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Abstract

This paper describes the fracture properties of concrete containing Nano TiO, (NT) 1%, 2%, 3% and 4% along with fly ash
(FA) 30%. The three point bend test was conducted according to size effect method (SEM). The displacement parameters were
studied using digital image correlation (DIC). The displacement fields measured using DIC was very well matched with the
experimental observations. The results reveal, DIC is helpful to measuring crack opening at different crack locations and the
plot of load Vs crack opening displacement shown similar behavior in both methods. For fracture tests, the use of 3% NT with
30% FA is having high fracture energy, while the concrete with 4% NT with 30% FA has low fracture energy. Moreover the
use of 4% NT with 30% FA shows the high fracture toughness while the 1% NT with 30% FA shows low fracture toughness.
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1 Theoretical background

Concrete has been used widely and it has been modified
according to the requirement such as High performance con-
crete (HPC), Ultra high performance concrete (UHPC), Self-
compacting concrete (SCC), etc. due to its many advantages
such as durability, low cost, greater strength etc. [8]. [37]
mentioned about the use of SCC is designed for high form-
work filling capacity, for good stability etc. [41] mentioned
about the usage of cement leads to have adverse impact
on environment in terms of emission of CO,, the cement
produces around 7% greenhouse gases. The SCC has been
introduced as environmental friendly material, which can be
mold into any shape, with improved durability, with remark-
able improved fresh properties [30]. The recycled aggregate
concrete (RAC) has created interest due to its economic and
environmental aspects, the RCA absorbs more water and
increases its shrinkage, the use of steel fibers in RCA con-
crete improves the mechanical properties of concrete [9].
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[20] stated that, the fracture energy will get affected by
w/c ratio of the mix, it is decreased with increase in w/c
ratio. [5] used w/c ratio in SCC from 0.35 to 0.7, the frac-
ture toughness of w/c ratio 0.7 observed highest and fracture
energy observed maximum at w/c ratio 0.4. [6, 7] mentioned
about the fracture parameters for SCC and effect of maxi-
mum size of aggregate on it and it has been observed that
as aggregate size increases the fracture properties of SCC
improved significant. [6, 7] investigated the fracture param-
eters for SCC with volume and size of coarse aggregate,
the results are in line with work done by [2, 6, 7, 19, 29]
regarding the increase in volume of coarse aggregate leads
to increase in fracture energy of concrete. [14] investigated
fracture properties of SCC by SEM and work of fracture
method (WFM) on notched beams. The WFM shows the
correlation of compressive strength and fracture energy,
the fracture energy increases with increase in compressive
strength while in SEM fracture energy slightly decreases
with increase in compressive strength. [23] stated that the
due to higher w/c the concrete is identified as a brittle mate-
rial when tested under three point bend test and concluded
that three point bend test and wedge splitting test (WPT) are
influenced by strength of cement paste and amount of coarse
aggregate used respectively.

[38] mentioned the mechanical and fracture parameters
are strongly affected by amount fibers used and type of fiber
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Table 1 Mix proportions
Specimen ids Cement (kg/m?) w/c Fly ash (kg/m?) TiO, (kg/m?) Fine aggregate Coarse aggre- Superplasticizer
(kg/m?) gate (kg/m?) (% of cement)

CcC 430 0.38 - - 640 1142 0.6

NT1FA30 296.7 0.38 129 4.3 640 1142 0.6

NT2FA30 292.4 0.38 129 8.6 640 1142 0.6

NT3FA30 288.1 0.38 129 12.9 640 1142 0.6

NT4FA30 283.8 0.38 129 17.2 640 1142 0.6

used in concrete, same is the case observed by [1, 4, 13,
16, 24, 28] and [22]. [31, 36] has used fly ash based geo
polymer concrete (GPC) for study and concluded that frac-
ture energy observed with GPC found similar to Ordinary
Portland cement (OPC), the compressive strength is directly
proportional to fracture energy. [21, 27] observed, gener-
ally Nano material are having issue related to dispersion
in concrete, many Nano material required ultra-sonication
treatment for effective dispersion of particles. TiO, particles
are adhering to self-assembled monolayer due to which the
ultra-sonication can be eliminated and effective dispersion
of particles can takes place easily.

DIC technique has increasing the attention of research-
ers as it provides the information about the crack opening
displacement (COD) [42]. [10, 12] used DIC for mortar in
which the OPC is partially replaced with limestone/metakao-
line, the results obtained through DIC are very well match-
ing with results obtained through experiment. [43] and
[11, 25] used DIC and acoustic emission (AE) technique
for examination of fracture in concrete and concluded that
the AE technique is suitable to identification of fracture
growth which was happened due to macro crack and DIC
will useful for opening of cracks at various locations. [40]
used DIC in concrete using multi wall carbon Nano tubes
(MWCNT), Nano silica, Nano alumina etc. and concluded
that DIC technique is effective while conducting fracture
test for determination of crack length. [35] mentioned that,
the use of higher amount of FA used in concrete leads to
have many voids in concrete and they will be different from
dense structure. [26] served the water to binder ratio has a
significant effect, the concrete with low water to binder ratio
the peak load increases and increase in volume of fibers also
increases the peak load.

2 Preparation of specimens
and experimental setup

The three point bend test (TPB) was performed confirming
to [32]. The concrete beams were prepared according to mix
design shown in Table 1. Nano TiO, was used along with
F class fly ash. Ordinary Portland cement (OPC) 53 grade
was used for the all mixes confirming to IS 12269-2013
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(IS 12269-2013). For dispersion of Nano TiO, particles,
polycarboxylate based superplasticizer was used. [15, 41]
reported the use of polycarboxylate based superplasticizer
showed great effect on dispersion properties of Nano parti-
cles. Also ultra-sonication was adopted to avoid the accu-
mulation of Nano particles. The coarse aggregate was used
with fineness modulus of 2.65, a specific gravity of 2.85 and
water absorption 1.4%. The maximum size of coarse aggre-
gate (d,) is 20 mm having specific gravity 2.7 and absorption
of water 0.85%. The 1, 2, 3 and 4% of NT used along with
constant 30 percentage of FA with constant w/c ratio 0.38.

To evaluate the fracture properties of concrete, the geo-
metrical similar beams of size 74.90 X 74.90 x 200 mm,
74.90 % 149.80 x 400 mm, 74.90%299.60 X 600 mm
(Width x Depth x Length) (Figs. 1, 2) were prepared by Size
effect method (SEM) confirming to [33] recommendations.
The length to depth (I/d) ratio was kept 2.67 and notch is
provided at center of beam with the beam depth ratio of
0.25. A 2 mm thick notch having 25 mm depth was prepared
while casting the specimens; the steel plate was inserted in
the mold and the same has been removed after 24 h. The
demolded specimens were kept for curing in curing tank
till the date of testing. A closed loop servo control machine
with the capacity of S0kN (Fig. 3) with CMOD opening of
0.03 mm/min. In addition to that the 150X 150 700 mm
beams, 150X 150 % 150 mm cubes and 150 mm diameter and
300 mm height cylinder were casted with reference to ASTM
C 78 (ASTM Standard C78), IS 516-1959 (IS 516-1959) and
ASTM C 469 [3] to understand the flexure, compressive and
split tensile strength of concrete respectively.

3 Digital image correlation technique
and evaluation of opening displacement

DIC useful for measurement of displacement of spack-
les in a digital image. Which is noncontact measurement
technique which helps to get the data related displacement
of the surface of specimen. The specimens were painted
by black and white paint to improve the correlation of
image. The images were captured before and after at vari-
ous stages of loading and unloading with the help of digi-
tal camera. The images were captured at rate of 5 s per
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Fig. 1 Beam specimens

Fig.2 Molds of specimens for
concrete
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Fig.3 Experimental set up for
fracture test

image at far distance from testing setup using remote to
avoid the vibrations and disturbance. The distance between
camera lens and specimen kept constant throughout the
experiment as shown in Fig. 4. The intensity and positions
of lights are kept constant throughout the experiment. In
DIC technique, the correlation between the deformed and
undeformed images is measured to study the displacement
fields. A point in (X, y) in the undeformed (original) image
is correlated with a point (x", y*) in the deformed image
as mentioned in Eq. 1 and Fig. 5. A suitable region of

Fig.4 Experimental setup for
DIC
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interest is chosen as shown in Fig. 6 and with help of VIC
2D software displacement fields are measured.
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Vi =y 4+, y) (1)

The p and v represents horizontal and vertical displace-
ment respectively, these displacement fields are measured by
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Fig.5 Deformed and undeform pattern of image
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Fig.6 Region of interest for DIC study

minimization of the correlation coefficient (C), which can be
states as,

_ *%\12
szmmw H (x*y")] @
YIG (%, y)]

where, G and H are grey scale light intensity with respect
to point, the crack opening displacement and the crack
extension can be determined from the u-displacement field
findings.

4 Results and discussion
4.1 Mechanical and fracture properties

Table 2 and Figs. 7, 8 shows the detailed results of compres-
sive strength, flexure strength, split tensile strength and frac-
ture energy. The compressive strength of control concrete
(CC) was observed 52.21 N/mm?, the NT3FA30 observed
high compressive strength (56.02 N/mm?) compared with
all the mixes and NT1FA30 found low (50.20 N/mm?) in all
the mixes. Which indicates compressive strength increases
from 1% NT to 3% NT and declines after 3% NT. The same
is the case for flexural strength and split tensile strength, the
NT3FA30 found high 8.87 N/mm? and 4.25 N/mm? respec-
tively which indicates the 3% NT observed to be an optimum
dose for as far as mechanical properties of concrete. Figure 8
shows the fracture energy details, which clearly states that
the fracture energy increases with increase in NT 1% to 3%
and after 3% it declines, which may happen due to leach-
ing out of excess amount of Nano particles as observed by
[18]. The NT3FA30 observed highest fracture energy which
is improved about 10.93% compared with CC. Regarding
fracture toughness, it has been observed that the fracture
toughness increases with increase in NT percent from 1
to 4 and 4%, which is improved around 31.49% compared
with CC. As per [17] the most favorable fracture toughness
was observed at 20% of FA. The [39] observed the use of
FA showed better performance in fracture and mechanical
properties of concrete. The NT gives better results in frac-
ture and mechanical properties this will have great impact
of dispersion of Nano particles mentioned by [34], the has
been observed in present study.

The plot of Load Vs CMOD graphs is shown in Fig. 9.
NT4FA30 mix shows the highest peak load and lower that
CC, which indicates the use of FA and NT as replacement
to OPC improves the peak load conditions.

4.2 Digital image correlation

The load vs crack opening displacement responses are
shown in Fig. 10, on the curve P1-P4 points represents the

Table 2 Details of mechanical and fracture properties

Specimen ids  f I I Gg K

(MPa) (MPa) (MPa) (N/m) (MPam®)
cC 5221 235 5.45 7744 087
NTI1FA30 5020  2.55 6.09 79.13  0.69
NT2FA30 5352 3.05 7.35 80.11  0.82
NT3FA30 56.02 4.5 8.87 86.95  0.92
NT4FA30 5250 4.15 7.90 7736 127
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displacement at different stages, the changes happening in
crack extension can be observed. The first image represents
pre-cracking phase.

Displacement of concrete beams are shown in Fig. 11,
the first point P1 represents point at before cracking. The
crack extension and crack opening is zero which indicates
the uniform horizontal displacement near notch. Second
point P2 represents point represents crack propagation the
crack is visible at this stage which is stable. Third point P3
represents extension of crack which is in unstable. Fourth
image P4 represents unstable extension of crack at crack
tip of the specimen. The sharp transformation of crack
extension is observed from P2 to P3 and P3 to P4 and
that is clearly visible. The vertical displacement at notch
point of specimen is measured by using LVDT and DIC

@ Springer

NT2FA30 NT3FA30 NT4FA30

(Fig. 12). It has been seen very good relation has been
observed between displacement measured using DIC tech-
niques and by using LVDT. Which indicated the effective
usefulness of DIC technique.

5 Conclusion
The conclusion made from the work is as follows:
1. The results obtained from experiment shows that, the

3% NT has a great influence on fracture energy which is
improved by 10.93% compared with control concrete.
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2. The fracture energy increased from 1 to 3% NT and after
3% NT it declines, which indicate the excess amount of
NT may have adverse impact on fracture energy.

3. The compressive strength, split tensile strength and flex-
ural strength increases from 1 to 3% NT and after 3% NT
it declines.

4. The fracture toughness increases with increase in NT
from 1 to 4% and NT 4% has shown high fracture tough-
ness, which is significantly improved by 31.49% com-
pared with control concrete.

The peak load is increased with increase in size of speci-
men in all mixes.

DIC is an efficient approach for measuring fracture
lengths and crack opening.

A good acceptable relation is observed in crack opening
displacement and displacement measured by DIC and
using clip gauge.

It can be summarizes that, the substitute for traditional
way of measurement by using clip gauges and LVDTs
is simple DIC technique can be very much useful.
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Fig. 10 Load vs CMOD of 6

notched beam specimen
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Fig. 11 Horizontal displacements at various stages of loading
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