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With the increase in strength, concrete explodes spontaneously at failure
creating a serious safety hazard. Researchers are actively looking for methods to
arrest the cracks in concrete and design a higher strength concrete that fails in a
more ductile fashion. Fiber-reinforced concrete has emerged as one of the
solutions to this problem. This paper presents findings from the experimental
investigation conducted to compare the fracture behavior of plain and fiber-
reinforced high strength concrete of varying compressive strength. Six different

concrete mixes were prepared with w/b ratios of 0.47, 0.36, and 0.20 resulting
in average compressive strength of 36, 52, and 92 MPa. Each mix consists of two
variations, first without fiber and second with 1% of steel fiber by volume. The
mixes were tested for their strength and fracture Behavior using various
standard codes and recommendations. From the Load-deflection and Load-
CMOD (Crack Mouth Opening Displacement) curves obtained from the study,
Fracture parameters like Fracture energy, Stress intensity factor, energy release
rate, and Characteristic length is evaluated and compared for plain and Steel
fiber reinforced concrete. It was found that adding steel fiber significantly
improves the fracture properties of the concrete of different compressive
strengths. By adding 1% of steel fiber in the high-strength concrete, the average
fracture energy increased by 850%, 770%, and 450% respectively for the
concrete with compressive strength of 36, 52, and 92 MPa. Other parameters also
show a very significant improvement suggesting fiber reinforcement as a
suitable choice to prevent brittle failure and increase the fracture performance
of high strength concrete.
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Fracture Energy;

High strength concrete;
Characteristic Length;
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Load-CMOD
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1. Introduction

Concrete shows many desirable properties like good compressive strength, high
durability, ability to be cast in any shape, and comparatively lower cost than other
construction materials. All these qualities have made concrete a universal construction
material almost integral to every construction project. But one of the major limitations of
concrete is its brittle nature and low crack resistance. This limits its ability to take the
flexural load and makes it extremely dangerous under extreme events like earthquakes|[1,
2]. Due to this weakness, concrete structures under flexural loads are susceptible to getting
cracked and fail spontaneously without warning. The strain capacity of concrete further
reduces for high strength concrete. High strength concrete shows better properties in
terms of compressive strength, Abrasion, toughness, and impact than normal concrete[3-
5]. But its ductility and crack resistance reduce drastically with strength increase, leading
to sudden failure.

One of the quantitative estimations of brittleness and ductility of concrete is its fracture
properties. RILEM [6, 7] proposes a three-point bending test on a notched beam to find the
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fracture parameters for concrete. Fracture energy is one of the most important fracture
parameters and it can be defined as a parameter to analyze and compare the toughness
and cracking resistance of the concrete. As per RILEM, Fracture energy is the amount of
energy necessary to create a unit area of crack [6]. Other fracture parameters are fracture
toughness, Energy release rate, and characteristic length. Fracture toughness refers to the
resistance of brittle materials to the spread of cracks. The energy release rate is the rate at
which the energy is transformed with the fracture propagation in the material
Characteristic length is one of the measures of the brittleness of the concrete, a concrete
can be considered more brittle if it shows a lower characteristic length [8].

Various work has been done in past to measure these fracture parameters and correlate
them with the ductility and crack resistance of the concrete. Trevidi et al. [9] compared
three different approaches i.e., Rilem method, Bi-linear approximation, and energy release
rate to investigate the size-independent fracture energy of concrete and found almost
similar results suggestion any one of these can be used to calculate the size-independent
fracture energy of concrete. Khalilpour et al. [10] further compared the number of
available methods of determination of fracture parameters and reviews the factors
affecting these parameters. Yin etal. [11] presents Four-point bending tests for the fracture
properties of concrete. Murthy et al. [12] studied the fracture energy and tension softening
relation for nano-modified concrete. This study compared the different methods of
fracture energy determination and concluded that the notch to depth ratio has a significant
impact on the specific fracture energy determined using the RILEM work-of-fracture
technique. Kaya et al. [13] studied the effects of temperature and deformation rate on
fracture behavior of S-2 glass/epoxy laminated composites. The study presents a Finite
Element Method based approach to find the fracture parameters and compares the
experimental and FEM-based results.

The effect of adding different types of fibers in the concrete on its fracture behavior has
been discussed by many researchers. Almusallam et al. [14] performed an analytical and
experimental investigation on fracture behavior of concrete containing steel, Kevlar, and
polypropylene and found better fracture properties. Mousavi et al. [15] studied fracture
properties of concrete under varying steel fiber content as well as water to cementitious
content ratio and suggests that with the decrease in w/b ratio fracture energy decreases
for plain concrete but increases for fiber reinforced concrete. Arslan [16] studied the
fracture behavior of basalt fiber reinforced concrete (BFRC) and glass fiber reinforced
concrete (GFRC). BF and GF addition considerably increase the fracture energy of test
specimens compared to Reference specimens. Noaman et al. [17] studied the Fracture
characteristics of plain and steel fiber reinforced rubberized concrete. Only up to a certain
degree of replacement does the fracture energy of plain and steel fiber concrete rise.
Because of the loss of strength in the cement matrix, the fracture energy decreases slightly
after this replacement ratio. The fracture energy of plain concrete is significantly increased
when rubber aggregate is combined with hooked-end steel fiber. Wtaife et al. [18] studied
the Fracture Mechanism of fiber Reinforced Concrete Pavement based on a RILEM Design
Approach. Despite having relatively low ultimate moment capacities, the ultimate moment
capacities increase as the volume fraction of fiber increases.

Studies on the effect of silica fume and fly ash addiction along with cement as a binder
material in concrete and aggregate size distribution on its fracture behavior are reported
by various researchers. Gil et al. [19] studied the effect of Silica Fume and Siliceous Fly Ash
Addition on the Fracture Toughness of Plain Concrete. His finding suggests an optimum
dose of Silica fume and Flyash for maximum strength and fracture toughness. Siregar et al.
[20] studied the effects of aggregate size distribution on the fracture behavior of high-
strength concrete. The ductility level of high-strength concrete is influenced by the

584



Ojha et al. / Research on Engineering Structures & Materials 8(3) (2022) 583-602

aggregate size distribution and w/b ratio also the maximum value of fracture energy is
related to the maximum strength of the aggregate.

Fracture properties variations on concrete exposed to higher temperatures have been
studied in past. Tang et al. [21] examined Fracture behavior of recycled concrete with
waste crumb rubber subjected to elevated temperatures. At ambient temperature Rubber
modified Recycled aggregate concrete (RRAC) shows an increasing trend in fracture
energy with increasing content of recycled aggregate. After exposure to high temperature,
the fracture energy of RRAC was lower than Rubber modified Natural aggregate concrete
(RNAC). With the increase in temperature, a decrease in fracture energy was reported in
the study. Yu et al. [22] studied the Fracture properties of high-strength /high-performance
concrete (HSC/HPC) exposed to high temperatures. Concrete’s characteristic lengths
dropped linearly with the temperature rise, indicating a reduction in brittleness. At all
temperatures, the characteristic length of lower strength concrete sample was greater
than that of a higher strength sample, indicating that the brittleness of concrete increased
with compressive strength.

Tran et al.[23] Fracture energy of ultra-high-performance fiber-reinforced concrete
(UHPFRC) at high strain rates. The UHPFRCs' fracture strength and specific work-of-
fracture values were extremely sensitive to the applied strain rates, but their softening
fracture energies were not much affected. The fracture process of recycled concrete was
thoroughly investigated by Guo et al. [24] and compared to that of conventional concrete
of the same structural class. In recycled aggregate concrete, higher strain gradients are
seen in the localized damage zone. Strong discontinuities or existing fractures in recycled
aggregate aid in the identification of the primary crack. Because fracture occurs at the
aggregate-mortar interface, the recycled aggregate concrete's larger strain gradient and
poor stiffness suggest a weak interface between the new mortar and recycled aggregate,
which is attributed to excessive porosity and existing fractures.

In the present study, six different mixes were prepared with three w/b (water to binder)
ratios. The w/b ratios adopted are 0.47, 0.36 and 0.20. These three mixes represent
concrete with compressive strength above 30 MPa, 50Mpa, and 90 MPa. For each of these
w/b ratios, two sets of concrete samples were prepared - one without steel fiber and one
with 1% steel fiber by volume. Using the three-point bend test suggested by RILEM[ 6] and
Tada et al. [25], fracture energy is calculated. Other fracture parameters like characteristic
length, critical energy release rate, and stress intensity factors are evaluated using
literature [7, 25-28]. The results are compared for plain and fiber reinforced concrete.
Apart from these, 28-day cube and cylindrical compressive strength and split tensile
strength are also evaluated for each sample using the Indian Standard code [29, 30].

2. Materials

In this study OPC cement, Coarse and Fine aggregates, Fly ash, Silica Fumes,
Superplasticizer, water, and steel fiber are used for making concrete mixes. This section
provides details of the materials used in the study.

2.1. Cementitious Materials

Ordinary Portland Cement of OPC 53 grade as per IS 269-2015 [32] is used along with fly
ash and silica fume. 28-day compressive strength of cement was 36.0 MPa and specific
gravity was 3.16. Fly ash and silica fume have the fineness of 403 and 22000 and specific
gravity of 2.2 and 2.24 respectively. Detailed physical and chemical properties of cement,
fly ash, and silica fume is given in Table 1.
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Table 1. Physical, chemical and strength characteristics of cementitious materials

Characteristics OPC-53 Grade Silica Fume Fly Ash
Physical Tests
Fineness Blaine’s (m?/kg) 320.00 22000 403
Soundness Autoclave (%) 00.05 - -
Soundness Le Chatelier (mm) 1.00 - -
Setting Time Initial (min.) & 170.00 &
(max.) 220.00 i i
Specific gravity 3.16 2.24 2.2
Chemical Tests
Loss of Ignition (LOI) (%) 1.50 1.16 0.4
Silica (Si02) (%) 20.38 95.02 60.95
Iron Oxide (Fez03) (%) 3.96 0.80 5.70
Aluminium Oxide (Al203) 4.95 - 26.67
Calcium Oxide (CaO) (%) 60.73 - 2.08
Magnesium Oxide (MgO) (%) 4.78 - 0.69
Sulphate (SO3) (%) 2.07 - 0.29
Chloride (CI) (%) 0.04 - 0.009
IR (%) 1.20 - -
Moisture (%) - 0.43 -

2.2, Aggregates

Crushed aggregate with a maximum nominal size of 20mm is utilized as coarse aggregate
and crushed fine aggregate conforming to Zone II as per IS: 383-2016 [33] was employed
as fine aggregate in the study. Fine aggregate has been shown in figure 1(a) and figure 1(b)
shows the coarse aggregate. The physical properties of both coarse and fine aggregate are
presented in Table-2.

Eif
255
.J £25

Fig. 1 (a) Crushed fine aggregate (b) Granite coarse aggregate
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Table 2. Properties of aggregates

Granite .
Property 20mm 10 mm Fine Aggregate
Specific gravity 2.83 2.83 2.65
Water absorption (%) 0.3 0.3 0.59
20mm 98 100 100
10 mm 1 68 100
4.75 mm 0 2 99
Sieve Analysis 2.36 mm 0 0 89
Comulative PerCEntage 1 1gmm 0 0 64
600 n 0 0 43
300 p 0 0 26
150 pn 0 0 14
Pan 0 0 0
Abrasion, Crushing & Impact Value 19,19,13 - -
Flakiness % & Elongation % 29,25 - -

2.3. Steel Fiber

The trough and hooked end-shaped steel fibers are used. Some of the previous studies
suggest these fibers be more efficient with improved pull-out resistance and toughness
compared to straight end fibers. The fibers are 0.55 mm in diameter and 35 mm in length.
It has an aspect ratio of 63 which is as per ASTM A-820 [34]. The tensile strength of the
fibers as per the manufacturer is 1486.99 N/mm?. Figure 2 shows the steel fiber added to
the concrete mix. The figure on the left shows the fibers as available from the industry and
the figure on the right shows a single steel fiber.

H

1

Fig. 2 Steel Fiber added to the concrete

2.4. Superplasticizer

A polycarboxylic group-based superplasticizer is used in the study for all the w/b ratios as
per Indian Standard 1S:9103[35].
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3. Mix Design and Specimen Details
3.1. Mix Design

Six different sets of mixes were prepared with a w/b ratio of 0.47, 0.36, and 0.20. These
different types of concrete mixes were prepared in two variations-(i) plain concrete and
(ii) concrete with 1% steel fiber. The fresh concrete's slump was regulated between 75 and
100 mm. Based on the slump cone test as per Indian Standard, IS 1199: Part 2 [36], a pre-
study was conducted to identify the best superplasticizer dose for obtaining the requisite
workability. The amount of steel fiber added to the concrete was adopted based on past
studies suggesting it as an economical and optimum dose for maximum improvement in
overall mechanical parameters [35, 36].

Table 3 lists the concrete mix data for the sample. Water content has been decreased and
cementitious content has been increased to get a higher strength concrete. Also, in the case
of a mix with a w/b ratio of 0.20, silica fume has been added to obtain a much higher
strength of the concrete. Silica fume was added to improve the mechanical properties,
particularly the compressive strength of high-strength concrete [39].

Table 3. Mix design details

Fibers % Total Cementitious Rgitlliz:f Water iclr:(l;(t A F;Eeate
by Content [Cement C Conten 0 g8res
fume to by as % of
volume w/b + Flyash (FA) + flyash weight Total
of Silica Fume (SF)] (Kg/m3
concrete (Kg/m?) (SF ) of Aggregate
& /FA) Cement by weight
. 0.47 362 (290+72+0) - 170 1.00 35
V‘Qg‘e‘;‘st 036 417 (334+83+0) - 150 0.45 39
0.20 750 (548+112+90) 0.80 150 1.75 35
1% steel 0.47 362 (290+72+0) - 170 1.00 35
fiber 0.36 417 (334+83+0) - 150 0.45 39
0.20 750 (548+112+90) 0.80 150 1.75 35

As an adjustment for aggregate water absorption, a change was made to the amount of
added water. The concrete mixes for the investigations were made in a pan-type concrete
mixer. The molds were adequately coated with mineral oil before usage, and casting was
done in three layers, each of which was compressed on a vibration table to reduce air
bubbles and voids. The specimens were removed from their separate molds after 24 hours.
Temperature and relative humidity were measured in the laboratory at 27°+2° C and
relative humidity of 65 percent or greater at various ages. The specimens were removed
from the tank and allowed to dry on the surface before being tested in a saturated surface
dried state.

3.2. Specimen Details

Different specimens were made for different tests as per specifications in the standard
codes, international recommendations, and literature.

Concrete cubes of size 150 mm x 150 mm x 150 mm are cast to find 28-day compressive
strength as per IS 516[30].

Concrete cylinders of size 150 mm diameter and 300 mm height are cast to find the 28-
days compressive strength of the concrete as per IS 516[30].

Concrete beams of size 100mm x 100mm x 500mm are cast for a 3-point bending test at
28-days to evaluate the fracture parameters using various proposed procedures as
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discussed in the introduction section. 24 hours before testing a notch of 35mm is made in
the beam. Table 4 shows specimen details and Figure 3 shows the freshly prepared
concrete specimens in molds.

Table 4. Specimens details and experiments in the study

S.No. Specimen Dimension(mm) Tests
1 Concrete Cubes 150x150x 150 28-Day compressive strength
2 Copcrete 150D x 300H 28-Day-c0mpr-esswe strength
Cylinders Split Tensile strength

3 - Point bend test to evaluate fracture

3 Concrete Beams 100x100x 500
Parameter

Fig. 3 Concrete cubes, cylinders, and

beams in molds Fig. 4 Notched beam sample

4. Experimental Procedure

The following section details the adopted procedures for conducting the experiments. In
the present study compressive strength test, split tensile strength test and 3-Point bend
test on notched beams are performed. Findings and derivation of other parameters are
given in the next section, i.e., the results and discussion section.

4.1. Compressive strength test and split tensile strength test

The compressive strength of cylindrical and cubical specimens was evaluated at 28-days
as per IS: 516 [30]. And the split tensile strength of the cylindrical concrete specimen was
evaluated as per the testing procedure of IS: 5816-1999 [31] on the cylindrical specimen
at 28 days. These tests were performed on a set of three specimens and the average value
has been presented in the study.

4.2. Three-point bending test to evaluate fracture parameters

For calculating the fracture parameters, a 3-point bending test based on the method
proposed by RILEM [6, 7] was used. Various fracture parameters were evaluated from the
tests and are discussed in the subsequent sections. Figure 5 shows a schematic diagram for
the three-point bend test and figure 6 shows the laboratory arrangement for the conducted
test. As presented in figure 5, a beam of dimension 100mm x 100mm x 500mm with a notch
of 35mm at the mid-span was used. 400 mm of the clear span was considered and the load
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was applied using a displacement control machine of capacity 300 Kn. Deflection at the
mid-span of the beam was measured using LVDT and Crack Mouth Opening Displacement
(CMOD) was measured using clip gauge placed at the bottom of the beam and fixed in
position by two steel knife edges as shown in figure 6(b). In the present study, a total of
eighteen beams has been tested which includes 3 beams for each of the mix presented in

Table 3.

lP

I I35mm

400 mm

‘ 50 mm

AV

—

100 mm

Fig. 5 Sample specification for 3-point bending test

LVDT
(measures
Deflection in
beam)

Clip Gauge
(measures
cmoD)

100 mm

Fig. 6 (a) Test setup three-point bending test, and (b) Clip gauge measuring CMOD
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-
N
o
o
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0 1000

2000

3000 4000
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Fig. 7 CMOD vs time plot for the test
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Figure 7 shows the CMOD vs time plot for the test. As described earlier the displacement-
controlled test was adopted for this study and load was applied in such a manner that gives
a constant increase in CMOD (0.40um/s) with time as shown above. The test was
performed till the beam failed or a maximum CMOD of 2000 um is reached.

5. Results and Discussions
5.1. Compressive strength test and split tensile strength test

The cube compressive strength of mix with w/b ratio of 0.47, 0.36, and 0.20 are 37 MPa,
53 MPa, and 92 MPa respectively. Adding steel fiber does not considerably increase the
compressive strength and only a marginal increase of not more than 10% is observed for
any of the mixes. A similar marginal increase is observed in the split tensile strength of the
mixes with and without steel fiber. By addition of steel fiber, split tensile strength of the
mix with w/b ratio 0.47, 0.36, and 0.20 increased by 2%, 2%, and 4% respectively. Table 5
shows the results of the cube and cylindrical compressive strength and split tensile
strength.

Table 5. Cube and cylindrical compressive strength and split tensile strength

W/B T 28-day strength (MPa)
ratio ype Cube Strength  Cylinder strength  Split Tensile Strength
0.47 Plain 36.90 27.62 3.37
0.47  Steel fiber 37.40 28.25 3.95
0.36 Plain 51.60 39.30 4.04
0.36  Steel fiber 53.20 44.87 4.73
0.2 Plain 92.20 78.29 5.35
0.2 Steel fiber 91.70 68.97 7.19

5.2 Load-Deflection and Load-CMOD Behavior

In the present section, the Load-Deflection and Load-CMOD behavior of three beams each
for a w/b ratio (0.47,0.36 and 0.20) and fiber content (0% and 1%) is presented in figure
8,9, and 10 respectively. As can be seen from these diagrams that for the w/b ratio of 0.47,
the curve is uneven for fiber-reinforced beam, and it smoothies as the strength increases.
The possible cause for this behavior can be attributed to the slipping of fiber from the
concrete and uneven load distribution and sudden load transfer among concrete and fibers
with the increase in CMOD at a lower strength. At higher strength, fibers and concrete
matrix act as a single unit resulting in a smoother curve.

Another important observation is the variability of the results for fiber-reinforced beams.
As can be seen in the plots that all the three beams of normal strength concrete show
almost a similar characteristic in their behavior suggesting homogeneity in all three beams.
But this cannot be assured for the fiber reinforced concrete as the orientation and
distribution of fibers cannot be perfectly homogenized for all three beams. With the
addition of steel fiber, the strain capacity of the beam increases, and with the increase in
compressive strength, Peak-load increases. Both of these factors increase the area under
the load-deflection curve increasing the fracture energy as discussed in the next section.
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5.3 Fracture Energy

Fracture energy, represented as Gris defined as the energy required to produce a unit crack
in the specimen. It is one of the basic properties of the material which can be used to
analyze and determine the toughness, brittleness, and cracking resistance of the concrete.
From RILEM 50-FMC [6] fracture energy can be calculated from the equation (1);

Gr(N/m) = (W, + mgd,)/Aug (1)

Here in equation (1) Gt refers to the fracture energy, W, is the area under the load-
deformation curve for the beam as shown in figure 7. m is the total weight of the beam
between the support and weight of the part of loading arrangement which is not attached
to the machine, but follows beam until failure. g is the acceleration due to gravity, i.e., 9.81
m/s?. 8, is the deformation of the beam at the final stage of failure and Aigis the area of the
ligament which is the area of the projection of fracture zone on the plane perpendicular to
the beam axis, as represented by the shaded region in Figure 11.

5 (deformation) 5,

Fig. 11 Area under force and beam mid-point deflection (deformation) curve

2400
. Maximum

E Minimum

2000 g Average
1600
1200

800

40

O hl
N

Fracture Energy (N/m)

(=]

& &

&
2
Q-

<<
) o
& oF

’\ o
0?‘ Q? 0?:

Fig. 12 Obtained fracture energy for w/b ratio of 0.47, 0.36 and 0.20
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Figure 12 depicts a comparison between the obtained fracture energy for mix with
different w/b ratios and fiber content. As can be observed from the figure addition of fibers
significantly increases the fracture energy of the notched beam. An increasing trend in
fracture energy can also be with an increase in concrete’s compressive strength. An
increase in fracture energy due to fiber addition is caused by a much larger strain value for
the fiber-reinforced beam than the normal beam. And with the increase in compressive
strength the maximum load taking capacity of the beam increases which results in higher
fracture energy. The increase in fracture energy is about 9.5 times for the w/b ratio of 0.47,
whereas it is only 8 times for 0.36 and 5 times for 0.20. With the increase in compressive
strength relative benefit of adding fiber reduces because concrete at higher strength is
itself capable of taking a higher bending load than a low strength concrete.

Previous literature [26] suggests an increase of about 8 times in fracture with the addition
of steel fiber in normal concrete. The fracture energy reported for a concrete sample with
compressive strength of 54 MPa was 271.4 N/m which increased to 2183.0 N/m, similar
results were observed in our study also.

5.4 Initial Compliance and Modulus of Elasticity

The Modulus of Elasticity of the notched beams is calculated using equation (2) as
presented by [38].

aV;(a)
C;db?

E (MPa) = 6S (2)
Where Ciis the initial compliance which is the inverse of the slope of the initial straight
portion of the Load vs CMOD curve. Figure 13 shows the calculation of the slope of the
initial straight portion of the Load-CMOD curve. Vi(a) is calculated using the equation (3)
given by Tada et al. [25] as follow:

_ , 5 0.66
Vi(a) = 0.76 — 2.28a + 3.87a* — 2.04a> + m (3)
Table 6. Initial compliance and modulus of elasticity
. Cube Initial Modulus of Modulus of
W/ Bratio . . L. L.
and fiber compressive compliance elasticity(GPa)  elasticity (GPa)
strength (MPa) Ci (10°m/N) [cmod test] [Arora et al.][3]
0.47 Plain 36.90 5.26 31.08 29.52
0.47 Fiber 37.40 4.54 35.17 29.64
0.36 Plain 51.60 5.0 32.27 32.64
0.36 Fiber 53.20 4.0 40.55 32.94
0.20 Plain 92.20 2.63 60.61 38.85
0.20 Fiber 91.70 2.22 72.63 38.79

Table 6 shows the calculated values of initial compliance and Young’s modulus as obtained
in the test and derived from the empirical equation given by [3]. As observed from table 6
calculation of modulus of elasticity from initial compliance give a higher value than the
studies conducted in the past[3, 8], therefore Load-CMOD compliance-based approach
does not seem to be a highly accurate method of determining the modulus of elasticity,
therefore for the subsequent calculations in the study modulus of elasticity values obtained
by Arora et al. [3]. Deterministic evaluation of the absolute value of the modulus of
elasticity from the three-point bend test proposed by RILEM is extremely difficult due to
the required level of sensitivity of the measurement. The proposed Load-CMOD curve and
initial compliance are extremely sensitive and it requires accurate measurement of the
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order of 10°m in a mechanical bend test. Even a slight variation in the initial slope of the
Load-CMOD curves leaves a magnified effect in the values of modulus of elasticity. Also,
calculated values of modulus of elasticity were higher than established previous results.
These values tend to become enormously high for higher strength concrete (for average
compressive strength of 92 MPa). It can be suggested to limit this method only for
comparative analysis and for absolute determination of modules of elasticity various other
well-established methods should be used.
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Fig. 13 Calculation of initial compliance from Load-CMOD curves
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5.5 Stress Intensity Factor

The stress intensity factor (Kic) is a measure of stresses in the neighborhood of a crack. It
is a measure to predict the stress intensity caused by the residual stresses near the tip of a
notch or crack. It can also be used to compare the brittleness of two different materials.
Higher (Kic) means that the material can allow higher stresses around the crack, suggesting
a less brittle behavior.

The stress intensity factor is calculated using the equation (4), given by RILEM TC 89-FMT
[7] as follow:

Kic (MPavm) = 3(Pymax + 0.5mg) S0 £ (a) @

Where Pnmax is the maximum load on the notched prism in N, S is the span of the beam in
m, ais the ratioofaand d,i.e, a=a/d =0.35 and f(«) is the geometry correction for bending
load. A much accurate estimate of this parameter for varying specimen size, notch depth,
and material property can be done using Finite Element Analysis[13]. But for simplicity
and comparative analysis equation (5) is widely accepted and is used in the present study:

_1.99- a(1-a)(2.15-3.9a+2.7a%)
fla) = Vr(1+2a)(1-a)3/2 ()
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Fig. 14 Calculated stress intensity factor in the study

Figure 14 shows the values of the calculated stress intensity factor in the study. From the
study, two important observations can be made. Firstly, adding steel fibers increases the
stress intensity factor only marginally, this can be explained as fibers play a significantrole
only after a certain amount of crack has been made. Therefore, although fibers can
significantly help arrest the cracks at a later stage, fiber only helps marginally in preventing
initial cracks. Initial cracks formation in the beam depends on the tensile strength of the
concrete which is related to the compressive strength and therefore a consistent increase

in the stress intensity factor with compressive strength can be observed in the obtained
result.
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For a particular concrete sample, reported values of stress intensity factor in the literature
[26] is about 1.14 MPav'm for normal concrete which increases to 1.48 MPavm after the
addition of steel fiber. Values, as well as the trend observed in our study, agrees with the
literature.

5.6 Critical Energy Release Rate

The critical energy release rate, Gic, is the rate at which energy is changed as the material
gets fractured and creates a new surface. It can be mathematically defined as the decrease
in total potential energy per increase in fracture surface area. For evaluating the material
qualities related to fracture and fatigue, the energy release rate is a crucial factor. The
equation given by Taha et al. [41] is used for calculating Gic and is given in equation (6) as
follow:

Gio(N/m) = < 6)

The values of the calculated energy release rate are shown in figure 15. From the figure, a
general trend can be observed that with the increase in concrete compressive strength a
significant increase in energy release rate is observed. Therefore, with each new crack, a
higher amount of strain energy is released for higher-strength concrete. The addition of
fiber also increases the energy release rate but with the increase in concrete compressive
strength, the percentage increase decreases. Similar to the stress intensity factor, this can
be explained as at higher strength, the binder-aggregate mix is capable of taking a much
higher load therefore the effect of fiber is slightly reduced compared to lower strength
concrete.

The typical Energy release rate suggested in the literature [26] for normal concrete is 22.4
]J/m?, and for concrete with fiber is 100.2 J/m?2. Similar findings were observed for one of
the samples in our analysis with a w/b ratio of 0.36.
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Fig. 15 Calculated energy release rate in the study
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5.7 Characteristic Length

Characteristic length is a material parameter that reflects the lowest feasible breadth of a
zone of strain-softening damage in nonlocal continuum formulations [42]. It can be
understood as the minimum possible spacing of fractures in discrete fracture models. The
principal idea behind finding the characteristic length is to compare the brittleness of two
materials after the onset of initial cracks. Material with a smaller characteristic length can
be considered more brittle, and crack can propagate easily in these materials. It can be
calculated using the equation (7) provided by [43] as follows where E is young’s modulus,
Geis fracture energy, and fstis split tensile strength.
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Fig. 16 Calculated Characteristic length of the study

The obtained values of the characteristic length in the study are presented in figure 16.
From the figure, it can be observed that with an increase in compressive strength of
concrete characteristic length decreases. Findings suggest that, for higher strength of
concrete, Initial crack formation may be difficult due to higher stress intensity factor but
crack propagation takes place much easily because cracks are less localized. Also, there is
a large jump in the values of characteristic length after fiber addition. Therefore, it can be
concluded that with the addition of fiber, concrete can have a much larger zone of strain-
softening damage. This suggests that although crack may be initiated, but can be localized
with the help of fiber addition. Past literature [26] also shows a massive jump in
characteristic length from 806mm to 5382 mm when fiber was added to the concrete. A
similar increase in the values in the characteristic strength was observed in our study.

6. Conclusions

In the present study, fracture parameters are evaluated for concrete mixes with w/b ratios
0f0.47,0.36,and 0.20 having a respective average compressive strength of 36 MPa,52 MPa,
and 92 MPa without and with 1% steel fiber by volume. The three-point bending test
method with central point loading is used in the study. Based on the analysis of the results
following can be concluded from the study.
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e Adding steel fibers significantly increase the fracture energy. The observed
increase in fracture energy was 850%, 770%, and 450% respectively for a w/b
ratio of 0.47, 0.36, and 0.20. Comparing concrete with different w/b ratios, with
the increase in strength of concrete a consistent increase in the fracture energy is
observed. The addition of fiber increases the strain carrying capacity of concrete
and with the increase in concrete compressive strength, peak load in the load-
deformation curve increases.

e Deterministic evaluation of the absolute value of the modulus of elasticity from
the three-point bend test proposed by RILEM is extremely difficult due to the
required level of sensitivity of the measurement. The Load-CMOD curve and initial
compliance value are extremely sensitive and it requires accurate measurement
of the order of 10-°m in a mechanical bend test. Even a slight variation in the initial
slope of the Load-CMOD curves leaves a magnified effect in the values of modulus
of elasticity. Also, calculated values of modulus of elasticity were higher than
established previous results. These values tend to become enormously high for
higher strength concrete (for average compressive strength of 92 MPa). It can be
suggested to limit this method only for comparative analysis and for absolute
determination of modules of elasticity various other well-established procedures
should be used.

e Stress intensity factor and energy release rate shows a similar trend and these
two parameters improve with the addition of steel fiber but the observed increase
is less when compared to increase in fracture energy. Results suggest that the
compressive strength of concrete is an equally important factor for the increase
in the values of these parameters along with the addition of fiber.

e Characteristic length of concrete shows an opposite trend from other parameters
when concrete with different strengths is compared. For higher-strength concrete
characteristic length is less. Comparing normal concrete with fiber reinforced
concrete for a particular w/b ratio, a significant increase in characteristic length
of the order of increase in fracture energy was observed.

e  From the study it can be concluded that adding steel fiber tremendously increases
the amount of energy needed for fracture of the beam. It also helps in arresting
the cracks by increasing the characteristic length. But the formation of the initial
crack is much closely related to the grade of concrete as fiber action can only be
observed after the onset of initial cracks.
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