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ABSTRACT: Considering that fiber-reinforced cementitious composites have been developed in
recent years, it seems necessary to determine their fracture behavior, fix the possible defects of these
materials, and facilitate their use in the construction industry. In this study, a new cementitious composite
with strain-hardening behavior has been developed. Granulated blast furnace slag has been used as
supplementary cement material to reduce the side effects of excessive consumption of cement on the

environment. Moreover, Nano silica has been used to increase hydration at early ages due to the low
rate of hydration of pozzolanic materials, which leads to low strength at an early age. Therefore, in this
study, the effect of adding nano-silica on the fracture behavior of cementitious composites has been

discovered. The double-k fracture method (DKFM) has been used to analyze the fracture behavior at c “
omposites
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different stages of specimen failure, i.e., crack initiation and stable and unstable crack propagation. In
addition, the digital image correlation technique has been used to find the initial crack load and the crack
opening displacement at different loading stages. This study’s results revealed that adding nano-silica to
the amount of 3 wt. % of cement improves the mechanical behavior (including compressive strength and
bending strength), increases the cohesive toughness, and reduces the brittleness of the fiber-reinforced
cementitious composite. Increasing cohesive toughness could be interpreted as an increase in embedded
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fibers’ interfacial frictional bond strength.

1- Introduction

In recent decades, with the expansion of the research
done in the construction industry, new construction materials
have been introduced as High-performance fiber-reinforced
cementitious composites (HPFRCC). Unlike conventional
concrete, these special categories of fiber cementitious
composites exhibit strain-hardening behavior with multiple
cracking prior to ultimate failure leading to a ductile behavior
[1, 2]. One of the most important features compared to
conventional fiber-reinforced concrete (FRC) is its potential
to limit crack width. The width of the cracks is limited to
less than 100 pm, which prevents the penetration of the
aggressive agent into the composite and makes the composite
durable [3].

The fact that cementitious composites contain a large
amount of cement, which can be harmful to the environment,
is one of the challenges of their widespread use. Mineral
additives, such as fly ash and blast furnace slag, have
been used to replace part of the cement weight due to their
advantages and positive effects on concrete and cementitious
products. In recent years, using these materials in cementitious
composites has also attracted the attention of researchers
[4]. Replacing a part of cement with fly ash and blast
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furnace slag will reduce cement consumption and will have
positive effects on environmental protection because cement
production is associated with carbon dioxide production.
Despite its positive effects, the use of blast furnace slag
powder with pozzolanic reaction causes a delay in setting and
low compressive and bending strength at a young age [5].

In order to solve the concretes setting delay problem and
fiber composites containing high amounts of natural and
artificial pozzolans, lots of research have been carried out
in recent years and the effect of adding some mineral nano-
materials to mortar containing high amounts of pozzolans has
been investigated in order to solve this problem [6].

Nano silica is considered one of the most conventional
nano-materials used in concrete due to its positive effect on
the microstructure of cement paste. Due to its significant
pozzolanic effect, nano-silica particles can consume calcium
hydroxide and convert it into CSH gel, facilitate the hydration
of cement at an early age, and improve the mechanical
properties of concrete. Moreover, by adding nano-silica,
the cement paste porosity will decrease due to nano-silica
particles’ improved performance in the filling effect and
particle size distribution [7]. The mentioned features lead to
the advantages such as increasing the compressive, bending,
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and tensile strength of concrete, increasing the resistance
of concrete against erosion, significantly reducing the
permeability of concrete, and preventing the penetration of
chlorine ions, Sulfates, and other destructive chemicals to the
concrete.

2- Methodology
2- 1- double-k method

In this research, the double-k fracture model provided by
Xu and Reinhardt was used to evaluate the fracture properties
of Cementitious composite. They considered three stages for
crack initiation and growth in concrete, which include crack
initiation and stable and unstable crack propagation [8].

By examining the experimental results, they proposed
two parameters independent of the dimensions and shape of
the specimen. The parameters are: k 1’2’ : Initiation toughness
indicating the inherent ability of the material to prevent
cracking under loading;klléN : Unstable fracture toughness
indicating the total strength of the material in critical
conditions. The two parameters are related to each other
according to the following equation:

K=K +Kje (1)

In the above equation, k ICC is the critical stress intensity
factor due to cohesive stresses. The brittleness number, a
dimensionless parameter, is defined as follows. The brittleness
parameter is a number between zero and one [9].

ini C
— KIC =1- KIC
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KIC KIC

2- 2- Specimens and Tests procedure

In this research, in order to identify the effect of adding
nano-silica on the fracture properties of the fiber-reinforced
cementitious composite, five mixtures containing nano-
silica in amounts of 1, 2, 3, and 4 percent by weight of
cement were designed. Three beams with an initial notch
and three cylindrical specimens were manufactured for each
designed mixture. The dimensions of beams and cylindrical
samples were 100x100x350 mm? (widthxheightxlength) and
100x200 mm? (diameter x height), respectively. The notch of
the beams had dimensions of 3x25 mm? (width x height), was
located in the middle of the beam, and was made by a plate
during the manufacture of the specimen.

For identifying the fracture properties by applying the
double-k model, the notched beams were subjected to a four-
point bending test under displacement control loading. The
loading rate was regarded to be 0.1 mm/min in accordance
with the ASTM C1609. Moreover, the Slump flow test was
applied to investigate the flowability of fiber-reinforced
cementitious composite nano silica in its fresh state.

During the four-point bending test, consecutive images
were captured by a DSLR camera to monitor the initiation
and propagation of cracks in the specimen. Applying image
processing, the values of crack mouth opening displacement
(CMOD) corresponding to each stage of loading were found.
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The first cracking loads were detected by monitoring images
using digital image correlation. This approach differs from
others in that it is straightforward and inexpensive while also
having a high degree of accuracy.

3- Results and Discussion
The most obvious findings to emerge from the experiments
are as follows.

1. The addition of nano-silica decreased the slump flow of
fiber-reinforced composite in the fresh state. This result
may be explained by the fact that nano-silica particles
have a high specific surface area.

2. The addition of nano-silica up to 3 wt% of cement improved
the mechanical properties (i.e., compressive strength and
flexural strength of FRCC’s 28-day samples). In higher
percentages of nano-silica, the mechanical properties
decreased. A possible explanation for this result is that the
agglomeration of nanoparticles leads to an adverse effect
on the beneficial cooperation of nano-silica particles with
other constituents of the cement paste.

3. By adding nano-silica up to 3 wt. % of cement, the initial
cracking toughness, the fibers’ bridging toughness,
and the unstable fracture toughness increased. A
significant result is that the increase in unstable fracture
toughness can be considered mainly due to the increase
in fiber bridging toughness rather than initial cracking
toughness. This result supports the fact that adding an
optimum percent of nano-silica causes an improvement
in the interfacial interaction of polypropylene fibers with
composite cement paste.

4. The addition of nano-silica up to 3 wt. % of cement
decreased the brittleness number. A decrease in the
brittleness number indicates an increase in the ductility
of the composite. It can be inferred that better interaction
between cement paste and fibers leads to improved
ductility of fiber-reinforced cementitious composite.

4- Conclusions

The results of this study show that adding nano-silica up
to the optimal percentage not only solves the disadvantages
of current cementitious composites, such as delay in setting
time but also improves the composite’s mechanical behavior
and fracture properties. Furthermore, it can be inferred that
the brittleness is reduced due to the increased interaction
between the fiber and the cement matrix.
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Fig. 2. Graphical representation of points on the P-CMOD or P-6 curve in the double -k model
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7  Photo elastic coating

8  Laser interferometry

9 X-Ray Diffraction (XRD)

10 Scanning Electron Microscope (SEM)
11 Amorphous
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Fig. 3. The XRD pattern of nano-silica
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Fig. 4. SEM image of nano-silica at magnification 50000x
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Table 1. The physical properties of cement and GGBFS
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Table 2. Chemical properties of cement, GGBFS, nano-silica, and limestone powder
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Table 3. The properties of polypropylene fibers
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Table 4. Properties of superplasticizer manufactured by ABAPLAST company called SRT-2912
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Table 5. Mixtures of fiber-reinforced cementitious composites containing different amounts of nano-silica (material
weight per 1m3 of composite)
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Ultra Sonication
Surfactant
5  Ultrasonic Homogenizer
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Fig. 5. Mixing water and nano-silica using an ultrasonic homogenizer
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Fig. 6. The flow slump test of fiber-reinforced cementitious composite at the fresh state
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2 Distortion

3 Crack mouth opening (CMOD)

4 First crack load

5 3 Double-K Fracture Method (DKFM)
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Fig.7. The pattern of random points on the beam's surface

Fig. 8. The four-point bending test setup and the camera for taking consecutive pictures
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Fig. 9. The amount of crack opening displacement due to specific loading
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Table 6. The results of Slump flow test for the mixtures containing different percentages of nano-silica
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Fig. 10. The amounts of compressive strength in samples with different percentages of nano-silica
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Fig. 11. The failure modes of compressive samples
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Fig. 12. The load vs displacement curves of specimens containing different percentages of nano-silica
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Table 7. the amounts of maximum load and flexural strength in the mixtures containing different percentages
of nano-silica
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Fig. 13. The amounts of maximum loads in the four-point bending tests on samples containing different
percentages of nano-silica

piY by onl 0 D L85 opnr (2Ugd A CAS Gy ()
s (SaBil g Sloww ped 3 (50,5555 (gl e sl &
SHPS 5 oyl s Jb s sl a0 slahgy D9 s
Urga & g (Sleww by jenlS glol (sdon 3 aS Cunl oad dlpiiiy
ook ol gy cxl SHIYY] )l (BB Jsed S lacyjouls
0P pazde sl Jlomd ygal slued 9 ngal (5P by
b yblie S5 alas (Sudjl jhde adsl (5355 5 ulai b ke
o] i L b yblie S ailey (Suubl jlade 5 adsl (55,658 5
YL 8y w8 o ploto ;503 sla by 5l 1) gy ol 4ol .ol ons

Glieo bla (0 pbals sl (a1 gagjp 9 (Solo e > jbg,

FYFY

Dgb AU Sl el Blgy o a5 S o I )38l 55 BU s Sleww
&)l iy e BUI g (Slow i le S8l GRalB1 &y 5
S o oo b2 o & (BN Sl Cojrels S5y ) Lt

[YY]

Sy oy 3 o3litel b B Slacy jppels et b —F ¥
B> 5

009530 86 5 (U Slosws Cojgrals’ cnsSs Ol ) pslito

bwjoels jl g onl Gl S 5 casd Lol ulew 96 )5



YO+ b)Y asaw ¥+ JLA NY D)L«ﬁ OHY 0)9d ‘,:..S):.ol u])o& (ewdige 4.3).‘2-)

w »

2 3 4

(%) Gk 530

ShE T s (yialoj] 13 (uabaw U Cigliie r3lie (5,15 (sAiges sived Caogliio ) F JSui

Fig. 14. The amounts of flexural strength in the four-point bending tests on samples contaning different percentages
of nano-silica
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Fig. 15. monitoring the crack initiation and the growing stages of crack growth using the digital image correlation
(DIC) technique
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Table 8. The amounts of the first cracking load, the maximum load, and their corresponding crack mouth
opening displacement
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Table 9. The amounts of fracture properties of fiber-reinforced cementitious composites using the double-K
fracture model
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Fig. 17. Dimensionless brittleness number of specimens containing different percentages of nano-silica
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