетон, углеродные нанотрубки, углеродные нановолокна, прочность на изгиб, жесткость, энергопо-
глощающая способность, трещиностойкость, индекс хрупкости
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INTRODUCTION

Cement-based materials have been widely used in the 
field of civil engineering, as one of the most durable 

and widely used building materials, despite their quasi-
brittle behaviour and low tensile strength. Many research-
ers so far have concentrated to increase the strength of 
cement pastes, mortars and concretes under compres-
sive loading by optimizing mixture proportions or add-
ing constituents, such as silica fume, as replacements of 
cement. However, the main disadvantage of conventional 
cement-based materials is the low fracture toughness and 
stiffness, which seriously affects the flexural performance, 
durability and safety of structures (1). Several types of 
fibers at the micro and macro scale are used to improve 
the toughness of cement-based materials by delaying the 
transformation of cracks. These fibers increased tensile 
strength and diffused large cracks into a dense of micro-
cracks, but there was little effect in delaying crack initia-
tion at the nanoscale (2).

With the development of nanotechnology, cement 
based materials can be modified by the incorporation of 
carbon nanotubes (CNTs) and nanofibers (CNFs) to en-
hance their mechanical behavior, while adding novel mul-
tifunctional characteristics as self-sensing ability (3). Car-
bon nanotubes (CNTs) and carbon nanofibers (CNFs) are 
characterized by high tensile strength and elastic modulus 
as well as significant electrical conductivity. During the 
past decade, research has been conducted towards the 
incorporation of carbon nanotubes and carbon nanofi-
bers in cementitious composites. Previous research has 
demonstrated that the addition of multi-walled carbon 
nanotubes and carbon nanofibers of about 0.1 wt% of 
cement can greatly increase the flexural strength and the 
Young’s modulus of cementitious materials (3–6).

In the present work, the mechanical characteristics 
of cement pastes, mortars and concretes reinforced with 
carbon nanotubes (CNTs) or carbon nanofibers (CNFs) 
were investigated. Specifically, the flexural strength, stiff-
ness, and fracture toughness, as well a brittleness index, 
of nanomodified pastes and mortars reinforced at an 
amount of 0.08 and 0.1 wt% were examined to optimize 
the fiber count proportioning of concrete. The addition 
of a very low amount, 0.1 wt%, of both CNTs and CNFs, 

increases approximately 1.5 times the flexural strength and 
the Young`s modulus of concrete nanocomposites. The 
nanomodified concrete also exhibits 60% higher energy 
absorption capability.

EXPERIMENTAL WORK

Materials and specimens

The nanocomposites fabricated in this study are 
cement paste, mortar and concrete with the matrix re-
inforced by CNTs at amounts of 0.08 and 0.1 wt% or 
CNFs at an amount of 0.1 wt% of cement. Nanotubes’ 
and nanofibers’ dispersion was achieved by applying ultra-
sonic energy with the use of a surfactant (7–9). The fiber 
count, the number of individual nanotubes or nanofibers, 
which are theoretically evenly distributed in a unit volume 
of the matrix, assuming perfect dispersion, according to 
ACI 544.1R-96: Report on Fiber Reinforced Concrete 
(10) is also estimated. The fiber count of each cementi-
tious mixture is included in Table 1. The cement used for 
all mixes is type I 42.5 ordinary Portland cement (OPC). 
For the mortar and concrete preparation standard sand 
according to EN 196 and coarse aggregates between 4 and 
16 mm were used. 

Experimental procedure

Three point bending tests were conducted on 
40×40×160 mm prisms to assess the flexural strength and 
stiffness. The fracture toughness (stress intensity factor, 
Kic), the Young`s modulus and the index of the brittle-
ness were investigated through fracture mechanics tests 
on notched 20×20×80 mm specimens following the Two 
Parameter Fracture Model, TPFM (4). The flexural per-
formance, flexural strength, stiffness and toughness, of con-
ventional concrete and concrete nanocomposites were eval-
uated through four point bending tests on 70×80×380 mm 
beams following the ASTM C293 and the ASTM C1018.

Results and discussions

The results of flexural strength tests of control 
specimens (pastes and mortars) and nanocomposites 

Table 1 
Fiber count of CNTs and CNFs in cement paste, mortar and concrete

Mortar Paste Concrete

CNTs 0.08 wt% 2.9∙1011 6.6∙1011 2.0∙1011

CNTs 0.1 wt% 3.6∙1011 8.3∙1011 2.5∙1011

CNFs 0.1 wt% 1.7∙1010 3.8∙1010 1.2∙1010
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made with 0.08 and 0.1 wt% CNTs are shown in Fig. 1. 
It is observed that, the addition of 0.08 and 0.1 wt% 
of CNTs in cement paste increases 24% and 33% the 
flexural strength, respectively. The count of individual 
nanotubes of 0.08 and 0.1 wt% CNTs in paste is ap-
proximately three times the count of CNTs in mortar 
(Table 1), therefore one might expect that benefits would 
be less pronounced for mortar. However, it is observed 
that even higher increases in flexural strength in mor-
tar nanocomposites, 75% and 88%, with the 0.08 and 
0.1 wt% CNT addition, respectively.

Young`s modulus results of mortars reinforced with 
0.1 wt% CNTs or CNFs, as investigated from three point 
bending and fracture mechanics test, are presented in 
Table 2. The modulus values show that the benefits associ-
ated with the addition of both nanotubes and nanofibers 
lead to substantial enhancements of the flexural stiffness of 
the nanocomposites. The increase of Young`s modulus of 

both nanocomposites is approximately the same, ≈93%, 
despite the fact that the estimated fiber count of the CNF 
reinforced mortars (1.7∙1010) is 21 times lower than this of 
the CNΤ/mortars (Table 1). To further examine the rein-
forcing effect of both CNTs and CNFs in the mechanical 
and fracture properties of mortar nanocomposites, the 
critical values of the fracture toughness (stress intensity 
factor), KIC, and the material length, Q, are investigated 
and presented in Figure 2.

It is observed that 0.1 wt% CNTs and CNFs increase 
the nanocomposites’ fracture toughness from 86% to 
129%. It is also observed that the stress intensity factor 
of the CNF mortar is ≈23% higher than the CNT one. 
Taking into account that the load bearing capacity of both 
CNTs and CNFs is large enough, it is possible that the 
bigger diameter and length of the CNFs, along with the 
extended graphite planes that exist in the outer CNF sur-
face (4) , create a stronger interfacial bonding between the 

Fig. 1. Rate of development of flexural strength, σf, of cement pastes (CP) 
and mortars (M) reinforced with 0.08 and 0.1 wt% CNTs

Table 2 
Effect of CNTs and CNFs on the Young’s modulus of 28d mortars

Young’s modulus (GPa) 
3 Point bending

Young`s modulus (GPa) 
Fracture mechanics

Mortar 14.1 ± 0.71 14.3 ± 0.69
Mortar+CNTs 0.1 wt% 27.4 ± 0.09 27.5 ± 0.08
Mortar+CNFs 0.1 wt% 27.6 ± 0.11 27.7 ± 0.09
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mortar matrix and the carbon nanofibers that enhances 
the observed toughening effect.

The material length Q is proportional to the size of the 
fracture process zone for the same material and can be used 
to characterize the brittleness of the material. The smaller 
the value of Q the more brittle the material is. Interestingly 
and despite the fact that the fracture toughness of nano-
modified mortars is almost 100% higher than the plain 
one, the 41% and 45% increase in the index Q exhibited 
from the 0.1 wt% CNT and CNF/mortars, respectively, 

indicated a less brittle behaviour (4). Several parameters 
besides dispersion are considered to improve both the frac-
ture toughness and the brittleness of the nanocomposites. 
These parameters include the diameter and the length of 
the nanoscale carbon fibers and the strength of CNT/
CNF-mortar matrix interfacial characteristics (11–12). 

Flexural strength and modulus of elasticity values for 
concrete specimens reinforced with 0.1 wt% CNTs or 
CNFs are shown in Figure 3. The nanomodified concretes 
exhibit 1.5 times higher flexural strength, compared to the 

Fig. 2. Fracture toughness and material length of 28d mortars reinforced with CNTs and CNFs at amount of 0.1 wt%

Fig. 3. Flexural strength and Young’s modulus of 28d concrete reinforced with CNTs and CNFs at amount of 0.1 wt%
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sample without the nanoscale reinforcement. Similarly 
to the results of mortars, the addition of both CNTs and 
CNFs results in almost the same increase in strength val-
ues despite the fact that the number of individual CNFs 
(1.2∙1010) is lower by one order of magnitude than that of 
CNTs (2.5∙1011) (Table 1).

The extraordinary reinforcing efficiency of both types 
of fibers is also observed from the substantial increase 
in modulus of elasticity, almost 56%. There has been 
some indication that addition of nanotubes and nanofi-
bers alters the nanostructure of calcium silicate hydrate 
(C–S–H). Moreover, it is found that CNTs and CNFs 
are capable of greatly improving the Young`s modulus of 
the interfacial transition zone (ITZ), due to their effect 
as a stronger link between mortar and aggregates (13).

Figure 4 presents the 4 point bending load-deflec-
tion curves of 28d concrete and 0.1 wt% CNT and CNF 
nanocomposites. Compared to the concrete without the 
nanoscale reinforcement, it is observed that a higher load 
is required to achieve the same deflection for all nano-
composite specimens. It is apparent that both carbon 
nanotube and nanofibers can effectively arrest the nanoc-
racks, therefore a significantly higher energy for crack 
propagation is demanded. The nanocomposites reinforced 
with CNTs or CNFs at an amount of 0.1 wt% exhibit an 
approximately 60% increase in flexural toughness. This 
is in accordance with the trend already observed for the 
flexural strength and Young’s modulus.
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CONCLUSIONS

This experimental study clearly shows that the in-
corporation of CNTs and CNFs in Portland cement 
pastes, mortars and concretes results in significant im-
provement in all the mechanical properties. The flexural 
strength, the Young’s modulus and the fracture tough-
ness of paste and mortar nanocomposites, reinforced 
with well dispersed 0.08, 0.1 wt% CNTs and 0.1 wt% 
CNFs were experimentally determined. The addition 
of a very low amount of both 0.1 wt% CNTs and CNFs 
to the neat mortar increases nearly 1.9 times the flexural 
strength and 2.0 times the Young`s modulus. The strong 
interfaces between the mortar matrix and well dispersed 
carbon fibers at the nanoscale substantially enhance 
both strength and stiffness. The evaluation of the frac-
ture toughness of the nanoreinforced mortars indicated 
that besides strength and stiffness the values of tough-
ness are approximately 85–100% higher over the plain 
mortar. The effectiveness of successfully using CNTs 
and CNFs in concrete depends on the volume fraction 
of nanoscale fibers, sand and coarse aggregates. Four 
point bending experiments indicate that the addition of 
a very low amount, 0.1 wt%, of both CNTs and CNFs, 
increases approximately 1.5 times the flexural strength 
and the Young`s modulus of concrete nanocomposites. 
The nanomodified concrete also exhibits 60% higher 
energy absorption capability.
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