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ABSTRACT: This research investigates changes in the fracture mechanics characteristics and nanoscale properties of cement paste materials reinforced with nanofibers, such as multiwall carbon nanotubes (MWCNTs)
and carbon nanofibers (CNFs). The effect of the nanofibers on the microstructure of cement paste was also investigated. It was found that MWCNTs and CNFs reinforce cementitious materials by controlling cracks at
the nanoscale level and improving the Young’s modulus and the flexural strength of the matrix. The use of
MWCNTs was also found to improve the nanomechanical properties of cement matrix. In particular, nanoindentation results have shown that the incorporation of MWCNTs led to the reduction of the nanoporosity of
the matrix and significantly increased the amount of high stiffness C-S-H gel. Additionally, the nanocomposites reinforced with CNFs showed improved fracture behavior when compared to the samples with
MWCNTs.
1 INTRODUCTION
It is well known that cementitious materials are susceptible to cracking. Under loading, initially, short
and discontinuous microcracks are created in a distributed manner (Jia & Shah 1994). These microcracks coalesce to form large macroscopic cracks
that propagate and lead to ultimate failure of the material. Traditionally, fibers, which control cracking
by bridging the cracks and retarding their propagation, are used as reinforcement in cementitious matrices. The mechanical performance as well as the
crack formation in cementitious matrices is affected
by the size, type and volume of fiber reinforcement
(Balaguru & Shah 1992). Fine microfibers are utilized to bridge the microcracks which delay the
process by which the microcracks coalesce to form
macrocracks. Macrofibers on the other hand, can be
used only to bridge macrocracks.
However, crack formation in cement based materials initiates from the nanoscale where microfibers
can not be effective. With the introduction of nanofibers a new field for reinforcement within concrete
was developed (Konsta-Gdoutos et al. 2008, KonstaGdoutos et al. 2009, Metaxa et al. 2009, Shah et al.
2009). This research investigates the changes in the
fracture properties, nanostructure and nanoscale mechanical properties of cement paste reinforced with
highly dispersed multiwall carbon nanotubes
(MWCNTs) and carbon nanofibers (CNFs). The results suggest that nanofibers substantially improve
the nanoscale properties and fracture characteristics

of cementitious matrices, by controlling the matrix
cracks at the nano level. Comparing the response of
the nanocomposites reinforced with MWCNTs to the
ones with CNFs it was found that CNFs provide the
nanocomposite with the capacity to carry higher
loads at lower strains.
2 EXPERIMENTAL PROGRAM
2.1 Nanocomposites Preparation
The nanocomposites were prepared using Type I ordinary Portland cement (OPC) and commercially
available, as received, nanofibers, such as multiwall
carbon nanotubes (MWCNTs) and carbon nanofibers
(CNFs). The geometry of the nanofibers is shown in
Table 1. It is observed that both nanofibers exhibit
similar length range but different diameter, with
MWCNTs to demonstrate almost 3 times higher aspect ratio.
Table 1. Geometry of nanofibers
Diameter, nm Length, µm

Aspect Ratio

MWCNTs

20-40

30-100

1600

CNFs

60-150

30-100

650

In general, MWCNTs and CNFs are described as
ultra-high strength materials, characterized by a high
tensile modulus, tensile strength, electrical and
thermal conductivity and corrosion resistance. To
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Figure 1. Flexural strength (a) and Young’s modulus (b) of
plain cement paste (w/c=0.5) and cement paste reinforced with
either 0.048% by weight of cement MWCNTs or CNFs.

In order to investigate the increase in Young’s
modulus, the 28 day predicted Young’s modulus of
the nanocomposites with MWCNTs was calculated,
using the upper bound parallel model. The Young’s
modulus of the MWCNTs was taken as 1 TPa. According to the model, the modulus of the nanocomposites should be about 9.1 GPa, which is lower than
the experimental value (~13 GPa) obtained in this
and previous studies (Konsta-Gdoutos et al. 2009,
Metaxa et al. 2009, Shah et al. 2009). This suggests
that, to increase the stiffness of the cementitious
composites small amounts of effectively dispersed
MWCNTs in the cementitious matrix are needed.
Additionally, an evaluation study of the Young’s
modulus of concrete nanocomposites reinforced with
1% CNTs, predicts a 33% increase in Young’s modulus (Rouainia & Djeghaba 2008), which is lower
than the increase obtained in this study. To further
investigate the increase of the Young’s modulus and
study the reinforcing mechanism of the MWCNTs,
nanoindentation tests were performed on 28 days
cement paste samples reinforced with MWCNTs.
The probability plots of the Young’s modulus of
28 days plain cement paste and cement paste reinforced with MWCNTs are shown on Figure 2. Values of the Young’s modulus less than 50 GPa
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where the first term (gel isotherm) represents the
physically bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water. This expression is valid only for low content
of SF. The coefficient represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as
(5)

where and are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate as one obtains
(6)

and and
can
The material parameters
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this

