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Abstract

Reinforced cement concrete (RCC) deep beams are mostly used to transfer load
of structure to foundation in the form of concrete girders in high rise buildings,
in pile caps, and footing walls. The load is transferred through brittle mode of
shear transfer mechanism in deep beams. This is the reason that the factor of
safety is kept more in RCC deep beams design. Recently, researchers have started
using sisal, steel, polypropylene, and glass fibers to enhance the concrete toughness
index, energy absorption, and shear strength of concrete deep beams. However, a
synthetically available nylon fiber, which is abundantly available in local market
and cheaper than steel fibers, has not been investigated yet in perspective of energy

absorption and shear strength enhancement of deep beams.

In the present study, therefore, nylon fibers are investigated in perspective of
improving the load carrying capacity (shear strength), reducing diagonal cracks
and enhancing ductility of concrete deep beams. This research has been divided
in two phases. In the first phase, basic mechanical properties such as compressive
strength, splitting-tensile strength, flexure strength, total energy absorption, and
toughness index are investigated. For the preparation of concrete mix, ratio of
1:2.5:3.5:0.6 for cement, sand, aggregate and water respectively were used. To
start with, 25mm long nylon fibers with fiber contents of 4% and 5% according to
mass of cement were used for NFRC mix. The Plain and Reinforced Concrete were
used as a reference for NFRC with and without reinforcement respectively. The
concrete cylinders and beamlet samples are tested for compressive, splitting and
flexural strength by using ASTM standard of C39/C39M-17, C496/C496M-11 and
(C293/C293M-16 respectively. The loading rates were 0.30 MPa/s for compressive
strength, 1.2 MPa/m for splitting strength, and 1.2 MPa/m for flexural strength
test in accordance with ASTM standards. An enhancement of about 25% and 21%
in the splitting tensile and flexure strength respectively was observed for NFRC. A
little reduction of 13% and 3% was observed in the compressive strength of NFRC
with 4% and 5% fiber content respectively.
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In the second phase, total 12 deep beam samples of sizes 150 mm widths, 300 mm
depths, and 900 mm lengths are cast with two each for deep beam plain concrete
(DBPC), deep beam plain reinforced concrete (DBPRC), 4% nylon fiber reinforced
concrete with rebars (DBNFRC-4%), 5% nylon fiber reinforced concrete with re-
bars (DBNFRC-5%) respectively. After 28 days, standard specimens were tested
for one point loading using 2000 kN capacity Servo-hydraulic Testing Machine
(STM). The result obtained for DBNFRC-4% and DBNFRC-5% are compared
with DBPRC samples. An enhancement of 22.9% and 11.3% is observed in the
first crack loading capacity of DBNFRC-4% and DBNFRC-5% respectively when
compared to DBPRC. An enhancement of 23.9% and 9.2% is observed in the high-
est load carrying capacity of DBNFRC-4% and DBNFRC-5% respectively when
compared to DBPRC. An enhancement of 13% and 27% is observed in the duc-
tility of DBNFRC-4% and DBNFRC-5% respectively when compared to DBPRC.
An enhancement of 51.66% and 80.94% is observed in the deflection of DBNFRC-
4% and DBNFRC-5% respectively as compared to DBPRC. Study shows that
nylon fiber with 5% has the potential to enhance the load carrying capacity (shear
strength), ductility and crack control. However, it must be tested with different

combination of design mixes, fiber content and lengths.
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Chapter 1

Introduction

1.1 Background

Deep beams are mostly used in civil engineering projects. Reinforced cement
concrete (RCC) deep beams are used to achieve its better functionality in tall
buildings, concrete bridges, in footings, in pile caps and in floor diaphragms, etc.
RCC deep beams are component of structures that have smaller shear spans. In
these building components, shear failure is normally seen and special care is given
to shear strength in deep beam design [1,2,3]. The actual stress distribution of a

deep beam is non-linear [4].

In deep beams, due to their lesser span to depth ratio (<3), the strength is con-
trolled by shear. Predictable shear stirrups dont have the capability to provide
efficient resistance to cracks in case of earthquakes or any other accidental loading
etc [5]. Due to this, brittle failure mechanism may occur in beep beams. Some
researchers have already done the experimental work in past decades with addi-
tion of different fibers such as glass, steel, polypropylene and sisal in concrete to
enhance shear strength and controlling the brittle failure of deep beams. Robert et
al. [6] conducted experimental study of deep beams using steel fiber and observed
improvement in shear strength and ductility. The presence of steel fiber increases

the shear strength as well as toughness of deep beams. Steel fibers also have ability

1
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to significantly enhance the post-cracking in tensile property and enhance ductil-
ity of concrete. In addition, steel fibers are also effective to reduce and delay the
emergence of micro-cracks [7]. Fibers ultimately decreases the crack width due to

loadings [8].

Therefore, keeping in mind the above advantages of fibers, nylon fibers could be
also one of the possible solution. The nylon fiber is strong, have better elastic
behavior and very fast in drying when used in concrete [9]. Habib et al. [10]
concluded that using 2% of nylon fiber in cement mortar the flexural strength was
improved and the cracks formation was reduced. Cook et al. [11] stated that nylon
fibers have better elastic recovery, good toughness, and effective tenacity. Subra-
manian et al. [12] carried out an experimental study on nylon fiber reinforced con-
crete. The nylon fiber properties were checked with mix design ratio of (1:1.5:3),
concrete cubes and cylinders were casted for compressive strength and splitting
strength of concrete respectively. Nylon fiber with four different percentages of
0%, 1%, 2% and 3% were used. After testing it was concluded that nylon fiber en-
hanced the concrete compressive and splitting-tensile strength. Nylon fiber showed
better mechanical properties i.e, nylon fiber increased the compressive strength,
splitting tensile strength, modulus of rupture and impact resistance of concrete by
12.4%, 17.1%, 5.9% and 19% respectively [13]. Nylon fiber have better resistance
to a wide variety of organic and inorganic materials like strong alkalis. Nylon fiber
does not affect the cement hydration and workability of concrete. Nylon fiber is
cheap and easily available in the market [14]. The properties of nylon fiber are
shown in the Table-1.1.

TABLE 1.1: Properties of nylon fibers

Fiber Diameter Specific  Tensile Elastic Ultimate  Temperature, Water ab-
type inch x gravity strength modulus, elon- degrees F sorption
1073 ksi ksi gation, per ASTM
percent D 570,
Percent by
weight
Nylon 0.90 1.14 140 750 20 392-430 2.8-5.0

To the best of author’s knowledge, no study has been conducted on nylon fiber

reinforced concrete (NFRC) for enhancing shear strength in deep beams, therefore,
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nylon fibers needs to be investigated in perspective of enhancing of mechanical

properties and shear strength of concrete deep beams.

1.2 Research Motivation and Problem Statement

Now a days, the demand for safety of high-rise building and heavy loaded struc-
tures against severe loading conditions like earthquake loads and other accidental
loads is increasing. This requires manufacturing of high-performance materials
with better flexural and shear properties. At the same time, the cost of structures
should be in desired limit. So, achieving the desired properties, fibers are being
used for enhancing and modifying the concretes properties to resist high flexure

and shear loadings. The problem statement is:

“The structures that have better capability to support high earthquake and heavy
loads are of high importance. It becomes a matter of great importance to safely
design the important high-rise buildings, bridge beams, marine structures and pile
caps of foundations. Concrete is core material used for the construction of all
infrastructure, however, it is weak in tension. To resist the tensile and shear forces
in concrete, steel rebars are provided in the concrete components. This may be
costly or even impracticable in some cases such as shear and ductility of deep
beams. For achieving low-cost as well as enhancing the mechanical properties of
concrete, fibers are used. Madan et al. [15] found that addition of small steel
fibers up-to 40mm length in the concrete deep beams has effectively enhanced the
shear strength, cracks control and ductility. The addition of steel fibers in addition
to conventional reinforcements may be uneconomical. Therefore, there is a need
to explore an alternative cheap solution, such as use of cheap and abundantly
available nylon fibers in concrete, for the enhancement of the mechanical properties
of concrete, ductility and ultimate load carrying capacity property (shear strength)

of deep beams”.
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1.3 Objective and Scope of Work

i. To experimentally evaluate the mechanical properties of NFRC (compressive
strength, splitting tensile strength and flexure strength) likely to affect the design

of deep beams.

ii. To experimentally compare load carrying capacity of plain concrete deep beam
(DBPC), Nylon fiber concrete deep beams (DBNFC), Plain reinforced concrete
deep beams (DBPRC) and Nylon fiber reinforced concrete deep beams (DBN-
FRC).

Mechanical properties, which are to be determined for achieving above objectives,
are flexural strength, compressive strength, splitting tensile strength, energy ab-
sorption, toughness index, Load-deflection curve, crack pattern and shear strength.
Samples of deep beams 900mm x 300mm x 150mm, beam lets 450mm x 100mm x
100mm, and cylinders 100mm dia x 200 height are cast and tested for the above

mentioned properties.

1.4 Methodology

In this experimental study, the mechanical properties of PCC, RCC and NFRC are
determined. The mix design ratio selected is 1:2.5:3.5:0.6 (cement: sand: aggre-
gate: water) which is normally used in the country of author’s. Based on literature
review [13,16], 25mm long nylon fibers with a fiber content of 4% and 5% by mass
of cement have been used for preparing NFRC because smaller fiber effectively
enhanced the concrete mechanical properties with 4 and 5% fiber content by mass
of cement. The mix design for NFRC is the same as that of PCC. For carrying
and placing the deep beam samples, hooks are provided in all samples [17]. The
mixing process is done in different layers, first some portion of course and fine
aggregate is filled in concrete mixer and then some portion of fiber is spread man-

ually on concrete in the mixer and this process is repeated throughout the NFRC
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mixing process. The filling of molds is done in four layers horizontally avoid-
ing honey combing. Molds are filled in layers of 25mm, 50mm, 50mm and then
25mm thickness [16]. After every layer proper compaction is made. To determine
the compressive and splitting tensile strength, three cylinders each for PCC and
NFRC having dimensions of 100mm diameter and 200mm height are casted. To
determine modulus of rupture, three beam-lets each for PCC and NFRC having
dimensions of 100mm x 100mm x 450mm are casted. The steel reinforcements
have been calculated using strut and tie method of ACI-318 for an assumed ap-
plied load. The 12 deep beam specimens are cast and tested to determine the

shear strength, energy absorption and toughness index.

1.5 Thesis Outline

There are six chapters in this thesis, which are as follows:

Chapter 1 consists of introduction section. Importance of shear strength in deep
beam is explained in this chapter. It also consists of research motivation and

problem statement, objective and scope of work, methodology and thesis outline.

Chapter 2 contains the literature review section. It consists of background, im-
provement in mechanical properties and in load carrying capacity of concrete by
using fibers, improvement in mechanical properties of concrete by using nylon

fibers, design of selected deep beam using ACI-Code, and summary.

Chapter 3 consists of detail of experimental program. It contains background,
concrete components, preparation of nylon fibers, mix design and casting proce-
dure, preparation of deep beam samples, concrete specimens, testing procedure
of concrete specimens, testing for mechanical properties, (i.e. slump and density
test, compressive strength test, splitting tensile strength test and flexure strength

test), testing procedure of deep beams and summary.
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Chapter 4 consists of experimental results evaluation. It contains background,
results of mechanical properties (i.e. slump and density test, compressive be-
havior, compressive strength, compressive energies, compressive toughness index,
splitting-tensile behavior, splitting-tensile strength, splitting-tensile energies ab-
sorption/total absorbed energies, splitting-tensile toughness index, flexural be-
havior, modulus of rupture, flexural absorbed energies/total absorbed energies
and flexural toughness index), crack pattern and propagation, deflection, first and
final crack loading capacity of PCC deep beams with and without fibers, modulus
of rupture, ultimate strength, flexural absorbed energies/total absorbed energies
and flexural toughness index of PCC deep beams with and without fibers, crack
pattern and propagation, deflection, first and final crack loading capacity of PRC
deep beams with and without fibers, modulus of rupture, ultimate strength, ab-
sorbed energies/total absorbed energies and toughness index of PRC deep beams

with and without nylon fibers and summary.

Chapter 5 includes the discussion. It covers background, reason of difference be-
tween theoretical and experimental loading of deep beams, ductility of concrete
deep beams, relationship between deep beams and material properties and failure

mode/pattern of deep beams.
Chapter 6 includes conclusions and future works.

References are presented right after chapter 6.



Chapter 2

Literature Review

2.1 Background

Reinforced cement concrete (RCC) deep beams are used as load transferring mem-
bers in high-rise building and bridges etc [18]. According to ACI 318-14, deep
beams are structural member with clear span equal or less than four times the
overall depth. The load transferring mechanism of deep beams is totally differ-
ent from that of slender beams, therefore, the design and detailing of deep beams
need special care [5]. Due to geometry of deep beams, the strength is controlled by
shear rather than by flexure [19]. Normal steel stirrups are not efficient to provide
better resistance to crack formation and enhance ductility in case of earthquake
or other accidental dynamic loading. Due to the small energy absorption after
first crack and low shear strength, brittle failure mechanism may occur in RCC
deep beams [5]. For controlling the crack propagation, enhancing the first crack
loading capacity and ultimate loading capacity (shear strength) of deep beams,

fibers have been tried by researchers in the recent past.

There are basically three types of failures in deep beams, i.e. flexural failure,
diagonal failure and local failure. In flexural type of failure, the tie of deep beam
starts yielding. This type of failure is normally occurred in the center at the bottom

face of deep beam and progresses towards the top of deep beam. The diagonal

7
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type of failure is divided into farther two types; the first one is the diagonal
compression failure, which is the failure of the strut of concrete deep beam in
diagonal crushing. In this failure, the concrete particles are crushed and spalling
of concrete is observed. The second type of diagonal failure is diagonal splitting
failure, in which the concrete deep beam strut fails in diagonal splitting. In this
failure, the concrete deep beam splits in two pieces along-with diagonal strut. The
possible reason of this type of failure is reduced region of compression zone at the
tip of inclined crack or by the fracture of the concrete along the inclined cracks.
The local failure in deep beams includes the failure of deep beams at bearing plates
or at anchorage points etc. The reason of these cracks is, low confinement of the
concrete under high axial stresses. The details of all these types of failures are

shown in figure 2.1 [18,20,21].

Diagonal Splitting Failure Local Failure in Deep Beams

FIGURE 2.1: Types of failure of deep beams

The use of fibers reduces crack lengths, widths and their propagation in the con-
crete [14] because concrete mix behaves as an isotopic material. Many researchers
carried out studies on Fibers reinforced concrete (FRC) such as (steel, glass,
polypropylene, sisal and natural fibers etc) and concluded that fibers significantly
enhance the shear strength of deep beams. The use of steel fibers in concrete en-

hances the highest load carrying capacity (shear strength) of deep beams upto 16%,
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enhances the load at first crack upto 36%, reduce crack formation and propaga-
tion, increase the energy absorption capacity of concrete and enhance the ductility

of concrete [19].

The mechanical properties that contribute to the crack resistance of deep beams,
and their performance in supporting heavy loads are compressive strength, split-
ting tensile strength and flexure strength. The flexural strength and splitting
tensile strength act a key role in reducing cracks of deep beams [22]. It can be
noted from ACI-318-14 that the compressive strength and steel yield strength are
two main factors used for designing of deep beams. The design is controlled by
bottom reinforcement yielding. However, experimental studies show that concrete
deep beam failure is governed by brittle diagonal compression failure, which is brit-
tle in nature. However, flexural cracks at mid, diagonal cracks and brittle failure
can be a problem in deep beams. That is why factor of safety is kept more in deep
beams. When principal stresses exceed the tensile strength of concrete, diagonal
cracks appear which try to split the concrete [23]. The splitting tensile strength of
concrete need to be enhanced to reduce diagonal cracks. Fibers can control cracks
length and width propagation in concrete [14]. An addition of small percentage of
fibers has the capability to enhance the impact resistance and mechanical prop-
erties of concrete [24]. Merta and Tschegg [25] conducted an experimental study
to investigate cracking energy of concrete composites using natural fibers. The
researcher concluded that cracking energy of concrete composites can be increased
by using natural fibers. Joshi et al. [26] stated that natural fibers show better
performance than glass fibers in many cases because natural fibers are environ-
mental friendly. Wand et al. [27] considered three kinds of synthetic fibers i.e.,
nylon, acrylic, and aramid. The synthetic fiber behavior in concrete was studied
by performing flexure, compression, and splitting tests. The mechanical properties

of concrete were significantly improved with the use of synthetic fibers.
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2.2 Improvement in Mechanical Properties and
in Deep Beams Load Carrying Capacity by
Using Fibers

Kulkarni et al. [5] carried out a research on hybrid fiber RCC deep beams (steel
and glass) with mix design ratio of 1:1.98:3. The steel fiber by volume fraction
of 0.5%, 0.7%, 0.9%, 1.1% and 1.3% with addition of glass fiber by 0.1%, 0.2%
and 0.3% were used. An enhancement of 14.3% and 36.84% was observed in
the compressive strength and highest load carrying capacity (shear strength) of
deep beams respectively by optimum fiber content of steel and glass (1.340.3%).
Sandeep et al. [28] conducted a research on steel FRC (SFRC) deep beams by
using mix design ratio of 1:1.5:3 and steel fiber content of 0.75% and 1% by volume
fraction. An enhancement of 6.6% and 47% was noted in the compressive strength
and load carrying capacity (shear strength) of deep beams respectively with steel
fiber of 1% fiber content. Sakthi et al. [29] carried out an experimental research
using sisal FRC (SiFRC) deep beams. The sisal fiber content ratio of 0.5%, 1%,
1.5% and 2% was used by volume fraction with mix design ratio of 1:1.5:2.85. An
enhancement of 20%, 31% and 10% was observed in the compressive strength,
splitting tensile strength and highest load carrying capacity (shear strength) of
deep beams respectively with fiber ratio of 1.5%. Robert et al. [6] conducted an
experimental study on deep beams using SFRC with mix design ratio of 1:3:1.5.
The steel fiber content of 3% and 4.5% by weight of cement was used. The steel
fiber content of 4.5% gives better result and an enhancement of 22%, 78% and
53% was observed in the compressive strength, splitting tensile strength and the
ultimate load carrying capacity (shear strength) of deep beams respectively. The
researchers concluded that the failure mechanism of tested deep beams was ductile
in nature and the shear strength was improved significantly. Shaikh et al. [30]
carried out an experimental study on steel and polypropylene fiber by volume
fraction. The steel fiber ratio of 0.5%, 0.7%, 0.9%, 1.1% and 1.3% with 0.1%,
0.2% and 0.3% of polypropylene fiber was used with each percentage of steel
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TABLE 2.1: CoS, SpS, and Loading capacity of deep beams for PCC, by SFRC,
GFRC, SiFRC, Previous Studies

Sr. Concrete Mix Fiber  Fiber per- CoS SpS Loading References
No type design length  centage % % capacity
in- in- of deep

crease crease beam %
increase

1 PC — — — — — — —
2 SFRC 1:1.983  60mm SFRC0.5%®, 143 — 36.84 [5]
& 0.7%,
GFRC 0.9%,
L1%*, 1.3
%*  GFRC
0.1%%,
0.2%%, 0.3%

3 SFRC 1:1.5:3 — 0.75%%, 1%, 6.6  — 47 28]
4  SiFRC 1:1.5:2.85 30mm  0.5%%, 1%%, 20 31 10 29]
1.5%%, 2%,

5 SFRC 1:1.5:3 38mm  4%°, 4.5%" 22 78 53 6]
6 SFRC 1:1.98:3.09 60mm SFRC 0.5%%, 16 — 67 30]

& 0.7%%,
PPFRC 0.9%,
L1%e, 1.3
%* PPFRC
0.1%,
0.2%%, 0.3%
7 SFRC 1:1.5:3 — 0.75%%, 1% — — 31,7 [19]

Note: @ content by volume fraction of concrete and ® content by mass of cement.

fiber. The mix design ratio of 1:1.98:3.09 was used for concrete preparation. An
improvement of 16%, 25% and 67% was observed in the compressive strength, first
crack loading capacity and in the ultimate load carrying capacity (shear strength)
of deep beams respectively with fiber content of steel to polypropylene ratio of
1.3% and 0.3%. Vengatachalapathy et al. [19] carried out an experimental study
on SFRC deep beams. The steel fiber of 0.75% and 1% by volume fraction were
used in concrete mix ratio of 1:1.5:3. An enhancement of 36% and 31% was
observed in first crack load and an improvement of 16% and 7% was observed
in highest load carrying capacity (shear strength) of deep beams with the fiber
content of 0.75% and 1% respectively. The shear strength of deep beams is related
to the maximum load, it sustains before failure. The ultimate carrying capacity

depends upon the compressive and splitting tensile strength of concrete. Thus,
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the ultimate load carried by beam is the shear strength capacity of deep beams,
Kulkarni et al [5], Medan et al [15] and Shaikh et al [30]. The literature shows
that, the cheap and abundantly available, synthetic nylon fibers have not been

investigated yet in perspective of deep beam.

2.3 Improvement in Mechanical Properties of

Concrete by Using Nylon Fibers

Nylon fibers can enhance the mechanical properties of the concrete. The benefits
of nylon fibers are that they are not affected by corrosion, smaller in weight and
highly elastic. Nylon Fibers Reinforced Concrete (NFRC) dries quickly, have
better elastic behavior and are strong [9]. NFRC has the ability to enhance the
serviceability of concrete structures, controls the permeability of water and other
chemicals [14]. The experimental investigations conducted by few researchers in
the past using NFRC for enhancing the mechanical properties of concrete are given

below:

Hanif et al. [31] carried out an experimental study on nylon fiber reinforced
mortar using fiber content of 0.5%, 1.5% and 2.5% by total weight of mortar. An
enhancement of 19%, 12% and 1% was observed in the compressive, tensile and
flexure strength of cement-based mortar respectively. Khan and Ali [32] conducted
an experimental study on glass fiber reinforced concrete (GFRC) and NFRC with
fiber length of 50mm and with 5% fiber content by mass of cement because from
literature 5% fibers by mass can enhance the mechanical properties of concrete.
The mix design ratio of 1:3.33:1.67 were used. An enhancement of 11% and 5.6%
was observed with GFRC and improvement of 8.4% and 3% was observed with
NFRC in the splitting and flexural strength respectively. A reduction of 2.8%
and 5.8% was observed in the compressive strength using glass and nylon fiber
respectively. Subramanian et al. [12] carried out an experimental research on
NFRC. The mix design ratio of 1:1.5:3 were used with fiber content of 1%, 2%

and 3% by mass of cement. An enhancement of 26% and 110% was observed in
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the compressive and splitting strength respectively with 1% nylon fiber content.
Habib et al. [10] carried out an experimental study on polypropylene, nylon and
glass fiber reinforced mortar. Standard specimens were cast using fiber length of
12mm, 25mm and 37mm with fiber content of 0.5%, 1% and 2% by weight of
cement from each type of fiber. An enhancement of 57% and 62% was observed
in the compressive strength of polypropylene and nylon fiber respectively and a
reduction of 27% was observed in the compressive strength of glass fiber, with
25mm fiber length and 2% fibers content. An improvement of 146%, 148% and
106% was observed in the flexure strength of polypropylene, nylon and glass fiber
respectively by 25mm fiber length and 2% fiber content. The tensile strength of
nylon and polypropylene fiber was improved 27% and 21% and a little reduction
of 13% was observed in the tensile strength of glass fiber mortar, with 25mm
fiber length and 2% fiber content. Song et al. [13] conducted an experimental
investigation on NFRC for evaluating the mechanical properties of concrete. The
mix design of 1:2.8:3.5, with fiber content of 0.6 by volume fraction were used.
An improvement of 12.4%, 17.1%, 5.9% and 19% was observed in the compressive
strength, splitting tensile strength, modulus of rupture and in the impact resistance
respectively. Jagannathan et al. [33] carried out an experimental research on
NFRC. The mix design ratio of 1:1.22:2.8 with 45mm fiber were used. Standard
specimens were casted with different fiber content ratio of 0.5%, 1% and 1.5%
by volume fraction. An enhancement of 7.54%, 9.68% and 12.5% were noted in
compressive strength, splitting tensile strength and in flexure strength respectively

by 1% fiber content.

2.4 Design of Selected Deep Beam Using ACI-
Code

The deep beam having 150 mm (width), 300 mm (height) and 900 mm (length)
has been selected. The maximum load carrying capacity (shear strength) of the

selected deep beam has been computed using shear strength equation of ACI [34].
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The strut and tie method of [34] is used to calculate the longitudinal bottom steel.
The selected diagonal strut and longitudinal tie truss model is shown in Figure
2.2. The force demand in the strut and tie is calculated using method of joints.

All design parameters, force demand and area of longitudinal and stirrups steel to

meet the demand is given in Table 2.2.

S0 kN

Shmm

-

" 100 | 700mm 100

FIGURE 2.2: Truss of deep beam

The designed longitudinal steel reinforcement and stirrups for RCC, NFRC-4%,
and NFRC-5% deep beam samples given in table 2.2 are shown in Figure 2.3.

2#2 [ 24
4 : » L]
300mm Nataxs:
\ L] ‘
2#4
2#4 #2@5"cle
900mm 150mm

FI1GURE 2.3: X-section and Longitudinal Section showing reinforcement Detail
of deep beam



TABLE 2.2: Deep Beam Design Parameters

MINIY dUNIDLIJLT

Deep Beam Descriptions Values Equations and Reference

parameters

b Width of beam 150mm —

d Depth of beam 250mm —

L Length of beam 900mm —

¢s Strength reduction factor in shear 0.75 —

fc’ Cylinder compressive strength at 28 days 16.5 MPa Taking average of three tested cylinders

Vu The maximum shear carrying capacity 97 kN Vu < ¢s ¥10*y/f’*b*d [34]

ob Strength reduction factor in bending 0.9 [34]

0 Angle b/w strut and tie 35.53° Calculated by tangent ratio of perpendicular/base of
the strut and tie truss in Figure-2

Bs Strength reduction factor for strut 0.75 Taken from [34] Table 23.4.3

fy Yield strength of steel 276 MPa Grade-40 steel

Fnt Force in tie 61.6 kN Calculated by method of joint of truss.

Ast Area of steel 2-#4 =226mm? [34], Fnt=Ast*fy i.e. Ast=Fnt/fy

QT



fce

WS

Wb

Acs

Fns

Anz

Fnn

fce

Effective compressive strength for strut

Width of strut

Width of beam
Area of trust
Strength of strut

Area of node

Strength of node

Strength reduction factor for nodes

Effective compressive strenght for nodes

10.5 MPa

135 mm

150 mm
20250 mm?
160 kN

22500mm?

193 kN CCT, 242 kN CCC

node. Fnn=fce*Anz

pn=0.8 for CCT node,
Bn=1 for CCC node

11.25 MPa at CCT node, 14
MPa at CCC node

Calculated by [32] equation fce=0.85*3s*fc’

Calculated by [34] equation. ws=wt*cosf+1b*sinf,
wt is the thichness of strut and 1b is the width of

bearing plate

Calculated by [34] equation
Calculated by [34] equation. Fns=¢*fce*Acs

The bearing plate of size (150*150mm) was used as
Anz

[34] Load at CCT 45 kN < 193 kN. ok Load at CCC
90 kN < 242 kN. ok

Taken from table 23.9.2. of [34]

Calculated by Eq (fce= 0.85* gn*fc) of [34]

MINIY dUNIDLIJLT
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Stirrup
Rienforce-

ments

Equation Y (Asi/bs*si) *sina > 0.003. Asi
is the Area of steel, bs is the width of strut
(135mm), si is the selected spacing 125mm
and sin is the angle 54.47°

Ast =56.54 mm? Using 2
legged vertical stirrups #2,
@25mm C/C were provided.

[34] clause 23.5.3. If fc < 41.3 MPa then minimum

stirrups will be provided.

MINIY dUNIDLIJLT

LT
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2.5 Summary

It is known from the literature that fibers can be effectively used to improve the
mechanical properties and the load carrying capacity (shear strength) of concrete
deep beams. Most of the research studies are conducted on artificial fibers. Among
all artificial fibers only steel and glass fibers are investigated for possible shear
strength enhancement of deep beams [5,30]. Synthetic fibers have better properties

to absorb more energy in case of earthquake.

To the best of the author’s knowledge, nylon fiber has not been investigated yet
for shear strength enhancement of deep beams. The performance of nylon fibers
in concrete deep beams for shear strength and ductility enhancement need to be
investigated. Due to better mechanical properties and ductile behavior, the nylon
fiber is investigated in this research program for possible enhancement of shear
strength and ductility of deep beams. The nylon fibers are cheap and abundantly
availability in the market. For controlling the crack propagation in mechanical
properties and in deep beams, the crack width of approximately bmm were con-
sidered to be controlled by 25mm fiber. Therefore, the present research, focuses
on the experimental evaluation of NFRC deep beams with mix design ratio of
1:2.5:3.5 (cement, sand and aggregate). Due to limited scope of work, the most
common design mix ratio being used in the country of author in structural com-
ponents, has been selected in this preliminary and relative research investigation.
Lot of work still needs to be done to arrive at the practical solution. Therefore, it
has been recommended in the thesis recommendation section to use different high

strength concrete mixes with varying fiber percentages far an optimum result.

Studying the literature, it was found that the smaller length of fiber, enhances
the concrete compressive strength and other mechanical properties [12,13]. Some
previous studies [12,13] used 19mm nylon fiber which enhances the concrete me-
chanical properties. Zia and Ali [16] and Khan and Ali [32] used nylon fiber
with 50mm length in which the concrete compressive strength was reduced up-to

6 and 31% respectively. Habib et al. [10] used nylon, polypropylene and glass
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TABLE 2.3: CoS, SpS, and MoR of PC, by GFRC, JFRC, NFRC, and PPFRC
Previous Studies

Sr. Concrete Mix Fiber  Fiber per- CoS SpS MoR References
No type design length  centage % % % in-
in- in- crease

crease crease

1 PC — — — — — — —
2 NFR 13 38mm  0.5%°, 19 12 1 [31]
Morter 1.5%¢, 2.5%¢
3 NFRC 1:3.33:1.67 50mm 5% 5.8, 84, 3,56 [32]
& 28 11
GFRC
4 NFRC 1:1.5:3 19mm  1%°,  2%b, 26 110 — [12]
3%
5 PPFRC 1:1.5 12mm, 0.5%° 1%’ 75.13, 21, 148, [10]
Mor- 25mm, 2%° 75,10 21, 150,
tar, 38mm -1.9 112
GFRC
mor-
tar,
NFRC
mor-
tar
6 NFRC 1:2.8:3.5 19mm 0.6%* 124 171 5.9 [13]
7 NFRC 1:1.22:2.8 45mm 0.5%% 1%, 7.45 9.68 12.5 [33]
1.5%
8 JFRC, 1:3:1.5 50mm 5% -36, -21, 8, 10, [16]
NFRC, 231, -11, 34
PPFRC 1 5

Note: ¢ content by volume fraction of concrete, ® content by mass of cement and © content by
total mass of concrete.
fiber successfully with 25mm fiber length which also enhances the mortar mechan-
ical properties. Since we are not using nylon fiber exclusively as an alternate to
reinforcing bars in spanning member. Our aim was to enhance the mechanical
properties, such as compressive strength and splitting tensile strength, which con-
tributes to enhancement of shear strength. Nylon fibers with 45mm or greater
length will be better to use in spanning members. However, small length of fiber
needs to be explored. Just to start with, 25mm length of fiber (which is near
to 19mm) has been selected based on literature given in the table 2.3. It can be
seen from table that desired mechanical properties have been increased using the

relatively small fiber length (19mm). Therefore it is recommended to use different
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fibers lengths in future for optimum result. First, the basic mechanical properties
of PCC, NFRC-4% and NFRC-5% were determined by casting and testing con-
crete cylinders and beamlets. The prototype concrete deep beam samples were
then cast and tested with PCC, NFRC-4% and NFRC-5% to evaluate the load
carrying capacity at first flexure and diagonal cracks and at ultimate failure, the

cracking behavior, deflection and ductility of deep beams.



Chapter 3

Experimental Program

3.1 Background

The demand of fibers has been increasing in todays era for improving the me-
chanical properties of concrete. Fiber reinforced concrete (FRC) mainly enhances
the splitting strength, energy absorption, toughness index and flexural strength.
In this study, efficiency of nylon fiber for improving the mechanical properties of
concrete and shear strength of concrete deep beams is investigated in detail by
experimental testing. In following chapter, concrete components, preparation of
nylon fibers, mix design and costing procedure, preparation of deep beam samples,
concrete specimens and testing procedure of concrete specimens are explained in

detail.

3.2 Concrete Components

In concrete ingredients, locally accessible best quality cement, fine aggregate,
course aggregates and tap water were used for casting of PCC samples. For the
preparation of NFRC-4% and NFRC-5% samples, 4% and 5% of nylon fiber were

added in PCC respectively. The maximum size of coarse aggregate was 20 mm.

21
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3.3 Preparation of Nylon Fibers

Locally available nylon fibers are usually in the form of long ropes, hence, acquire-
ment of fiber in the desired size (i.e. 25mm) is a difficult task. For preparation of
fibers, all the fibers were first separated from the rope and then cut into the re-
quired specific length of 25 mm [10]. All fibers were then washed and cleaned with
water. The diameter of nylon fiber was 0.21 mm. Nylon fibers cut into specific

length are shown in Figure 3.1a and 3.1b.

—O
=
=

T
05

(a) ' (b)

FIGURE 3.1: (a) Nylon fiber of 25mm length and (b) 0.21mm diameter

3.4 Mix Design and Casting Procedure

The mix design ratio for (PCC) was 1:2.5:3.5 for cement, fine aggregate and well
graded course aggregates, respectively. Water cement ratio of 0.60 was used to
ensure proper work-ability of concrete [18]. The mix design for NFRC was similar
to that of PCC with the addition of 25 mm long nylon fibers by content of 4%
and 5% according to the mass of cement. The electric concrete mixer was used for
mixing. All ingredients of concrete were placed in the mixer pan in three layers.
In first layer, course aggregates were placed, then fiber ware dispersed manually
above them, followed by fine aggregates and finally cement was added. This laying

procedure was repeated for the 2nd and 3rd layer.
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The concrete mixer was run for three and half minutes. Then about 1/3rd portion
of the total required water was added to the mixer, and the concrete mixer was
run for three and half minutes again. The mixing process was observed carefully to
avoid balling of fibers and segregation of concrete ingredients. During the mixing,
some balls were formed in the concrete mix, they were dispersed and the mixer
was again rotated for more than two minutes. After this procedure, the concrete
mix was observed to be in good condition as shown in Figure 3.2, which shows
the top view of the NFRC mix. Slump test for each sample was conducted before

pouring into molds.

FiGURE 3.2: NFRC mix

The slump of PCC, NFRC-4% and NFRC-5% was found to be 25mm, 16mm and
6mm respectively, however, the NFRC samples were in workable condition despite
of low slump. All the samples, were poured into molds in three layers and each
layer was tempted 25 times and then the molds were lifted up-to 150mm height
and dropped for self-compaction, in-order to avoid air voids. All concrete samples

were kept in water for 28 days.
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3.5 Mix Design and Casting Procedure of Deep

Beams

In order to determine the behavior of deep beams with the Nylon Fiber Reinforced
Concrete (NFRC), deep beam specimens of PCC, RCC, NFRC-4% and NFRC-
5% with and without reinforcement were casted using the locally available cement,

sand, aggregate, drinking water, and nylon fibers.

The same design mix, which was used for the preparation of basic mechanical
properties evaluation samples, was used for the preparation of deep beams. 25 mm

nylon fibers with 4% and 5% by mass of cement were also added in NFRC. The

mixing process was same as adopted for basic mechanical properties of concrete.

3.6 Concrete Specimens

Concrete cylinders, having diameter and height of 100 mm and 200 mm, respec-
tively, and beam-lets 100 mm wide, 100 mm height and 450 mm long, respectively
were casted for PCC and NFRC samples. A set of three samples for each specimen
(PCC and NFRC) were casted. A total of 18 cylinders (6 each for PCC, NFRC-4%
and NFRC-5%) and 9 beams (3 each for PCC, NFRC-4% and NFRC-5%) were
prepared. All samples were labeled accordingly as PCC and NFRC. Figure 3.3
shows the detail of different concrete cylinders and beam specimens. In addition
the prototype concrete deep beam samples having size of 150 mm width, 300 mm
depth and 900 mm, length were casted for PCC, RCC, NFRC-4% and NFRC-5%
respectively. Wooden molds were prepared and used for the preparation of deep

beam samples.

Total 12 deep beams, two specimens each for PCC, RCC, NFRC-4% and NFRC-
5% were casted with and without steel reinforcement respectively. Two steel bars
of 12mm diameter were placed at bottom, two steel bars of 6mm diameter were

placed at top and for stirrups reinforcement 6mm diameter bar at 125mm c/c were
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PCC NFRC
1:2.5:3.5:0.6 Samples dimensions 1:2.5:3.5:0.6 with 4% & 5% fiber Proposdeedteprrrﬁ?neg(tjy Bl
100mm dia and 200mm height content
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» Compressive strength
» CEmax, CEtotaI, CTl
» Cracking behavior

The deep beam sample without steel
reinforcement is already casted by A.K
Sachan & Rao (1990).
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FiGure 3.3:

Detail of Concrete Specimens

provided in RCC, NFRC-4% and NFRC-5% deep beams samples. All specimens

were poured in three layers and each layer were tempted properly with rods. After

24 hours, all the specimens were demolded and placed in water tank for curing

up-to 28 days and tested for determination of deep beam properties according to

ASTM standards.
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3.7 Testing Procedure of Concrete Specimens

Compressive behavior, compressive strength and energy absorption, splitting be-
havior, splitting strength and energy absorption, flexural behavior, flexural strength
and energy absorption are determined. Shear strength of deep beams, the load

capacity at first flexure and diagonal crack and toughness index are determined.

3.7.1 Testing for Mechanical Properties
3.7.1.1 Slump and Density Test

Slump cone tests were conducted to find out and to compare the workability of
PCC with NFRC. Standard slump cone test was conducted as per ASTM standard
[35]. PCC and NFRC were tested for density as per ASTM [36].

3.7.1.2 Compressive Strength Test

The compressive strength and compressive behavior of standard specimens were
tested in the STM according to ASTM standard [37] with a loading rate of 0.30
MPa/s. Standard specimens were properly caped with plaster of paris for uniform
distribution of load. The stress strain curve, energy absorption and toughness

index were calculated from the test results.

3.7.1.3 Splitting Tensile Strength Test

Standard specimens were tested for splitting-tensile strength, splitting-tensile be-
havior and energy absorption etc. All the specimens of PCC and NFRC were
tested in STM as per ASTM standard [38] by a loading rate of 1.2 MPa/m.
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3.7.1.4 Flexure Strength Test

Flexure strength test of beam-lets samples was conducted in STM as per ASTM
standard [39] with a loading rate of 1.2 MPa/m. In flexure strength test, modulus
of rupture (MoR), toughness index, energy absorption and flexure behavior were

determined.

3.7.2 Testing Procedure of Deep Beams

After 28 days of curing, deep beam samples were properly dried in sun for at least
one day and were cleaned from the dust. The grids with 25mm x 25mm mesh were
marked on both side faces of deep beam samples for clear observation/marking of
shear and flexure cracks. The loading plane on deep beams was properly leveled
with plaster of paris to equally distribute the load. The casted deep beam samples
were tested by a loading rate of 1.2 MPa/m, in STM according to ASTM standard
[39]. Hooks were provided in deep beam for lifting and proper placing of deep
beam samples in STM. For samples shifting, a small weight lifter was used. The
deep beam samples were placed 1 by 1 on the weight lifter and then shifted to
STM lab. The detail, can be seen from figure 3.6a. The deep beam samples have
approximately 105 Kg weight, so placing of these samples manually was also a
difficult task. For proper placing of samples and preventing STM from damage,
special care was taken. For placing purposes, a small-scale hydraulic crane was
used. Before lifting samples with hydraulic crane, first ropes were attached in deep
beam hooks and then these samples were accurately lifted and placed in STM. The
safety of lab personnel was insured using proper, lab safety gear. The detail can be
seen from figure 3.6b. The steel bearing plates of size 150x150x10 mm were used at
the top center point and at the supports to prevent local failure. The center point
load was applied. The deep beam sample ready for testing is shown in Figure 3.6d.
The quasi-static load at the rate of 1.2 MPa/m as per ASTM [39] was applied till

the complete failure of the beam. The cracking behavior was recorded with the on
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camera. The load-deflection curve and load-time curve, generated by the machine,

were obtained.

FIGURE 3.4: a) Weight lifter, b) Small-scale hydraulic crane, ¢) STM, d) Placed
Sample in STM

From the load-deflection curve, stress-strain curve, first flexure and diagonal crack
loading capacity, ultimate load carrying capacity (shear strength), deflection, tough-

ness index, energy absorption were determined for all deep beam samples.

3.8 Summary

PCC specimens were casted with a mix design ratio of 1:2.5:3.5:0.6. The nylon
fibers with 4% and 5% by mass of cement were added in concrete to prepare NFRC
by using same mix design ratio. The steel bars of diameter 6mm and 12mm were
used as top and bottom reinforcement respectively in concrete deep beams. For
stirrups 6mm steel bar at 125mm ¢/c were used in concrete deep beams. Total 12

deep beams samples, 18 cylinders and 9 beam-lets samples were tested to determine
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the load carrying capacity (shear strength) of deep beams and to determine the

compressive, splitting and flexural strength of concrete.



Chapter 4

Experimental Results Evaluation

4.1 Background

The chapter comprises of the evaluation of experimental results based on mechan-
ical properties and shear strength properties of deep beams. For the preparation
of concrete mix, mix design ratio of (1:2.5:3.5:0.6) was used for PCC and NFRC
samples. All the ingredients were same in concrete mix, only nylon fibers were
added with a ratio of 4% and 5% for the preparation of NFRC mixes. For ref-
erence, PCC was used. For determining the compressive, splitting, and flexural
properties, an average of three values were taken according to ASTM standards
for PCC and NFRC samples. The observed crack pattern of deep beam and load-
deflection curve, the deflection at mid span and loads was presented in detail in
this chapter for deep beam samples with and without reinforcements. It may be
noted that the quantity of sand was taken more in the mix design to properly mix
the fiber in the concrete and to achieve proper workability because fiber reduce the
workability of concrete. The second reason of using more sand was to grab fiber
in concrete mix. Special care was taken in concrete mixing; fibers were manually
dispersed in concrete. Experimental results of mechanical properties of concrete

and the results of deep beam samples are discussed in detail in this chapter.

30
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4.2 Testing of Mechanical Properties

4.2.1 Slump and Density Test

The slump cone test was conducted for fresh concrete. In the 3rd column of Table
4.1 the slump test values for PCC and NFRC samples are shown. It was observed
that the workability of PCC was more than NFRC using same W/C ratio of 0.6.
This might be due to the reason that fiber tends to hold and retain the concrete
ingredients. As compared to PCC, the slump was reduced by a value of 9 mm and
19 mm for NFRC-4% and NFRC-5%, respectively. The reduction was 36% and
76% respectively when compared to PCC using same W /C ratio. The reduction
of workability trend with NFRC was similar to that reported in literature.

Standard test method was adopted for calculation of densities according to ASTM
standard [36]. The volume were taken physically for the samples of PCC and
NFRC. Values are shown in the 4th column of Table 4.1. The addition of fibers
in NFRC increased the densities of NFRCs when compared to PCC.

The reason of this increase was better mixing and compaction of NFRC sam-
ples. The densities of PCC, NFRC-4% and NFRC-5% were 2377.4 kg/m?, 2395.8
kg/m? and 2426.5 kg/m?, respectively. An increase of 18.4 kg/m?® and 49.1 kg/m?
was noted in densities of NFRC-4% and NFRC-5% respectively. The densities
of NFRC-4% and NFRC-5% were increased by 0.76% and 2% respectively when
compared to PCC.

TABLE 4.1: Water-cement ratio, slump, and density of PCC, NFRC-4%, and

NFRC-5%
Concrete Water cement ratio  Slump (mm) Density (kg/m?)
type
pPC 0.6 25 23774
NFRC-4% 0.6 16 2395.8

NFRC-5% 0.6 6 2426.5
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4.2.2 Compressive Behavior

During testing, compressive behavior of PCC, NFRC-4% and NFRC-5% specimens
were observed. Figure 4.1 shows initial cracks, peak load cracks and rupture/ulti-
mate load cracks for PCC, NFRC-4% and NFRC-5%. Following have been noted;
(i) position and size of initial cracks, (ii) number, position and size of cracks at
maximum load, (iii) position, size and number of cracks at the rupture/ultimate
load. The initial cracks in the samples of PCC, NFRC-4% and NFRC-5% were
noted at 89%, 93% and 95%, respectively of the peak load. Cracks of NFRC
samples were smaller than that of PCC. The length and size of initial cracks in
the PCC, NFRC-4% and NFRC-5% were nearly 30 mm, 25 mm and 20 mm, re-
spectively. The cracks numbers, lengths and widths at the maximum load were
much smaller in case of NFRC in comparison to PCC. At the maximum load,
sizes of cracks were observed length-wise and were observed as 75 mm, 65 mm and
60 mm for PCC, NFRC-4% and NFRC-5% specimens, respectively. During rup-
ture/ultimate loading, the sizes of cracks in the samples of PCC, NFRC-4% and
NFRC-5% were increased up-to 90 mm, 80 mm and 75 mm in length, respectively.
During the testing, it was noted that PCC samples were broken in two pieces,
whereas the samples of NFRC were observed to be ductile and tough. The use
of nylon fibers reduces crack length, width and effectively controls deformation.
Additionally, use of fibers also controls spalling of the concrete. In PCC samples,
large cracks were observed where weak particles were present but in case of NFRC
specimens, this phenomenon was not observed because the fibers control and dis-
tribute cracks in specimens. At rupture/ultimate loading, the fibers were observed
to be pulled-out from their position, but not broken. In case of NFRC-4%, the
fiber breaking to pull-out ratio was almost 20:80 and in NFRC-5%, this ratio was
nearly 15:85. From these observations, it can be concluded that nylon fibers can be
effectively used in concrete and only enhancement in their bonding with concrete
mix is needed. This bonding effect of fibers can be controlled by using additives

and surface treatment of fibers.
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PC NFRC-4% NFRC-5%

Initial cracks

Cracks at the
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FIGURE 4.1: Cracks formation in the samples of PC, NFRC-4% and NFRC-5%
under compressive load

4.2.2.1 Compressive Strength, Compressive Energies and Compressive

Toughness Index

Figure 4.2 shows the compressive stress-strain curves of PCC, NFRC-4% and
NFRC-5%. The compressive strength (CoS) is the peak value of stress-strain

curve.
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FIGURE 4.2: Stress-strain curve of PCC and NFRC-4% and NFRC-5% from
compressive strength tests

The energy absorbed up-to first crack (CE1) was calculated by measuring area un-
der the stress-strain curve up-to first crack load. The energy absorbed from first
crack till end of cracks is considered (CE2) and calculated from the area under
stress strain curve from first crack load to the rupture/ultimate load. The total
energy absorbed from starting point till end point of stress-strain curve was con-
sidered as compressive total absorbed energy (CToE). The compressive toughness
index (CTol) was calculated from the total compressive energy/energy absorbed
up-to the first crack. Table 4.2 shows CoS, Strain (eo), CE1, CE2, CToE and CTol
of PCC, NFRC-4% and NFRC-5%. The CoS of PCC, NFRC-4% and NFRC-5%
were 15.71 MPa, 13.63 MPa and 15.24 MPa, respectively. The CoS of NFRC-
4% and NFRC-5% decreased by 2.08 MPa and 0.47 MPa (13.23% and 2.99%)
respectively, as compared to PCC. The nylon fibers which fill the gap between
aggregates having low compressive strength could be reason of less compressive
strength in case of nylon fibers concrete. Nylon fibers being low-density material
imparts in heterogeneousness of concrete mix design up-to some extent, this may
be the reason for low compressive strength. Third possible reason is that due to

addition of nylon fibers, cement percentage in the mix design is relatively less,
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which may cause a low compressive strength value. Strain (eo) at the highest
stress was 0.0056, 0.0060 and 0.0070 for PCC, NFRC-4% and NFRC-5%, respec-
tively. The value of strain was increased by 7.14% and 25% in case of NFRC-4%
and NFRC-5%, respectively in comparison to PCC. The enhancement of strain
in NFRC show that nylon fibers have better elongation ability. This elongation
can reduce the spalling of concrete and hold concrete particles from falling down
in case of failure and thus precious lives can be saved before the conversion of a

potent condition/hazard to a disaster.

The values of CE1 were 0.042 MPa, 0.028 MPa and 0.052 MPa for PCC, NFRC-
4% and NFRC-5%, respectively. The values of CE1 was reduced by 0.014 MPa in
case of NFRC-4% and increased by 0.01 MPa in case of NFRC-5% as compared
to PCC. The CE2 were 0.076 MPa, 0.19 MPa and 0.14 MPa of PCC, NFRC-
4% and NFRC-5%, respectively. By comparing the values of CE2 with PCC, an
enhancement of 0.114 MPa and 0.063 MPa was noted in NFRC-4% and NFRC-
5%, respectively. The CToE were 0.118 MPa, 0.217 MPa and 0.191 MPa of PCC,

TABLE 4.2: CoS, co, CEl, CE2, CToE, and CTol of PCC, NFRC-4%, and
NFRC-5%

Concrete type

Parameters PCC NFRC-4% NFRC-
5%
CoS (MPa) 15.71 13.63 15.24
co (-) 0.0056 0.0060 0.0070
CEl 0.042 0.028 0.052
CE2 0.076 0.19 0.14
CToE 0.118 0.217 0.191
CTol 2.8 7.8 3.6

NFRC-4% and NFRC-5%, respectively. Comparing the CToE values with PCC,
an enhancement of 0.099 MPa and 0.073 MPa was noted in case of NFRC-4%
and NFRC-5%, respectively. This enhancement is due to fibers, that increase the
energy absorption ability of concrete. The CTol were 2.8, 7.8 and 3.6 of PCC,
NFRC-4% and NFRC-5%, respectively. These details are provided in Table 4.2.
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After comparing the CTol with PCC, an enhancement of 5 and 0.8 in NFRC-4%
and NFRC-5% was observed, respectively.

The size of cracks has been reduced due to fibers. The probable cause of high
CTol is the presence of fibers which provided resistance to cracks and enhanced
the CTol, energy absorption and ductility of concrete. The results of CoS, CEl,
CToE and CTol for PCC, NFRC- 4% and NFRC-5% are shown in Figure 4.3.
A reduction of 33.3% was observed in CE1 of NFRC-4% and an enhancement of
23.8% was noticed in the CE1 of NFRC-5% respectively as compared to PCC. An
enhancement of 150% and 82.8% was noted in CE2 of NFRC-4% and NFRC-5%,
respectively in comparison to PCC. An enhancement of 83.8% and 61.8% was
noted in CToE of both NFRC-4% and NFRC-5%, respectively in comparison to
PCC.
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FIGURE 4.3: Comparison of CoS, CE1, CToE and CTol, of PCC, NFRC-4%
and NFRC-5%

The values of CTol in case of NFRC-4% and NFRC-5% were increased up-to
180% and 31.1%, respectively as compared to PCC. An enhanced value of CE1,
CE2, CToE and CTol were observed in case of NFRC-5%. This shows that nylon
fibers have the capability to increase the shear resistance, reduce cracks, improve
ductility and load carrying capacity (shear strength) of concrete, when used in

concrete deep beams.
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4.2.3 Splitting-tensile Behavior

The cracks observed during the splitting-tensile test under initial load, peak load
and rupture/ultimate load are shown in Figure 4.4 for PCC, NFRC-4% and NFRC-
5%. During the testing of PCC, NFRC-4% and NFRC-5% samples, the behavior
was critically observed. Figure 4.4 (a) - Figure 4.4 (c) show the initial cracks in the
samples of PCC, NFRC-4% and NFRC-5%. The initial cracks were observed at
100%, 94% and 96% of the peak load for PCC, NFRC-4% and NFRC-5% samples

respectively.

PC NFRC-4% NFRC-5%

Initial

cracks

Cracks
at the

peak
load

Cracks
at the

rupture/
ultimate

load

FIGURE 4.4: Cracks formation under splitting-tensile test in the samples of
PCC, NFRC-4% and NFRC-5%.
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This means that the PCC samples were broken in two pieces suddenly, whereas the
NFRC samples show resistance to cracks and remained intact after initial cracks.
At the maximum load, however, the crack sizes were increased in the specimens
of NFRC-4% and NFRC-5%. This can be observed from the Figure 4.4 (d) -
Figure 4.4 (f). The crack sizes were 65 mm and 75 mm in specimens of NFRC-4%
and NFRC-5%, respectively at this stage. At the rupture/ultimate loading, the
cracks sizes were increased to 75 mm and 85mm in the specimens of NFRC-4%
and NFRC-5%, respectively. This cracking behavior can be observed from the
Figure 4.4 (g) - Figure 4.4 (i). The cracks in PCC samples were observed to be
large and suddenly appeared, thus samples of PCC were broken suddenly within
half of a second. The cracks in the specimens of NFRC were observed to be small
and equally distributed over the specimen surface. This behavior explains that the
use of fibers in concrete reduce cracks formation and their propagation. The fibers
also reduce the brittle behavior of concrete and increase the toughness of concrete.
Furthermore, the samples were not broken into two pieces. After detailed visual
examination, it was observed that the fibers were mostly pulled-out. The ratio
between the fiber breaking and pull-out was approximately 25:75 in the NFRC
samples. The fibers bond strength can be increased by using some admixtures or

treatment of fibers.

4.2.3.1 Splitting-tensile Strength, Splitting-tensile Energy Absorption

and Toughness Index

Splitting-tensile load-time curve is shown in Figure 4.5. The splitting-tensile
strength (SpS) was observed as the peak value in load-time histories. The splitting-
tensile energy (SpE1) absorbed up-to the first crack was calculated by area under
the load-time curve. The splitting-tensile energy absorbed (SpE2) after first crack

till rupture/ultimate load was also calculated by area under the curve.

The initial load crack and the peak load crack was observed at the same time in
case of PCC samples. PCC samples were fully broken in two pieces. The total
absorbed energy of splitting-tensile strength (SpToE) was calculated from the total
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FIGURE 4.5: Load-time curve of PCC, NFRC-4%, and NFRC-5% of splitting-
tensile test

area under the load time curve. The splitting-tensile toughness index (SpTol)
was calculated from the ratio of total energy absorbed and the energy absorbed
up-to initial cracks (SpToE/SpEl). Table 4.3 shows the results of SpS, SpEl,
SpE2, SpToE and SpTol for PCC, NFRC-4% and NFRC-5%. The SpS of PCC,
NFRC-4% and NFRC-5% were 2.18 MPa, 2.84 MPa and 2.61 MPa, respectively.
The increase of 0.66 MPa and 0.43 MPa were noted in SpS for the specimens of
NFRC-4% and NFRC-5%, respectively in comparison to PCC. The results of SpE1l
are 1678.91 kN-s, 2230.01 kN-s and 1838.25 kN-s for PCC, NFRC-4% and NFRC-
5% respectively. By comparing the results of PCC and NFRC, an enhancement of
551.1 kN-s and 159.34 kN-s in the SpE1 of NFRC-4% and NFRC-5% was observed,
respectively. The detail is provided in Table 4.3.

Fibers enhanced the SpE1 of NFRC-4% and NFRC-5%. In case of NFRC-4%, the
initial energy absorption capacity, resistance to cracks formation and propagation
was more than PCC and NFRC-5%. The results of SpE2 for PCC, NFRC-4% and
NFRC-5% were 00 kN-s, 623.65 kN-s and 535.09 kN-s, respectively. Comparing the
results SpE2 of PCC to NFRC specimens, it was observed that the enhancement

was more than 100 times in case of NFRC samples. This enhanced value of SpE2
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TABLE 4.3: SpS, SpE1l, SpE2, SpToE, and SpTol of PCC, NFRC-4%, and
NFRC-5%

Concrete type

Parameters PCC NFRC-4% NFRC-5%
SpS (MPa) 2.18 2.84 2.61

SpE1 (kN.s) 1678.91 2230.01 1838.25
SpE2 (kN.s) 00 623.65 535.00
SpToE (kN.s) 1678.91 2853.65 2373.34
SpTol (-) 1.0 1.28 1.29

for NFRC sample shows that fibers absorbed energy after first crack, and show
better resistance to cracks formation. This better behavior of fibers increase the
load carrying capacity (shear strength) of deep beams and change brittle behavior
to ductile behavior. The results of SpToE are 1678.91 kN-s, 2853.65 kN-s and
2373.34 kN-s for PCC, NFRC-4% and NFRC-5%, respectively. The comparison of
the results of SpToE of PCC to NFRC samples, show an enhancement of 1174.74
kN-s and 694.43 kN-s for NFRC-4% and NFRC-5%, respectively. The results of
SpTol for specimens of PCC, NFRC-4% and NFRC-5% were 1.0, 1.28 and 1.29,
respectively. An enhancement of 0.28 and 0.29 was observed in case of NFRC-4%
and NFRC-5%, respectively as compared to PCC. NFRC has increased SpTol due
to its high crack resistance capability and consequently the ductility. Figure 4.6
shows the results of SpS, SpE1, SpToE and SpTol for PCC, NFRC-4% and NFRC-
5%, respectively. As compared to PCC, an enhancement of 30.27% and 19.72%
was noted in the SpS of NFRC-4% and NFRC-5%, respectively. Comparing the
results of SpE1 of PCC to NFRC samples, an increase of 32.82% and 9.49% was
noted in case of NFRC-4% and NFRC-5%, respectively. Comparing the values of
SpE2 of PCC to NFRC, an increase of 623.65% and 535.09% in case of NFRC-
4% and NFRC-5% was observed, respectively. Comparing the results of SpToE
of PCC to NFRC samples, an increase of 69.96% and 41.36% was noted in case
of NFRC-4% and NFRC-5%, respectively. Comparing the results SpTol to PCC,
an enhancement of 28% and 29% was noted in case of NFRC-4% and NFRC-
5%, respectively. After analyzing all the results of NFRC samples, it can be

concluded that NFRC samples increased the energy absorption, toughness indexes,
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and reduced the brittle characteristics of concrete due to the presence of fibers.
Comparing the results of NFRC 4% and NFRC 5%, it can be noted that NFRC-
4% can offer better resistance to crack formation and can effectively enhance the
shear resistance capability of deep beams. Figure 4.6 shows the results of SpS,
SpE1, SpToE and SpTol for PCC, NFRC-4% and NFRC-5%, respectively. As
compared to PCC, an enhancement of 30.27% and 19.72% was noted in the SpS of
NFRC-4% and NFRC-5%, respectively. Comparing the results of SpE1 of PCC to
NFRC samples, an increase of 32.82% and 9.49% was noted in case of NFRC-4%
and NFRC-5%, respectively. Comparing the values of SpE2 of PCC to NFRC,
an increase of 623.65% and 535.09% in case of NFRC-4% and NFRC-5% was
observed, respectively. Comparing the results of SpToE of PCC to NFRC samples,
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FIGURE 4.6: Comparison of SpS, SpE1, SpToE and SpTol, of PCC, NFRC-4%
and NFRC-5%

an increase of 69.96% and 41.36% was noted in case of NFRC-4% and NFRC-5%,
respectively. Comparing the results SpTol to PCC, an enhancement of 28% and
29% was noted in case of NFRC-4% and NFRC-5%, respectively. After analyzing
all the results of NFRC samples, it can be concluded that NFRC samples increased
the energy absorption, toughness indexes, and reduced the brittle characteristics
of concrete due to the presence of fibers. Comparing the results of NFRC 4%
and NFRC 5%, it can be noted that NFRC-5% can offer better resistance to
crack formation and can effectively enhance the shear resistance capability of deep

beams.
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4.2.4 Flexural Behavior

Figure 4.7 shows the behavior and formation of cracks at initial load, peak load,
and at rupture/ultimate load in the small beam samples of PCC, NFRC-4% and
NFRC-5%. Figure 4.7 (a) - Figure 4.7 (c) show the behavior of beam samples
at initial cracks of PCC, NFRC-4% and NFRC-5%. The initial cracks appeared
approximately at the 100%, 94% and 92% of the peak load in the samples of
PCC, NFRC-4% and NFRC-5%, respectively. The cracks sizes were critically
observed and found 12mm, 9mm and 7mm in the samples of PCC, NFRC-4%
and NFRC-5%, respectively. Visual observation pointed out that the PCC beam
samples were fully broken in two parts, whereas the NFRC beam samples were
not broken into parts and remained intact due to the effect of nylon fibers. When
load was further increased, the sizes of cracks were also enlarged in NFRC-4% and
NFRC-5%. At peak load, the observed cracks lengths in the samples of NFRC-
4% and NFRC-5% were 85 mm and 79 mm, respectively. Figure 4.7 (e) and
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FIGURE 4.7: Cracks formation under flexural test in the samples of PCC,
NFRC-4% and NFRC-5%
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Figure 4.7 (f) show cracks in the samples of NFRC-4% and NFRC-5%. Near the
rupture/ultimate load, cracks lengths were nearly 91mm and 87mm in NFRC-4%
and NFRC-5%, respectively. The detail is shown in Figure 4.7 (h) and Figure 4.7
(i). For the observation of fibers failure, the specimens were critically observed
visually. During assessment of fiber fracture and pull-out in the NFRC samples, it
was found that fiber pull-out ratio was nearly at 35:65. It can be concluded that
nylon fibers were well distributed and show better result under flexure test. The
fiber pull-out mechanism can be minimized by surface treatment and using some

admixture in FRC.

4.2.4.1 Modulus of Rupture, Total Absorbed Energies and Toughness

Index

The load-deflection curves of flexure strength test are shown in Figure 4.8. For
calculating the modulus of rupture (MoR), the first crack load value in the load-
deflection of flexural test was used. For calculating the flexural absorbed energy
up-to initial crack (FE1), the area under load-deflection curve up-to initial crack
was used. It was noticed during flexural testing that PCC samples were fully

broken in two pieces at initial cracks.
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FIGURE 4.8: Flexure load-deflection curves of PCC, NFRC-4% and NFRC-5%
from flexural test
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For calculating the energy after initial cracks till rupture/ultimate loading (FE2),
the area under load-deflection curve from initial cracks till rupture/ultimate load
was used. For calculating the flexural total absorbed energy (FToE), the area
under load-deflection curve from staring point till end was used. The flexural
toughness index (FTol) was calculated from flexural total absorbed energy divided
by flexure energy absorbed up-to flexural first cracks (FToE/FE1). Table 4.4 shows
the results of MoR, FE1, FE2, FToE and FTol for PCC, NFRC-4% and NFRC-
5%. The MoR of PCC, NFRC-4% and NFRC-5% were 3.88 MPa, 4.37 MPa and
4.61 MPa, respectively. The MoR of NFRC-4% and NFRC-5% were enhanced
by 0.49 MPa and 0.73 MPa, respectively, as compared to PCC. The deflection
(Ao) was noted down at the maximum load in PCC, NFRC-4% and NFRC-5%.
The deflections were 2.23 mm, 2.28 mm and 2.63 mm for PCC, NFRC-4% and
NFRC-5%, respectively. The greater value of Ao was noted in case of NFRC-5%
when compared to the other concretes. The first reason behind the greater Ao
is the equal dispersion of fibers and fibers pull-out in case of NFRC-5%. The
second reason is higher percentage of nylon fibers in case of NFRC-5% than other
concretes. The values of FE1 were 7.36 kN-mm, 7.64 kN-mm and 9.47 kN-mm
in the samples of PCC, NFRC-4% and NFRC-5%, respectively. The FE1 was
compared to PCC and an enhancement of 0.28 kN-mm and 2.11 kN-mm was
noted in case of NFRC-4% and NFRC-5%, respectively. The detail is shown in
Table 4.4.

TABLE 4.4: MoR, Ao, FE1, FE2, FToE, and FTol of PCC, NFRC-4%, and
NFRC-5%

Concrete type

Parameters PCC NFRC-4% NFRC-5%
MoR (MPa) 3.88 4.37 4.61

Ao (mm) 2.23 2.28 2.63

FEI (kN.mm) 7.36 7.64 9.47

FE2 (kN.mm) 00 17.41 26.23
FToE (kN.mm) 7.36 25.05 35.7

FTol (-) 1 3.27 3.76

The reason behind the enhanced value in FE1 was the better random dispersion
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of fibers that reduces and resists the crack formation and propagation and en-
hances the load carrying capacity of beam-lets. The FE2 were 0 kN-mm, 17.41
kN-mm and 26.23 kN-mm, for PCC, NFRC-4% and NFRC-5%, respectively. The
FToE were 7.36 kN-mm, 25.05 kN-mm and 35.7 kN-mm in the samples of PCC,
NFRC-4% and NFRC-5%, respectively. The FToE of NFRC-4% and NFRC-5%
was enhanced by 17.69 kN-mm and 28.34 kN-mm respectively in comparison to
PCC. The FTol of PCC, NFRC-4% and NFRC-5% were 1, 3.27 and 3.76, respec-
tively. The FTol were enhanced by 2.27 and 2.76, respectively for NFRC-4% and
NFRC-5% as compared to PCC. Enhanced energy absorption up-to first crack
were observed in FRC samples. The nylon fibers reduce the cracks formation
and enhance the toughness index and ductility of concrete. Figure 4.9 shows the
comparison of MoR, FE1, FToE and FTol for PCC, NFRC-4% and NFRC-5%.
The MoR of NFRC-4% and NFRC-5% were increased by 12.62% and 18.81%,
respectively to PCC.
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FIGURE 4.9: Comparison of MoR, FE1, FToE, and FTol, of PCC, NFRC-4%
and NFRC-5%.

The results of FE1 was also compared with PCC and an improvement of 3.8%
and 28.66% was noted in NFRC-4% and NFRC-5%, respectively. The FToE was
found to be increased by 240.35% and 385% in NFRC-4% and NFRC-5%, respec-
tively. The FTol of NFRC-4% and NFRC-5% were increased by 227% and 276%,
respectively. In conclusion, both the NFRC-4% and NFRC-5% increase the MoR,
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FE1, FToE and FTol, but the result of NFRC-5% was better than NFRC-4%.
Now considering the enhanced flexural properties of NFRC-5%, fibers can be ef-
fectively used in concrete deep beams for enhancing the load carrying capacity
(shear strength), reducing shearing cracks and reducing brittle behavior of deep

beams.

4.3 Crack Pattern and Propagation, Deflection,
Energy Absorption, First and Final Crack
Loading Capacity of PCC Deep Beams With
and Without Fibers

The crack propagation in each sample of PCC deep beam (DBPC), NFRC deep
beams with 4% fiber (DBNFC-4%) and NFRC deep beams with 5% fiber (DBNFC-
5%) was carefully recorded during the testing using high resolution camera. The
first flexural crack in DBPC, DBNFC-4% and DBNFC-5% specimens was appeared
at 42.17 kN, 56.2 kN and 44.47 kN load respectively. The length of the crack was
initially 200 mm, 180 mm, and 160 mm respectively in DBPC, DBNFC-4% and
DBNFC-5% specimens. This crack propagated towards the mid loading point
with increase in load. The DBPC samples were broken in two pieces suddenly
after appearance of first flexure crack, whereas NFRC samples took some time
after first crack and were remained intact even when sample stop taking further
load. An improvement of 33.27% and 5.45% was observed in the load carrying
capacity of deep beam for DBNFC-4% and DBNFC-5% respectively as compared
to DBPC. Better random dispersion of nylon fibers was believed to resist the crack
formation and enhance the load carrying capacity (shear strength) of deep beam.
The deflection (Ao) at first crack loading points in deep beams are 1.3 mm, 1.9 mm
and 2.4 mm for DBPC, DBNFC-4% and DBNFC-5% respectively. Improvement
of 47.7% and 84.6% was observed in the deflection at first loading crack, for the
specimens of DBNFC-4% and DBNFC-5% respectively when compared to DBPC.
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FIGURE 4.10: Initial cracks, highest load cracks and final load cracks in DBPC,
DBNFC-4% and DBNFC-5%

The deflection enhancement of deep beam samples shows that the NFRC can

change the brittle behavior of concrete to ductile behavior and increase the shear
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strength. Nylon fibers delayed the formation and propagation of cracks in deep
beam samples. The details of initial cracks, highest load cracks and final load

cracks are shown in Figure 4.10.

4.3.1 Ultimate Strength, Shear Absorbed Energies/Total
Absorbed Energies and Shear Toughness Index of
PCC Deep Beams With and Without Fibers

The load-deflection behavior of DBPC, DBNFC-4% and DBNFC-5% are shown
in Figure 4.11. The ultimate load carrying capacity (shear strength) of deep
beam samples were 42.17 kN, 56.2 kN and 44.47 kN for DBPC, DBNFC-4% and
DBNFC-5% respectively. An enhancement of 33% and 5.4% was observed in the
ultimate load carrying capacity (shear strength) of DBNFC-4% and DBNFC-5%
respectively when compared to DBPC. The load at first crack in load-deflection
curve was used for MoR calculation. The MoR was calculated to be 4.18 MPa,
5.53 MPa and 4.35 MPa for DBPC, DBNFC-4% and DBNFC-5% respectively.
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FIGURE 4.11: load-deflection behavior of DBPC, DBNFC-4% and DBNFC-5%

An improvement of 32.29% and 4.06 was noted in the MoR of DBNFC-4% and
DBNFC-5% respectively as compared to that of DBPC. The deep beam absorbed
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energy up-to first crack (DBFE1) were 18.56 kN-mm, 38.62 kN-mm and 25.3 kN-
mm for DBPC, DBNFC-4% and DBNFC-5% respectively. An enhancement of
108% and 36.3% was observed in the DBFE1 for DBNFC-4% and DBNFC-5%
respectively. The reason of enhancement of DBFEL1 is the better random disper-
sion of fiber. The energy absorbed in deep beams after first crack till last crack
(DBFE2) are 0 kN-mm, 85.75 kN-mm and 152.2 kN-mm for DBPC, DBNFC-4%
and DBNFC-5%, respectively. An improvement of 8575% and 15220% is observed
in the DBFE2 for DBNFC-4% and DBNFC-5% respectively as compared to DBPC.
A greater improvement of DBFE2 in case of fibers indicates highly ductile nature
of NFRC in flexure. The deep beam total absorbed energy (DBTE) was calcu-
lated using total area under the load-deflection curve. The deep beam toughness
index (DBTI) was calculated by total absorbed energy/energy absorbed up-to first
crack. Table 4.5 shows the details of result. The DBTE were 18.56 kN-mm, 124.37
kN-mm and 177.5 kN-mm for DBPC, DBNFC-4% and DBNFC-5%, respectively.
The DBTE of DBNFC-4% and DBNFC-5% was enhanced by 570% and 856%

TABLE 4.5: Ultimate load, Ao, MoR, DBFE1, DBFE2, DBTE, and DBTI of
DBPC, DBNFC-4%, and DBNFC-5%

Concrete
type
Parameters DBPC DBNFC- Percentage  DBNFC- Percentage
4% increase in 5% increase in
comparison comparison
to DBPC to DBPC
Maximum Load 42.17 56.2 33.2 44.47 5.4
(kN)
Ao (mm) 1.3 1.92 47.6 2.4 84.6
MoR (MPa) 4.18 5.53 32.29 4.35 4.06
DBFE1 18.75 38.62 108 25.3 36.3
(kN.mm)
DBFE2 00 85.75 8575 152.2 15220
(kN.mm)
DBTE (kN.mm) 18.56 124.37 570 177.5 856
DBTI (-) 1 3.22 222 7.02 602

respectively in comparison to that of DBPC. The DBTI of DBPC, DBNFC-4%
and DBNFC-5% were 1, 3.22 and 7.02 respectively. The DBTI were enhanced by
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222% and 602% for DBNFC-4% and DBNFC-5% respectively when compared to
DBPC. Significant improvement in DBFE1, DBFE2, DBTE, DBTI, deflection and
the ultimate load carrying capacity was observed in case NFRC deep beams. The
percentage enhancement is graphically shown in Figure 4.12. The enhancement
in the above-mentioned properties shows that nylon fibers can be effectively used
in Reinforced cement concrete (RCC) deep beam to enhance their shear strength

capacity, ductility and serviceability.
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FIGURE 4.12: Comparison of PCC, DBFE1, DBTE, and DBTI, of DBPC,
DBNFC-4% and DBNFC-5%.

4.4 Crack Pattern and Propagation, Deflection,
Energy Absorption, First and Final Crack
Loading Capacity of PRC Deep Beams With
and Without Fibers

The crack propagation in each samples of plain reinforced concrete (PRC) deep

beams (DBPRC), DBNFRC-4% and DBNFRC-5% was carefully observed during
testing. The first flexural and diagonal crack in DBPRC was appeared at a load
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of 125.4 kN and 150.8 kN respectively. The first flexure crack propagated towards
the support with the increase in load. The length of this crack was initially 150
mm which was further increased with the increase in load. The first flexure and
diagonal crack in DBNFRC-4% was observed at a load of 158.8 kN and 185.4 kN
respectively. The length of initial diagonal (shear) crack was 130 mm, started from
the right bottom support of deep beam sample and propagated towards mid-point
load with further increase in the load. The first flexure crack in the specimens of
DBNFRC-5% was observed at a load of 127.9 kN. The first initial shear cracks in
the specimens of DBNFRC-5% was observed at a load of 168 kN. The length of this
shear crack was initially 110 mm, started from top loading point and progressed
towards right support with further increase of the load. An improvement of 22.94%
and 11.25% was observed in the first diagonal crack loading capacity of deep beams
for DBNFRC-4% and DBNFRC-5% respectively as compared to DBPRC. The
deflection at first diagonal cracks at loading point of deep beam samples were
observed to be 3.31 mm, 3.94 mm and 6.51 mm for DBPRC, DBNFRC-4% and
DBNFRC-5% respectively. Improvement of 19% and 96.6% was observed in the
deflection at first diagonal loading crack for the specimens of DBNFRC-4% and
DBNFRC-5% respectively when compared to DBPRC. This enhancement in the
deflection show that DBNFRC can significantly enhance the ductile behavior of
DBPRC to more ductile behavior. Nylon fibers were also observed to reduce the
cracks formation and propagation. At failure, PRC sample got crushed under
loading point, whereas nylon fiber reinforced samples remained intact even when
it stopped taking further load. Nylon fibers dissipate and distribute (because
in FRC the cracks sizes were reduced and energy absorption was enhanced) the
energy from one point to the other and act as a crack arrester in concrete. Due to
this, tensile strength of concrete and ductility of NFRC was increased. The detail
of initial cracks, highest load cracks and final load cracks are shown in Figure 4.13

and 4.14.
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FIGURE 4.13: Initial cracks, highest load cracks and final load cracks in
DBPRC, DBNFRC-4% and DBNFRC-5%
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FIGURE 4.14: Initial cracks, highest load cracks and final load cracks in
DBPRC, DBNFRC-4% and DBNFRC-5%
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4.4.1 Ultimate Strength and Total Absorbed Energies of
PRC Deep Beams With and Without Nylon Fibers

The load-deflection behavior of DBPRC, DBNFRC-4% and DBNFRC-5% are
shown in Figure 4.15. First crack load in load-deflection curve was used for MoR
calculation. The MoR was calculated to be 12.44 MPa, 15.75 MPa and 12.68
MPa for DBPRC, DBNFRC-4% and DBNFRC-5% respectively. An enhancement
of 26.6% and 1.92% was observed in MoR of DBNFRC-4% and DBNFRC-5%
respectively as compared to that of DBPRC.
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FIGURE 4.15: load-deflection behavior of PRC, DBNFRC-4% and DBNFRC-
5%

The absorbed energies were calculated using area under load deflection curve at
first crack (DBFEL), first crack to last crack (DBFE2), and total area under the
curve (DBTE) shown in Figure 4.14. The deflection at the highest load points
were noted as 7.82 mm, 11.86 mm and 14.15mm for DBPRC, DBNFRC-4% and
DBNFRC-5% respectively. An improvement of 51.6% and 80.9% was observed
in the deflection of DBNFRC-4% and DBNFRC-5% respectively as compared to
DBPRC. The absorbed energy up-to first crack (DBFE1) were calculated to be
119.6 kN-mm, 213.37 kN-mm and 153.71 kN-mm for DBPRC, DBNFRC-4% and
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DBNFRC-5% respectively. An enhancement of 78.4% and 28.52% was observed
in the DBFE1 for DBNFRC-4% and DBNFRC-5% respectively.

TABLE 4.6: Ao, First flexure crack load, First diagonal crack load, Ultimate
load of deep beam, MoR, DBFE1, DBFE2, DBTE, and DBTI of DBPRC,
DBNFRC-4%, and DBNFRC-5%

Concrete
type
Parameters DBPRC DBNFRC-  Percentage = DBNFRC-  Percentage
4% increase in 5% increase in

comparison comparison
to DBPRC to DBPRC

First flexure crack 125.4 158.8 26.63 127.9 2

load (kN)

First flexure crack 2.6 3.4 30.76 5.5 111.5

load Ao (mm)

First diagonal 150.8 185.4 22.94 167.9 11.34

crack load (kN)

First diagonal 3.3 3.9 18.18 6.5 96.96

crack load Ao

Maximum Load 213.92 265.2 23.98 233.6 9.2

(kN)

Maximum load 7.82 11.86 51.66 14.15 80.94

Ao

MoR (MPa) 12.44 15.75 26.6 12.68 1.9

DBFE1 (kN.mm) 119.6 213.37 78.4 153.71 28.52

DBFE2 (kN.mm)  3010.37 6101.13 102.67 4990.55 65.77

DBTE (kN.mm) 3129.98 6314.51 101.74 5144.27 64.35

DBTI (—) 26.16 29.59 13.11 33.46 27.9

The deep beam energy absorption after first crack till last crack (DBFE2) were cal-
culated to be 3010.37 kN-mm, 6101.13 kN-mm and 4990.55 kN-mm for DBPRC,
DBNFRC-4% and DBNFRC-5% respectively. An improvement of 102.6% and
65.7% was observed in the DBFE2 for DBNFRC-4% and DBNFRC-5% respec-
tively as compared to DBPRC. The deep beam total absorbed energy (DBTE)
was calculated using total area under the load-deflection curve. The deep beam
toughness index (DBTI) was calculated by total absorbed energy /energy absorbed
up-to first crack. Table 4.6 shows the PRC deep beam details for first flexural crack

load, first diagonal crack load, ultimate load carrying capacity (shear strength) of
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deep beam, deflection, DBFE1, DBFE2, DBTE and DBTI for DBPRC, DBNFRC-
4% and DBNFRC-5%. It can be inferred that the NFRC deep beams shall behave
in ductile manner for low strain rate loading due to increase in DBFE2, whereas
they will also behave well for impact type of loading due to increased DBTI.
The ultimate load carrying capacity (shear strength) of deep beam samples were
213.92 kN, 265.2 kN and 233.6 kN for DBPRC, DBNFRC-4% and DBNFRC-5%
respectively. An enhancement of 23.9% and 9.2% was observed in the ultimate load
carrying capacity (shear strength) of DBNFRC-4% and DBNFRC-5% respectively
when compared to DBPRC.
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FIGURE 4.16: Comparison of Shear strength, DBFE1, DBTE, and DBTI, of
DBPRC, DBNFRC-4% and DBNFRC-5%.

Improved results of DBFE1, DBFE2, DBTE, DBTI, deflection and the ultimate
load carrying capacity was observed in case of nylon fiber beams. The percentage
enhancement is shown graphically in Figure 4.16. The enhanced results in the
above-mentioned properties suggests that the nylon fibers can be effectively used
in concrete deep beams to enhance the ultimate shear strength carrying capacity,

ductility, reduction of cracks in terms of numbers and formation.
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4.5 Summary

The mechanical properties, the load carrying capacity at first flexure crack of deep
beam, the load carrying capacity at first diagonal crack of deep beam and the load
carrying capacity at highest load of deep beam were determined for PCC, NFRC-
4% and NFRC-5%. Improvement of 0.7% and 2% was noted in the density of
NFRC-4% and NFRC-5% respectively when compared to PCC. An enhancement
of 30.23% and 19.72% was seen in the splitting tensile strength for NFRC-4% and
NFRC-5% respectively when compared to PCC. An enhancement of 20.87% and
22.16 was noted in the flexure strength of beamlets samples for NFRC-4% and
NFRC-5% respectively when compared to PCC. A small reduction was observed
in slump and compressive strength of NFRC when compared to PCC. An im-
provement of 33.2% and 5.4% was noted in the ultimate load carrying capacity
(shear strength) for DBNFC-4% and DBNFC-5% respectively when compared to
DBPC. An enhancement of 26.6% and 2% was observed in the first flexure crack
loading capacity of DBNFRC-4% and DBNFRC-5% respectively when compared
to DBPRC. An improvement of 22.9% and 11.3% was observed in the first diag-
onal crack loading capacity of DBNFRC-4% and DBNFRC-5% respectively when
compared to DBPRC. An enhancement of 23.9% and 9.2% was observed in the ul-
timate load carrying capacity (shear strength) of DBNFRC-4% and DBNFRC-5%
respectively when compared to DBPRC.



Chapter 5

Discussion

5.1 Background

The results of experimental testing for compressive strength, splitting tensile
strength, flexural strength, in the load carrying capacity (shear strength) of deep
beams with and without reinforcement are discussed in detail in chapter 4. Sig-
nificant enhancement in the splitting tensile strength, flexure strength, in the load
carrying capacity (shear strength) of deep beams with and without reinforcements
and in the energy absorption capacity was observed when compared to PCC. The
relationship between material properties and deep beams are discussed in this
chapter. The design strength of deep beam and experimental loading strength of
deep beam are discussed in this chapter. The ductility and failure crack patterns

of concrete deep beams are discussed in this chapter.

5.2 Relationship in Deep Beams and Material
Properties

The concrete mechanical properties play an important role in enhancing the con-

crete strength in flexure and in shear. The shear behavior of concrete deep beams

58
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could be related to diagonal cracks. When the diagonal tension stresses reach the
tensile strength of concrete, a diagonal crack appears [23]. Concrete compressive
strength is used for code-based design of deep beams [34]. The tensile strength
and compressive strength of concrete can be increased by using fiber [40]. Using
fibers, the energy absorption and ductility can be enhanced [5]. The shear cracks
of concrete deep beams can be controlled if the tensile strength of concrete is
enhanced [19]. Thus, tensile strength plays an effective role in controlling shear
cracks of the deep beams. The heavy loads and other earthquake loads can cause
bending stresses in concrete members. The cracks due to this kind of loading can
be controlled by enhancing their pre-crack energy absorption capacity [18]. The
energy absorption capability can be enhanced by using fibers. The brittle behav-
ior of concrete structure is also one of the reason of cracks. For controlling this
effect, the concrete toughness index and energy absorption should be enhanced
[41]. Tt is evident from literature that fibers can be effective in enhancing the

basic properties and consequently the member strengths.

In light of above points, the concrete mechanical properties are tested with in-
corporation of nylon fibers. The inclusion of nylon fibers enhanced the concrete
compressive energy absorption and splitting tensile strength which ultimately en-
hanced the load carrying capacity (shear strength) of deep beam. As the mode of
failure in the strut of deep beam is diagonal compression and tension, therefore,
the nylon fibers can enhance load carrying capacity of deep beam strut towards
diagonal compression and tension failure. The inclusion of nylon fibers in concrete
controlled the crack propagation as compared to that of PCC which in turn en-
hanced the capacity of deep beam strut towards the cracks propagation and sizes.
The flexure strength of beam-let samples has increased with inclusion of nylon
fibers, which ultimately improved the load carrying capacity of deep beam. The
use of nylon fibers in concrete also changed the behavior of concrete from brittle
failure to ductile failure, hence the brittle failure of deep beam can be controlled.

The detail of enhanced basic mechanical properties is shown in table 5.1.
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TABLE 5.1: Improved material properties with inclusion of nylon fibers

S.No. Description Related basic mechani- Percentage increase or decrease in
cal property this study
1 Diagonal cracks Tensile strength of con- Increased by 30.2% and 19.7%
[23] crete [SpS] with NFRC-4% and NFRC-5%
respectively
2 Design of deep Compressive strength Decreased by 13.2% and 2.99%
beam [34] [CoS] with NFRC-4% and NFRC-5%
respectively
3 Bending/flexural MoR Increased by 12.6% and 18.8%
cracks [18] with NFRC-4% and NFRC-5%
respectively
4 Diagonal cracks Pre-crack energy ab- The CE1 decrease by 33.3%
[diagonal com-  sorption with NFRC-4% and increase
pression and by 23.85% with NFRC-5%.
diagonal ten- The SpEl increased by 32.82%
sion] [23] and 9.49% with NFRC-4% and
NFRC-5%, respectively.  The
FE1 increased by 3.8% and
28.66% with NFRC-4% and
NFRC-5%, respectively
5 Brittle behavior Ductility/Toughness The Ctol increased by 180% and
[41] index 31.1 with NFRC-4% and NFRC-

5%, respectively. The SpTol in-
creased by 28% and 29% with
NFRC-4% and NFRC-5%, re-
spectively. The FTol increased
by 227% and 276% with NFRC-
4% and NFRC-5%, respectively

5.3

Ductility of Concrete Deep Beams

Shear failure is the probable mode of failure in deep beams due to the dominancy of

shear deformation. The strength of structural elements below the flexural capacity

is reduced due to shear failure, therefore, this type of failure is normally considered

undesirable. It also reduces the ductility considerably. Because of the allowance

for stress redistribution and provision of early warning before the brittle failure,

ductility is considered a desirable structural property. Ductility is defined as the

failure that is started due to yield in steel bars and large deformation without any

decrease in load bearing capacity. As in deep beams, normally shear failure occurs

which is brittle in nature and gives no warning before failure. In order to avoid

such type of failure, ductility of deep beams need to be enhanced [21].
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TABLE 5.2: Toughness index of material properties and deep beams.

Concrete

type
Parameters PC NFRC-4%  Percentage NFRC-5%  Percentage

enhancement enhancement

CTol 2.8 7.8 180 3.6 31.1
SpTol 1 1.28 28 1.29 29
FTol 1 3.27 227 3.76 276
DBPC-TI 1 3.22 222 7.02 602
DBPRC-TI 26.16 29.59 13.11 33.46 279

Ductility is measured in terms of energy absorption which is the area under load
deflection curve [21]. Ductility is basically toughness index of concrete. For en-
hancing the ductility of concrete, nylon fibers have been used in this study. An
improvement of 180% and 31.11% is noted in compressive toughness index of
NFRC-4% and NFRC-5% respectively when compared to PCC. By comparing the
splitting tensile toughness index for PCC and NFRC, an improvement of 28% and
29% is noted in of NFRC-4% and NFRC-5%, respectively. An improvement of
227% and 276% is noted in the flexure toughness index of NFRC-4% and NFRC-
5% respectively when compared to that of PCC. An improvement of 295% and
621% was observed in the deep beam toughness index of DBNFC-4% and DBNFC-
5% respectively when compared to DBPC. An enhancement of 13.11% and 27.9%
in the deep beam toughness index of DBNFRC-4% and DBNFRC-5% respectively
as compared to DBPRC. The detail is shown in table 5.2.

5.4 Reason of Difference b/w Theoretical and

Experimental Loading of Deep Beams

Deep beams are normally used in transfer girders in high-rise building and bridges
etc. The failure of these building components is brittle in nature and more catas-
trophic, that’s why the Factor of Safety (FoS) is kept higher in deep beam design
by ACI Code. The design of deep beam is governed by design of tie. However in
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experimental studies, it observed that failure is governed by crushing/splitting of
strut compression member, and concrete is stronger in compression that’s why the
experimental load of deep beam is greater than the theoretical load. If we observe
the value of strength reduction factor (¢) in strut and tie model of deep beam,
that is 0.75 (ACI Table 21.2), this is also a reason of higher experimental load.
In accordance with ACI clause 23.5.3 minimum stirrups reinforcement should be
provided if fc < 6000psi. These stirrups may have contributed to enhancement of

experimentally load carrying capacity [42].

TABLE 5.3: Load comparison of NFRC, SFRC+GFRC, SFRC+PPFRC deep

beams.

Parameters

Concrete Type Design First flex- First diag- Maximum % increase References

load ure <crack omnal crack Load in compari-
kN load (kN) load (kN) (kN) son to PC
DBPRC 90 125.4 150.8 213.9 — Current
study
DBNFRC-4% 90 158.8 185.4 265.2 23.9 Current
study
DBNFRC-5% 90 127.9 167.9 233.6 9.2 Current
study
DBPRC 75 — 340 380 — Kulkarni
et al [5]
SFRC+GFRC 75 — 450 520 36.8 Kulkarni
1.3%+0.3% et al [5]
DBPRC 75 — 300 415 — Shaikh et
al [30]
SFRC+PPFRC 75 — 375 695 67 Shaikh et
1.3%+0.3% al [30]

As shown in table 5.3, the maximum load carrying capacity (shear strength) has
been increased by 23.9% and 9.2% for DBNFRC-4% and DBNFRC-5% respec-
tively as compared to that of DBPRC. Kulkarni et al. [5] used steel and glass
fibers in combination for enhancing the concrete deep beam shear strength and
an enhancement of 32.3% in first crack, 36.8% in ultimate load carrying capac-
ity (shear strength) was observed. Shaikh et al. [30] used steel and polypropylene
in concrete deep beam for enhancing the shear strength and an enhancement of

25% in first crack, 67% in ultimate load carrying capacity was observed. Although,
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enhancement in load carrying capacity (shear strength) with nylon fiber is low as
compared to steel with glass fiber, steel with polypropylene fiber, but the nylon
fiber is cheaper than steel, glass and polypropylene fiber.

5.5 Failure Mode/pattern of Deep Beams

All the beams were tested under one-point loading. The failure occurred in flexure
and diagonal shear. Typical cracks pattern and modes of failure are shown in
Figure 5.1. In all deep beam samples with and without reinforcement, cracks
started as flexural cracks, at the middle bottom of deep beams. The first flexural
crack was appeared at highest load in DBPC, thats started from bottom portion
and propagate towards upper portion in deep beam. In this case, the deep beam
was suddenly broken in two pieces due to brittle failure. The nylon fibers enhanced
the load carrying capacity (shear strength) and changed the behavior from brittle
to ductile failure. The nylon fibers enhanced the flexure load carrying capacity of
deep beams up-to 33% and 5.4% with DBNFC-4% and DBNFC-5%, respectively,
and 26% and 2% in flexure with DBNFRC-4% and DBNFRC-5%, respectively.
But in this case the cracks length and width were smaller than DBPC samples.
The cracks were propagated upward when load increased. The DBNFRC was not
broken in two pieces because the fibers keep intact the concrete, and changed the

nature of failure from brittle to ductile.

T
AUARRY

Flexure Failure DBNFC

=y 3

= - U R

Flexure Failure DBPRC Flexure Failure DBNFRC

FIGURE 5.1: Cracks patterns of deep beam nylon fiber samples with and with-
out reinforcements.
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In the DBPRC samples, initial diagonal cracks appeared when load was further
increased, the numbers and sizes of diagonal cracks were increased with the in-
crease in load. The failure type was diagonal compression, that was appeared at
middle point between right support and top loading point. The initial cracks in
the DBNFRC samples were smaller in size and numbers. The fibers enhanced
the initial diagonal load carrying capacity of deep beams up-to, 22% and 11%
with DBNFRC-4% and DBNFRC-5%, respectively. When the load was further
increased, new diagonal cracks were appeared at the same region of DBNFRC
samples but in both sides of strut. In these samples, the type of cracks was di-
agonal tension. The fibers enhanced the diagonal tension load carrying capacity
of deep beams up-to, 23% and 9% with DBNFRC-4% and DBNFRC-5%, respec-

tively. Fibers reduced cracks propagation and sizes. Fibers enhanced the highest

Diagonal tension DBNFRC-5% Diagonal tension DBNFRC-5%

FI1GURE 5.2: Cracks patterns of deep beam with nylon fiber samples with and
without reinforcements

loading capacity of deep beams and changed the brittle failure mode to ductile
failure, as shown in figure 5.2, that no spalling of concrete was present in DB-
NFRC samples. Shaikh et al. [30] conducted the experimental study with steel
and polypropylene fiber. The first crack loading capacity was increased with addi-
tion of hybrid fibers percentages. The shear cracks were appeared at bottom face
near the support of deep beam and propagate towards loading point, as load was
increased. Fibers controlled cracks sizes and stopped their propagation. When
the load was increased, new diagonal cracks were produced but shorter in length
as compared to conventional deep beam. All the beams were failed in shear and

considerable enhancement were observed with addition of hybrid fiber percentage
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in the first (38%) and ultimate (67%) loading capacity of concrete deep beam.
The failure type was more ductile in nature as compared to convention concrete

deep beam.



Chapter 6

Conclusion and Future Work

6.1 Conclusions

The different types of FRC are being used nowadays that have the potential to
enhance the mechanical properties of concrete in terms of low shear cracks, en-
hance ductility of concrete and enhance load carrying capacity (shear strength) of
deep beams. The use of fibers for improving the mechanical properties of concrete
is in use since long time. Natural and artificial fibers have the capability to en-
hance the concrete mechanical properties. In current research study, nylon fiber is
experimentally investigated for evaluating their performance in terms of reducing
shear cracks, increasing ductility and enhancing the load carrying capacity (shear
strength) in perspective of deep beams. The evaluation of material properties in-
cludes compressive strength, splitting-tensile strength, and flexure strength. For
reference, PCC samples were used. For the preparation of NFRC, 4% & 5% nylon
fiber was used. The fiber length was 25 mm and a mix design ratio of 1:2.5:3.5
was used for PCC and NFRC. During experimental investigation, following results

have been observed.

e In comparison of NFRC to PCC for the same water cement ratio, the

densities of NFRC-4% and NFRC-5% are improved by 0.76% and 2.06%,
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respectively. In comparison of NFRC to PCC, the slump of NFRC-4% and
NFRC-5% is reduced by 36% and 76%, respectively.

e A reduction of 13.23% and 2.99% in the compressive strength of NFRC-
4% and NFRC-5% is observed, respectively to that of PCC. Comparing the
result of SpS of NFRC-4% and NFRC-5%, an enhancement of 30.27% and
19.72% is observed, respectively in comparison to PCC. By comparing the
results of NFRC to PCC, an enhancement of 12.62% and 18.81% is noted in
the MoR of NFRC-4% and NFRC-5%, respectively.

e By comparing the results of NFRC to PCC, an enhancement of 83.8%, and
61.8% is noted in the total compressive absorbed energy of NFRC-4% and
NFRC-5%, respectively. By comparing the results of total absorbed energy in
splitting-tensile for PCC and NFRC, an enhancement of 69.96% and 41.36%
is noted for NFRC-4% and NFRC-5%, respectively. By comparing the results
of NFRC to PCC an enhancement of 240.3% and 385% is noted in the total
absorbed energy in flexure for NFRC-4% and NFRC-5%, respectively.

e An improvement of 178% and 28.5% is noted in compressive toughness index
of NFRC-4% and NFRC-5%, respectively, when compared to PCC. By com-
paring the splitting tensile toughness index for PCC and NFRC, an improve-
ment of 28% and 29% is noted in of NFRC-4% and NFRC-5%, respectively.
An improvement of 227% and 276% is noted in the flexure toughness index

of NFRC-4% and NFRC-5%, respectively when compared to that of PCC.

e There was significant increase in MoR of NFRC-4% and NFRC-5% samples.
An improvement of 32.29% and 4.06% is observed in the MoR of DBNFC-4%
and DBNFC-5% respectively when compared to DBPC. An improvement of
26.6% and 1.9% is noted in the MoR of DBNFRC-4% and DBNFRC-5%
respectively when compared to DBPRC.

e An improvement of 222% and 602% is observed in the toughness index of
DBNFC-4% and DBNFC-5% respectively when compared to DBPC. An
enhancement of 13.11% and 27.9% is observed in the toughness index of

DBNFRC-4% and DBNFRC-5% respectively as compared to DBPRC.
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e An enhancement of 26.63% and 2% is noted in first crack loading capacity
of DBNFRC-4% and DBNFRC-5% respectively as compared to DBPRC.
An enhancement of 22.9% and 11.3% is observed in the first diagonal crack
of DBNFRC-4% and DBNFRC-5% respectively as compared to DBPRC.
An improvement of 23.9% and 9.2% is observed in the ultimate loading
capacity (shear strength) of DBNFRC-4% and DBNFRC-5% respectively
when compared to DBPRC.

e An improvement of 108% and 36% is observed in DBFE1 of DBNFC-4%
and DBNFC-5% respectively when compared to DBPC. An enhancement of
78.4% and 28.52% is observed in DBFE1 of DBNFRC-4% and DBNFRC-5%
respectively as compared to DBPRC.

e An enhancement of 570% and 856% is observed in total absorbed energy
of DBNFC-4% and DBNFC-5% respectively when compared to DBPC. An
enhancement of 101.7% and 64.3% is noted in the total absorbed energy of
DBNFRC-4% and DBNFRC-5% respectively when compared to DBPRC.

e An enhancement of 47.6% and 84.6% is noted in the deflection of DBNFC-
4% and DBNFC-5% respectively when compared to DBPC. An increase
of 30.76% and 111.5% is observed in the deflection at first flexure crack of
DBNFRC-4% and DBNFRC-5% respectively as compared to that of DBPRC.
An enhancement of 18.18% and 96.96% is noted in the deflection at first di-
agonal crack of DBNFRC-4% and DBNFRC-5% respectively as compared
to that of DBPRC. An enhancement of 51.6% and 80.9% is observed in the
deflection at ultimate crack of DBNFRC-4% and DBNFRC-5% respectively
as compared to DBPRC.

High pre-crack energy absorption capacity in splitting and flexure strength can
control cracks in deep beams as well as enhance its shear strength characteristics.
Comparing these properties for NFRC-4% and NFRC-5%, the NFRC-5% seems to
have more potential to control shear cracks and enhance the load carrying capacity

(shear strength) of deep beams because of the better observed properties.
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The use of nylon fibers in concrete results in a significant increase in first crack
loading capacity, ultimate loading capacity (shear strength), energy absorption
and ductility of deep beams. The nylon fibers reduced the crack sizes, spalling of
concrete and changed the brittle behavior to ductile behavior. Due to improved
results and behaviors of DBNFRC especially, NFRC can be effectively used in con-
crete to enhance the first crack loading capacity and the ultimate load carrying
capacity (shear strength) of deep beams. Due to high pre-crack energy absorption
capacity in deep beams samples, it can control crack propagation in deep beams.
Higher toughness index in case of NFRC deep beam makes them more suitable
in seismically effected area to absorb more energy and to resist earthquake forces
effectively. (As toughness index is basically the ductility of concrete that con-
trols the spalling of concrete particles in case of failure and increase, the energy

absorption of concrete up-to first crack).

6.2 Future Work

Following are the recommendations for future work:
e Nylon fibers need to be investigated with various lengths, percentages and
with different high strength design mixes, for optimum results.
e The durability of nylon fiber in concrete needs to be explored.

e Nylon fiber should be investigated with addition of different types of admix-

tures.
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