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Abstract

The demand for the safety of structures against severe loading (e.g. impact) is
increasing day by day. It becomes more important when it comes to the designing
of important military /nuclear structures e.g. aircraft shelter. Structures safety is
generally associated with the materials used for the construction. Concrete is main
material used for construction but it is very weak in tension. To achieve economy
without compromising the strength requirements, fibers are being used to enhance
concrete’s mechanical properties and impact resistance. However, the effectiveness
of natural fibers in concrete under impact loading needs to be investigated in de-
tail. In this study, behavior of jute fiber reinforced concrete (JFRC) under impact
and dynamic loadings is experimentally investigated. The effectiveness of tension
zone of fiber reinforced concrete (FRC) in reinforcement design is examined ex-
perimentally under impact loading. Small slab panels of plain concrete (PC) and
JFRC, without and with steel reinforcements, are tested for flexural strength and
impact resistance. Simplified drop-weight test is used to find the impact resis-
tance in laboratory. Reinforcement in slab is designed using tension zone of FRC
and its value is compared with ACI design. Dynamic elastic modulus, resonance
frequencies and damping ratios are found for different specimens as per ASTM
standard. Basic mechanical properties are also determined. Cracking behavior of
specimens under different tests is observed. Fracture surface is examined at micro
level through scanning electron microscope (SEM) under impact and flexure loads.
Significant improvement in impact resistance of concrete is seen by incorporation
of jute fibers. Impact resistance of JFRC is enhanced up to 6 times as compared
to PC. Dynamic elastic modulus and damping ratio are also enhanced by 68% and
100%, respectively. Flexure and split-tension strengths are increased by 20% and
8%, respectively. It is concluded that about 30% steel reinforcement in slabs can

be reduced by the use of short jute fibers in concrete.
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Chapter 1

Introduction

1.1 Background

The behavior of slabs under impact loading is an important issue to investigate.
Its importance increases when it comes to structures that are designed to survive
accidental loading and structure exposed to high threats such as military /nuclear
structures (Hrynyk and Vecchio 2014). Aircraft shelter is one of the important
military structure. It is often expected to encounter a missile or rocket attack.
When a missile strikes on aircraft shelter, it will collapse as shown in the figure
1.1 (b). Falling rocks and debris flows are some common mode of impact loads
which are often faced by different structures. Structure safety during such type
of loading is mainly dependent on its impact resistance (IR). IR is the capability
of concrete to resist sudden load without cracking (Muda et al. 2016). Enhanced
IR and maximum energy absorption are the desired properties in concrete. In the
recent times, researches are being done to enhance the impact resistance of struc-
tures. Keeping in view the importance of impact resistance, ACI has reported
different methods to find IR of concrete and concrete based composites in labora-
tory. Among all methods, drop-weight test is the simplified test and can be used
to generate impact load in laboratory to find impact resistance. Impact resistance

can be related to: i) energy absorb to rupture a specimen, ii) number of blows to
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achieve predefined degree of failure in drop-weight test, iii) magnitude of damage.
Number of blows in drop-weight test can also be used for relative comparison of
IR of different specimens (ACI 544.2). Sometimes, dynamic loading is also asso-
ciated with impact load. Structures usually faces severe dynamic loading due to
impact. For example, vehicle crash impact, missile or aircraft impact and shock
and explosion impact (Zineddin and Krauthammer, 2007). Hence, behavior under

impact and dynamic loadings need to be explored.

(a) (b)

FIGURE 1.1: Aircraft shelter: a) before impact and b) after impact.

1.2 Research Motivation and Problem Statement

The demand for the safety of structures against severe loading (e.g. impact) is
increasing day by day. This requires manufacturing of high-performance materials
having superior mechanical properties. But economy of structures should not be
compromised. Fibers are being used for enhancing the concrete’s resistance to

impact loading. Hence, the problem statement is as follows:

“Construction of structures having better resistance to severe dynamic/impact
loading is of great concern. Structures safety is associated with the materials used
for construction. Concrete is main material used for construction but it is very
weak in tension. Tension of concrete is controlled by providing steel reinforce-
ments but it becomes little expensive. To achieve economy without compromising
the strength requirements, fibers are being used which enhances concrete’s mechani-

cal properties and impact resistance. Impact resistance of concrete can be enhanced
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by using jute fibers. There are few researches for the improvement of impact re-

sistance of concrete but no one addresses the possible reinforcement reduction due

to enhanced properties of jute fiber reinforced concrete (JFRC)”.

1.3 Objective and Scope of Work

The overall goal of this research program is to economically manufacture a concrete

having better impact resistance and mechanical properties.

The specific objective of this research is to reduce reinforcement in slabs using

jute fiber reinforced concrete under impact loading along with determination of

mechanical and dynamic properties.

To achieve this objective, scope of work is defined as follows:

1.

il.

1il.

1v.

V1.

Mechanical properties to be determined are compressive strength, split-

tension strength, flexural strength, energy absorption, toughness.
To find the impact resistance, drop-weight test is used.

Resonance frequencies are found to determine the dynamic elastic modulus

and damping ratio.

SEM analysis of JFERC specimens will be used to determine the failure mech-

anisms and bonding of jute fibers.

Based on experimental results, empirical equations will be predicted to de-

termine impact resistance.

Economical reinforcement design of slab will also be suggested by utilizing

tension zone of FRC.
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1.4 Methodology

In this experimental study, the mechanical properties of PC and JFRC will be
determined in lab. The mix design ratio for PC is 1:3:2:0.7 (cement: sand: aggre-
gate: water). 5 cm long jute fibers with a fiber content of 5% by mass of cement
are used for preparing JFRC. The mix design for JFRC is same as that of the
PC. The standard specimens are cast and tested for determining the compressive,
flexural and split- tension strength. Slab panel of size 11”7 x17” x3” arel cast and
tested for flexural strength, energy absorption and impact resistance of PC and

JFRC. Resonance frequencies of all cast specimens are also be determined.

1.5 Thesis Outline

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

Chapter 1 consists of introduction section. Importance of impact resistance 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 impact resistance of concrete by using fibers, improvement in me-
chanical properties of concrete by using fibers, reinforcement design of slab and

summary.

Chapter 3 consists of experimental program. It contains background, ingredients,
concrete preparation procedure, specimens’ details, testing procedures and sum-

mary.

Chapter 4 consists of experimental evaluation. It contains background, results
of testing for mechanical properties (i.e. compressive, split-tension and flexure
strength, behavior and energy absorption), impact testing, resonance testing, SEM

analysis and summary.
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Chapter 5 comprises of discussion. It is divided into background, relationship of
impact resistance with mechanical properties, empirical equations, reinforcement

design and summary.
Chapter 6 includes conclusion and recommendations.
Bibliography is presented right after chapter 6.

Annexures are given at the end. Annexure A explains the results from the testing
of mechanical properties of remaining specimens. Annexure B explains the results
from the testing of impact resistance of remaining specimens. Annexure C consists

of remaining SEM images.
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Literature Review

2.1 Background

Fibers are used to enhance concrete’s toughness and mechanical properties since
ancient time. Fiber reinforced concrete (FRC) has proved to have better frac-
ture/flexural toughness and impact resistance. It also shows better performance
to static as well as dynamic loading. It is the need of the time to explore the
effectiveness of natural fibers for enhancing impact resistance. As natural fibers
are cheap and environment friendly. Jute fiber is one of the natural fiber which
is widely produced in South Asian countries. Furthermore, impact resistance is
an important issue to investigate. There is no well-established standard to find
impact resistance but many researches are done to draw a comparative analysis of

impact resistance of different materials.

2.2 Improvement in Impact Resistance of
Concrete by Using Fibers

Many researches are done on improvement of impact resistance through FRC.

Different procedures were adopted by different researcher to assess the impact

6
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resistance. As there is no standard for experimentally evaluating the impact resis-
tance of specimen. Rahacek et al. (2013) specified two test methods to find impact
resistance. First method is a dynamic test in which load is applied at a rate of 70
mm/s. This high loading rate will act like impact load. Second method specified
was drop-weight test. A weight of 9.5 kg is dropped on specimen and number of
blows were noted till failure. Concrete reinforced with steel fiber were examined
under both methods and improvement in the impact resistance is found as com-
pared to plain concrete. Ueno et al. (2016) evaluated concrete plates enriched with
polypropylene fibers under high velocity impact. It was found that polypropylene
fibers reinforced concrete (PPFRC) has more compressive dynamic strength and
fracture energy as compared to PC. Local failure with scabbing of concrete was
observed in PPFRC plates under impact test. Eftekhari & Mohammadi (2016)
investigated the dynamic behavior of concrete reinforced with carbon nano-tubes
(CNT) under a projectile. It was found that the CNT-reinforced concrete had
less deteriorated area under projectile load. It had more impact resistance and
absorbed energy. Less penetration depth of high velocity projectile was observed
in CNT-reinforced concrete. Hrynyk and Vecchio (2014) investigated the SFRC
slabs under impact loadings. Slabs of size 180x13x13 cm with varying longitudi-
nal reinforcements and steel fibers were tested under drop-weight test. Improved
impact resistance and reduced crack spacing and width was resulted by the in-
corporation of steel fibers. Shear failure was also overserved in slabs contrasting
to flexural failure for which it was designed. Ulzurrun and Zanuy (2017) tested
beam reinforced only with longitudinal reinforcements under drop-weight load. It
was observed that SFRC beams failed due to flexural as compared to PC beams
which failed due to shear. As compared to synthetic fibers, natural fibers are also
being used as reinforcing materials in mud and cement-based composites since an-
cient times. They are also very economical as compared to synthetic fibers. Wang
and Chouw (2017) investigated the effect of coconut fibers on impact resistance
of concrete. Cylinders of size 20x10 c¢cm were tested under single and multiple
drop-weight tests. Change in elastic modulus of coconut fiber reinforced concrete

(CFRC) was evaluated under single drop test. Effect of variable drop height on



Literature Review 8

compressive strength and failure mechanism was investigated under multiple drop
heights. Reduced spalling of concrete was observed in CFRC as compared to PC.
It was found that increasing the impact height, increases the compressive strength
of CFRC. Different failure mechanism was observed under static and impact load-
ing. Zhou et al. (2013) investigated the fracture and impact properties of jute
fiber reinforced cementitious composites (JFRCC). Mortar (not concrete) slabs
panels of size 20x20x2 cm were tested under drop weight test. It was found that
JFRCC had absorbed more blows of drop weight until failure as compared to plain
concrete. This indicates the improvement in the impact resistance of concrete due
to incorporation of short jute fibers. This study lacks in practical point of view as

it did not consider the steel reinforcement and concrete.

2.3 Improvement in Dynamic Properties of

Concrete by Using Fibers

Fibers are also being used for the enhancement in the dynamic properties of con-
crete. Yan and Chouw (2013) investigated the dynamic properties of coir fiber
reinforced concrete (CFRC) cylinders, without and with flax fiber reinforced poly-
mer (FFRP) tube confinement. Specimens were tested as per ASTM C215 to de-
termine the resonance frequencies, dynamic elastic modulus and damping ratios.
Decrease in the resonance frequencies and dynamic elastic modulus of unconfined
CFRC was found as compared to PC. But damping ratios of unconfined CFRC
were increased significantly as compared to PC. Increment of about 280-362% in
the damping ratio of CFRC is observed. Giner et al. (2012) investigated the
dynamic properties of steel and carbon fiber reinforced concrete containing silica
fume. ASTM C215 was used to find the resonance frequencies of prismatic speci-
mens. Dynamic elastic modulus and damping was also found. It was found that
frequencies increased by incorporation of carbon fibers but decreased by incorpo-

ration of steel fibers. Dynamic elastic modulus had also shown similar trend.



TABLE 2.1: Characteristic of different impact loads used by different researchers.

Apparatus Impact Impact Specimen Size
Output Reference
Type Height/Velocity = Weight (mm)
Instrumented Rahacek et al.
10/20 cm 9.5 kg 700x300x50 Strength (blows)
Drop-weight (2013)
Simple Drop- Amusan et al
24.7 cm 14 kg 120 mm?3 Strength (blows)
weight (2017)
Strength (kN)
Instrumented 125x250x2000 Ulzurrun and Zanuy
1.75 m 200 kg and energy absorption
Drop-weight (Beam) (2017)
(kN.m)
Strain, penetration
Steel 500x500x60/80 depth (mm) and Ueno et al.
190-420 m/s 46 g
projectile (Plates) spalling diameter (2016)
(mm)
o Penetration depth Eftekhari and Mohammadi
Projectile 400m/s 300%250 mm
(mm) (2016)
Instrumented 1800%x130x130  Displacement (mm) Hrynyk and Vecchio
3.26 m 150-300 kg
Drop-weight (Slab) and reaction (kN) (2014)
Instrumented 200x100 mm i Wang and Chouw
40/60 cm 40 kg Force (kN) and strain
Drop-weight (Cylinder) (2017)

MINIY dUNIDLIJLT
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Increment in the damping of concrete is also found by incorporation of carbon
fiber. In contrast to carbon fiber, damping reduced due to addition of steel fibers.
Ali et al. (2012) also examined the dynamic properties of coconut fiber reinforced
concrete. Fundamental frequencies, dynamic elastic modulus and damping ratios
were found. These properties were found at different damages stages by repeat-
edly applying the small impact load. Increment in the damping of coconut fiber
reinforced concrete was seen as compared to plain concrete while decrement in
the frequencies was also observed. Damping was increased by increasing the fiber
content and increment was more prominent with the increase in cracking. It was
reported that more cracked section would result more damping. Furthermore,
dynamic elastic modulus of coconut fiber reinforced concrete was reduced as com-
pared to static elastic modulus. There was a difference of 7% in the dynamic and
static elastic modulus. Elastic modulus also tend to decrease with the increment

in the fiber content.

2.4 Improvement in Mechanical Properties of

Concrete by Using Fibers

Jute fiber are being used in concrete to enhance its mechanical properties since
long time. Aziz and Mansur (1988) reported that JFRC can be an effective and
economical material for building construction especially in South Asian countries.
Zakaria et al. (2017) studied the effect of jute fiber as reinforcing material in con-
crete. Specimens of standard size were tested for flexure, compressive and tensile
strengths. Significant improvement in the mechanical properties was observed by
the incorporation of jute fibers. This indicates that jute fiber reinforced concrete
(JFRC) can be an effective material for low cost construction. Zia and Ali (2017)
studied the effect of different fiber for reducing the cracks in canal lining. Behavior
of jute fiber reinforced concrete (JFRC), nylon fiber reinforced concrete (NFRC)
and polypropylene fiber reinforced concrete (PPFRC) was examined for compres-

sion, flexure, split tension and shrinkage. Cylinders and prisms of standard size
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TABLE 2.2: Fiber content, mix design and fiber length used by different re-
searchers for preparing JFRC

Fiber
Fiber Content Mix Design ratio Length References
(mm)
0.1,0.3, 0.5%* 1:2.77: 2.46 20 Razmi and Mirsayar (2017)
5%+ 1:3:15 50 Zia and Ali (2017)
0.6 kg/m? 1:1.74: 3.24 30 Liu et al. (2013)
190%* 1:15:3 40 Chandar and Balaji (2015)
4.4 kg/m? 1:15:27 50 Kundu et al. (2012)
*k : :
o om0 11204 1p  Pactal (0

* ok

Note: * content by weight of miz, content by mass of cement, *** content by volume

fraction of concrete.

were tested. Significant improvement in the energy absorption and toughness of
JFRC is observed with respect to PC. Furthermore, water absorption of JERC was
also increased by 8%. It was concluded that cracks could be significantly reduced
by using fibers in concrete.

Different mix designs were used by different researchers to prepare JFRC with dif-
ferent fiber contents and lengths as shown in Table 2.2. Kundu et al. (2012), Liu
et al. (2013), Chandar and Balaji (2015) and Zakaria et al. (2016) followed the
conventional mix design approach in which content of coarse aggregates was dou-
ble as compared to that of sand. To provide adequate sand for grabbing fibers, Zia

and Ali (2017) used more sand content (double) as compared to coarse aggregates.

2.5 Scanning Electron Microscopic Analysis

Failure surfaces of specimens are analyzed through scanning electron microscope
to study the interfacial bonding of fiber and concrete matrix. Atahan et al. (2013)
investigated the behavior of fiber reinforced cementitious composites (FRCC) spec-
imens under different types of test through SEM. Polyvinyl alcohol (PVA) fibers
were used with different volume fractions to make FRCC. The fractured surfaces
were examined through SEM under flexure and impact test. Specimen has shown

different failure mechanism under flexure and impact test. Fiber pullout was
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prominent under impact load. Same failure mechanism was also seen under im-
pact and static load when low volume fraction of fiber is added. But more fibers
were pulled out under impact load as compared to static flexure load. Tai et al.
(2016) examined the effectiveness of steel fiber reinforced ultra-high performance
concrete under different pull out rates. Failure surfaces of specimens were exam-
ined through SEM after quasi-static and impact tests. Different failure behavior
was seen under static and impact loads. Under quasi-static load, cracks were
produced near fiber surface but in case of impact load, breakage of aggregates oc-
curred. Surface morphology of the hybrid composites made of jute and coir fiber
was one of the studied feature by Saw et al. (2014). Microstructure of jute and
coir fibers were examined through SEM. Nano strands/threads of the jute fiber
were closely bonded due to the presence of intercellular ingredients. These small
intercellular ingredients were equally spread throughout the fiber matrix. Adja-
cent placements of the threads were the reason for the better strength of jute fiber.
Failure surfaces of hybrid composites were also examined under tensile load. Jute
fibers was well immersed in epoxy which resulted in strong bonding of jute fiber
and composite’s matrix. Due to strong bonding of jute fiber, less fiber pulled out

was observed. There was more fiber breakage.

2.6 Reinforcement Design of Slab

Steel reinforcement is normally expensive among all materials used in construc-
tion of slabs. Economy can be achieved if amount of steel reinforcements can be
reduced either by enhancing the tensile concrete’s strength or by increasing the
slab thickness. ACI slab design is based on Whitney (1942) stress strain diagram
shown in Figure 2.1(a). The effect of concrete in tension zone is neglected due to
its low magnitude. But Beshara et al. (2012) reported that the effect of FRC in
tension zone should not be neglected. Whitney stress strain diagram was modified
to incorporate the effect of FRC in the tension side and new design equation was

proposed. Modified stress strain diagram is shown in Figure 2.1(b).
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FIGURE 2.1: Stress Strain Diagram: a) Whitney 1942 and b) Beshara et al.
2012.

Modified design equation proposed by Beshara et al. (2012) for fiber reinforced

concrete is given below:

M, = pbdf,(d — Be/2) + Ty[(d + ¢ — Bc) /2] (2.1)

Where Ty = 1.64v¢(l;/®)bts (Can be directly obtained from experimental results),
t; = tensile strength of fiber, v; = volume fraction and I;/® = aspect ratio of
fiber. The equation was verified through experimental testing of beam under

static flexure load.

There are two options to use Beshara et al. equation for the design of slabs under
impact load. First option is to convert impact load to static load and found
moments through static formula. Second option is to directly find moment due to
impact load. Pham and Hao (2016) presented a bending moment diagram (BMD)
and formula to calculate moment under impact loading. Proposed BMD is shown

in Figure 2.2. Hence moment can simply be calculated by the following formula
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proposed by Pham and Hao (2016).

P L2 4a
M = — —a?- = 2.2
L(1— 4a?/L?) (12 ¢ BL) (22)

—static load
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L{1-4a¥/L?)

FIGURE 2.2: Bending moment diagram under impact and static load (Pham
and Hao 2016).

2.7 Summary

It is well evident from the literature review that fibers can be used to enhance the
impact resistance. Most of the researches are done on synthetic fibers. Synthetic
fibers are normally expensive as compared to natural fibers. Secondly, natural
fibers are environment friendly. Among all natural fibers, only coconut fibers in
concrete (Wang and Chouw 2017) and jute fibers in mortar (Zhou et al. 2013)
were used for impact resistance. The behavior of jute fibers in concrete under
impact loading still needs investigation. Steel rebar design has not been reported
by taking impact load and FRC’s tension zone into consideration so far. As per
authors’ knowledge, no research is conducted on JFRC slabs for impact resistance
and reinforcement reduction in slabs at the same time. Slabs of PC, PRC (PC
with steel rebars), JFRC and JFSRC (JFRC with steel rebars) are tested under

impact and flexure load. Cylinders are also tested for dynamic properties (i.e.
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dynamic elastic modulus, resonance frequencies and damping ratio) and basic
mechanical properties (i.e. compression and split-tension strength). Scanning
electron microscopic analysis is also performed to examine the interfacial bonding

and failure mechanism of jute fibers in concrete.



Chapter 3

Experimental Program

3.1 Background

Use of fibers for enhancing the mechanical properties and impact resistance is
increasing day by day. Increased flexure strength, toughness and energy absorption
are the main advantages of fiber reinforced concrete. Effectiveness of jute fiber for
enhancing the impact resistance is explored through the experimental work. In
this chapter ingredients, concrete preparation procedure, specimens’ details and

testing procedures are explained in detail.

3.2 Ingredients

For the preparation of plain concrete, ordinary Portland cement, local sand, normal
size aggregate and drinking water are used. For preparing JFRC, same ingredient
with addition of jute fibers (JF) having 50 mm length and 0.5 mm diameter are
used. JF are manually cut to the desired length of 50mm. Microstructure of jute
fiber is examined through scanning electron microscope. SEM images of single

jute fiber are presented in Figure 3.1.

16
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It can be noted that jute fiber consists of nano strands which are laid together in
longitudinal direction (refer to Figure 3.1 (b)). By looking at the edge of fiber, it
can be seen that these nano strands are empty. This can be the source of water
absorption capacity of jute fiber. (6 steel rebars of grade 40 are also used for

preparing PRC and JFSRC slabs.

Nano strands

SEM HV: 10.0 kV W 1224 sam 3 3 VEGAS TESCAN

View haid: 260 um Det SE

SEM HWC 10U0 kY WILE 18.40 mm
e flald: 400 pm Dat: SF

FIGURE 3.1: Jute fiber: a) Naked eye view, b) Top surface @ 50um and c)
Edge of fiber @ 50um.
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3.3 Concrete Preparation

Cement, sand, aggregate and water with a ratio of 1:3:2:0.7, respectively, are used
for preparing plain concrete. 50 mm long jute fibers with a content of 5%, by mass
of cement, are used for preparing JFRC. The mix design for JFRC is the same as
that of the PC. More ratio of sand is used in mix design to provide more mortar
for grabbing the fibers and to get proper mixing of fibers in the matrix. High
water-cement ratio is used to make reference (PC) and desired (JFRC) materials
of same mix design for comparison purpose. It may also be noted that w/c ratio
is high due to high content of sand creating more surface areas of materials used.
Furthermore, strength is not targeted. Main emphasis is high damping and impact
resistance using fibers in concrete. No considerable bleeding is observed in PC and
JFRC during slump test and filling of molds. Generally, a mix design of 1:2:4 is
used for concrete, but to provide adequate sand for grabbing fibers in JFRC, Zia
and Ali (2017) used more sand content (double) as compared to coarse aggregates.
Thus, a mix design of 1:3:1.5 with jute fiber content of 5% by mass of cement,
was selected. However, compressive strength was compromised due to low content
of aggregates. In order to improve compressive strength and keeping in mind the
grabbing of fibers, a mix design of 1:3:2 (i.e. a little more aggregates in comparison

to mix design of Zia and Ali 2017) is considered in this study.

Plain concrete is prepared in drum type mixer. The mixer was rotated for six
minutes after putting all materials in the mixer along with the water. For preparing
JFRC, a different approach, reported by Chakraborty et al. (2013), is adopted.
First of all, jute fibers are soaked in water for 24 hours. Then, fibers are left open
in air for 30 minutes before mixing. After that, materials are put in the mixer
layer by layer to prevent from balling effect. One third part of aggregate, sand,
cement and jute fibers are spread into the mixer. Same procedure was repeated
until the complete materials are placed into the mixer. After complete placing
of materials into the mixer, approximately 1/3 water is spread on all ingredients.
Mixer is started and remaining water is added. Mixer is rotated for six minutes to

get uniform concrete. Before casting of molds, slump of PC and JFRC is found.
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JFRC has less slump as compared to PC. This is due to more water absorption
capacity of jute fiber. There is difference of 30 mm among slump values of PC and
JFRC. This difference could be more but it is less due to the prior immersion of
jute fibers in water. Due to immersion, jute fibers have absorbed comparatively
less water. Slump of JFRC is reduced by 60% as compared to PC. Molds are casted
by spreading the concrete in three layers and tamping each layer 25 times with rod.
Molds of PC and JFRC are prepared by same procedure instead of lifting-dropping
technique used by Khan and Ali (2016) and Ali et al. (2012). This is possible
only because fibers are immersed in water and dried before mixing. Following
this procedure, minimized the water absorption of jute fiber, resulted a workable
JFRC. After two days’ specimens were demolded and placed into curing tank for
28 days. Prior to testing, densities of PC and JFRC are found by dividing the
weight of specimen with its volume. A decrease in the density of JFRC is observed.

This is due to the low unit weight of jute fibers. JFRC is 20% less dense than PC.

3.4 Specimen

The detail of specimens prepared is given in Table 3.1. Slab panels of size 430x280x 75
mm are prepared for PC and JFRC for flexure and impact test. A set of six samples
for batch of PC and JFRC are produced for flexure test. Out of six, three samples
have steel rebars of @6@100 mm. Similarly, ten samples are prepared for impact
test for each impact heights of 60 and 90 cm and batch of PC and JFRC. Out of
ten, five samples have steel rebars of 6 mm diameter for both impact heights. Six
cylinders of 10 cm diameter and 20 cm height are also prepared for compression
and split-tension testing from batch of PC and JFRC. A total of 52 slabs and 12
cylinders are cast. Notation of PC is used for plain concrete, PRC for plain con-
crete having steel rebars, JFRC for jute fiber reinforced concrete and JFSRC for
jute fiber reinforced concrete having steel rebars. A minimum of three readings is
taken for basic mechanical properties (compression, flexure, and split-tension). A
minimum of five readings is taken for impact resistance and resonance properties

(dynamic elastic modulus, damping ratio and fundamental frequencies).
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TABLE 3.1: Detail of specimens prepared.

PC JFRC Properties

1:3:2:0.7 1:3:2:0.7 (5 cm long jute fibers determined

with 5% by mass of cement)
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Note: Cracking behaviour is analysed for all specimens. SEM analysis is performed for selected
JFRC specimens under each load.
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3.5 Testing Procedure

Compressive strength and corresponding strain, split-tension strength and corre-
sponding load-time curve, flexural strength and corresponding deflection, impact
resistance and corresponding deflection, resonance frequencies, dynamic elastic
modulus and damping ratio are found. Fracture surface of specimens is also ex-
amined at micro level through scanning electron microscope (SEM) under impact
and flexure tests. SEM analysis is used to study the facial bonding of jute fibers

and concrete matrix.

3.5.1 Testing for Mechanical Properties
3.5.1.1 Compression Strength (f.)

PC and JFRC’s cylinders are tested as per ASTM C39 in servo-hydro testing
machine (STM) to find compressive strength and corresponding strain. From the
test results, stress strain curve is obtained. Compressive energy absorption and

toughness are also calculated from stress-strain curve.

3.5.1.2 Split-tension Strength (f)

Cylinders of standard size of PC and JFRC are tested in servo-hydro testing
machine (STM) for split-tension as per ASTM C496 to get load-time curve. Split-

tension energy absorption and toughness are calculated from load-time curve.

3.5.1.3 Flexure Strength (f;)

ASTM C 293 is followed to find flexural strength and corresponding deflection of
slabs of PC, PRC, JRFC and JFSRC. Specimens are tested in servo-hydro testing
machine (STM). Load-deflection curve is used to find flexural energy absorption

and toughness.
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3.5.2 Impact Resistance (IR)

Slabs of PC, PRC, JRFC and JFSRC are tested under drop-weight test to find
impact resistance. A simplified apparatus is developed to find IR in lab. Schematic

diagram and experimental test setup are shown in Figure 3.2.

280

Side View

Weight
/ 15kg

Variable

75
Support

25' 375 |25|

(a) (b)

FIGURE 3.2: Experimental impact testing. a) Schematic diagram and b) Test
set up.

This apparatus gives results as per the requirements of ACI and test methods
specified by Rahacek et al. (2013). A weight of 1.5 kg is dropped from variable
heights and crack propagation is observed. Drop heights of 60 and 90 cm are used.
Numbers of blows of drop-weight to first crack and failure are noted. Failure of
specimen is considered when a complete crack is developed throughout the cross
section of specimen. This is insured when a crack which started from bottom
surface reaches at top surface and visible by naked eye. Deflection at the time of

failure is also measured.

3.5.3 Dynamic Properties

All prepared specimens i.e. cylinders and slabs are tested as per ASTM C215 to
find resonance frequencies. Specimens are tested at two stages, first before any
test and second after test. Specimens that are not broken into pieces after tests

are tested only. Longitudinal, transverse and torsional /rotational frequencies are
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found under impact resonance method. Dynamic elastic modulus and damping

ratios are also found.

3.5.4 SEM Analysis

Fracture surfaces of specimens at micro level are examined through scanning elec-
tron microscope. SEM images are taken for specimens under different test i.e.

flexure and impact tests for identification of fiber bonding and failure mechanism.

3.6 Summary

PC Specimens are prepared for a mix design of 1:3:2:0.7. 5% Jute fiber by mass of
cement is added to prepare JFRC with same mix design. @¥6@100 mm reinforce-
ment are also added in specimen to prepare PRC and JFSRC. A total of 52 slab
panels of PC, PRC, JFRC and JFSRC are tested for flexure and impact loading.
1.5 kg drop-weight is used to find impact resistance with drop heights of 60 and
90 cm. 12 cylinders are also tested to find compressive and split-tension strength.

All specimens are also tested to find dynamic elastic modulus and damping ratios.



Chapter 4

Experimental Evaluation

4.1 Background

Mix design of 1:3:2:0.7 (cement: sand: aggregate: w/c) is used for preparing PC.
JFRC is prepared with same mix design except 5 cm long jute fiber are added
by 5% mass of cement. ¥6@100 mm reinforcement are also added in specimen to
prepare PRC and JFSRC. Evaluation of experimental results performed on PC,
JFRC, PRC and JFSRC are discussed in this chapter.

4.2 Testing for Mechanical Properties

4.2.1 Compressive Strength, Behavior and Energy Absorp-

tion

Figure 4.1 (a) shows the behavior of specimens and developments of cracks. Stress-
strain curves for PC and JFRC are presented in Figure 4.1 (b). At 99% of the
maximum load of PC, first crack is developed. However, in case of JFRC, first
crack is seen at 88% of the maximum load. Crack in JFRC is very tiny in both

width and length as compared to the crack in PC. Number and size of cracks

24
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increases significantly at the maximum load for PC as compared to JFRC, which

has less cracks.
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FIGURE 4.1: a) Compressive cracking behavior, b) compressive stress-strain
curve and ¢) compressive strength, energy absorption and toughness index ra-
tios.

At the ultimate stage, some fragments of concrete are fallen from the top of PC
specimen. However, JFRC has only observed increase in cracks numbers and sizes.
Better performance of JFRC is due to the bridging of jute fibers. To know the
fiber’s failure mechanism, JFRC specimens are intentionally broken. With naked
eye, both types of failures are estimated. As an approximation, there is 70%
fiber breakage and 30% fiber pull-out. More breakage of jute fiber is due to their
low tensile strength. Table 4.1 shows the compressive strength (f.), strain (),
energy absorption, and toughness’s of PC and JFRC. It can be seen that JFRC
has less f. as compared to PC. There is decrease of 0.4 MPa in f. of JFRC as
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compared to PC. However, JFRC has absorbed more energy as compared to PC.
Increase of 0.02, 0.17 and 0.19 MPa in the CE,,, CE, and CE of JFRC is seen as
compared to PC, respectively. This indicates the ductile behavior of JFRC. There
is difference of 4.25 in the toughness of JFRC and PC. Figure 4.1 (c¢) shows the
comparison of compressive strength (f.), energy absorption, and toughness’s of PC
and JFRC. The value of PC is taken as reference. There is only 6% reduction in
the compression strength of JFRC as compared to PC. Furthermore, this point
should be kept in mind that strength is not targeted. Main emphasis is high
damping and impact resistance using fibers in concrete. CE,, CE, and CE of
JFRC are increased by 2, 17 and 16 times, respectively, as that of PC. Toughness
of JFRC is also enhanced by almost 4 times as that of PC.

TABLE 4.1: Compressive strength, strain, energy absorption and toughness.

Specimen f. Strain Compressive Energy Absorption CT
A
CEn CE, CTE
UptoP,, P, toP,
(MPa) () (MPa)  (MPa)  (MPa) ()
) (2) (4) () (6) (7) (8)
PC 7.14£0.2 0.013£0.005 0.01240.001 0 0.0124+0.001 1+0.05

JFRC 6.7£0.2  0.08£0.005  0.04£0.005 0.17£0.005 0.214+0.005  5.25%0.05

Note: An average of three readings are taken.

4.2.2 Split-tension Strength, Behavior and Energy Absorp-

tion

Figure 4.2 (a) shows the behavior of specimens and developments of cracks during
the test. Split-tension load-time curves for PC and JFRC are shown in Figure
4.2 (b). At 100% the maximum load of PC, first crack is developed and specimen
is split into two pieces without any time. However, in case of JFRC, first crack
is seen at 92% of the maximum load. Crack in JFRC is very tiny in both width
and length and the specimen did not split into pieces. Number and size of cracks

increases at maximum load for JFRC. Now the crack length reaches to 50 mm.
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However, at ultimate load, JFRC has only observed increase in cracks numbers
and sizes but still specimen is unbroken. Now the crack length is up to 70 mm.
Better performance of JFRC is due to the bridging of jute fibers. JFRC specimens
are intentionally broken to know the fiber’s failure mechanism. With naked eye,
both types of failures are estimated. As an approximation, there is a ratio to 70:30
in the fiber breakage and pull-out. Low tensile strength of jute fibers resulted in

their more breakage but more bond strength has prevented them from pull-out.
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FIGURE 4.2: a) Split-tension cracking behavior, b) split load-time curve and c)
split-tension strength, energy absorption and toughness index ratios.

Table 4.2 shows the split-tension strength (f;), energy absorption, and toughness’s
of PC and JFRC. It can be seen that JFRC has more f; as compared to PC.
JFRC has 0.2 MPa more f; than PC. This is because of the binding effect of JF.
Furthermore, JFRC has absorbed more energy as compared to PC. SEm, SEu and
SE of JFRC are increased up to 65, 56 and 120 KN.s, respectively, as compared to
PC. Toughness of JFRC is increased up to 0.3 only as compared to PC. Comparison
of split-tension strength (f;), energy absorption, and toughness’s of PC and JFRC
is shown in Figure 4.2 (c¢). The value of PC is taken as reference. 1.7, 1.5 and 2.2
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TABLE 4.2: Split-tension strength, energy absorption and toughness.

Specimen f. Split-tension Energy Absorption ST

SEn, SE, STE
Up to P, P, to P,
(MPa) (kJ) (kJ) (kN.s) (-)
(1) (2) (3) (4) (5) (6)
PC 1.440.1 98+5 0 98+5 1£0.05
JFRC 1.6+0.2 162+8 56+4 21846 1.3£0.05

Note: An average of three readings are taken.

times SE,,, SE, and SE of JFRC are increased, respectively, as compared to PC.

1.3 times increment is also seen in the toughness of JFRC as compared to PC.

4.2.3 Flexure Strength, Behavior and Energy Absorption

Figure 4.3 (a) shows the load-deflection curves for PC, PRC, JFRC and JFSRC.
Behavior of specimens and developments of cracks are presented in Figure 4.3
(b). PC specimen is split into two pieces at the maximum load right after the
development of first crack. However, JFRC has observed first crack at 94% of the
maximum load. At the maximum load, JFRC did not split into pieces and keeps
on taking load. But now width of crack is 30 mm and it starts propagating towards
top surface. Even at the ultimate load, specimen is still sound. Width of crack
now reaches to 50 mm at bottom surface but top surface is intact. In case of PRC
and JFSRC, first crack is seen at 80% and 72% of the maximum load, respectively.
Crack in JFSRC are very tiny in both width and length as compared to the crack
in PRC. At the maximum load, the crack length reaches to 50 mm and 20 mm
in PRC and JFSRC, respectively. At the ultimate load, cracks length and width
increased in PRC and some pieces of concrete are fallen from the specimen from

the bottom side.
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FIGURE 4.3: a) Flexure load-deflection curve, b) flexure cracking behavior and
c) flexure strength, energy absorption and toughness index ratios.
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But in case of JFSRC, only increase in the length and width of crack is observed.
Specimen is still intact and not a single fragment of concrete is fallen. Now the
crack width is up to 70 mm in JFSRC. Better performance of JFRC as compared
to PC and JFSRC as compared to PRC is due to the bridging of jute fibers. Jute
fibers developed a good bond within concrete matrix and no piece of concrete
fell. To know the fiber’s failure mechanism, JFRC specimens are intentionally
broken. Fiber breakage and pull-out are evident from the broken surface. With
naked eye, both types of failures are estimated. As an approximation, 70% of the
fibers are broken ad 30% are pulled out. Fiber breakage is due to their low tensile
strength. Flexure strength (f;) and corresponding deflection, energy absorption,
and toughness of PC, PRC, JFRC and JFSRC in Table 4.3. Improvement in the
fs of concrete is observed by the incorporation of reinforcement (either jute fiber
or steel rebars). While comparing JFRC with PC, it can be seen that its f; is
increased by 2.3 MPa which is 200% increment. There is an increment of 3.2
MPa in fg of JFSRC as compared to PRC. This indicates the better bonding and
reinforcing effect of jute fibers. PRC, JFRC and JFSRC have shown better results
in term of energy absorption and toughness as compared to PC. PC specimen broke
into pieces at maximum load, so it hasn’t absorbed any energy after maximum
load. FE,,, FE, and FE of JFRC are enhanced by 16, 77, 93 kJ, respectively, as
compared to PC. There is an increment of 11, 10, and 23 kJ in the FE,,, FE, and
FE of JESRC as compared to PRC. Significant improvement in toughness of PRC,
JFRC and JFSRC is also seen, which is up to 3.5, 2.2 and 1.9 as compared to PC.
Figure 4.3 (c) shows the comparison of flexure strength (f;), energy absorption,
and toughness’s of PC, PRC, JFRC and JFSRC. f; of PRC, JFRC and JFSRC is
improved up to 2, 3 and 5 times as compared to PC. FE,,, FE, and FE of JFRC
are enhanced by 2.8, 13.1, 15.9 times, respectively, as compared to PC. There is
an increment of 2, 2, and 4 times in the FE,,, FE, and FE of JFSRC as compared
to PRC. Toughness of PRC, JFRC and JFSRC is also enhanced by 3.6, 5.7 and

3.1 times, respectively, as compared to PC.
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TABLE 4.3: Flexural strength (f;), deflection (A¢), energy absorption and tough-

ness.
Specimen fr Max. Flexure Energy Absorption FT
Deflection
Ar FE,, FE, FTE
Up to P, P, to Py,
(MPa)  (mm) (kJ) (kJ) (kJ) )
) (2) (4) (5) (6) (7) (8)
PC 1.8£0.1 3.5+1 6+0.5 0 6+0.5 1£0.1
JFRC 4.140.2 1445 2242 773 99+5  4.5+0.5
PRC 5.840.3 16£5 38+4 8515 12349  3.2£0.5
JFSRC 9£0.5 20+5 51+5 95+6 146+11  2.9+0.5

Note: An average of three readings are taken.

4.3 Impact Resistance

Figure 4.4 (a) shows the behavior of PC, PRC, JFRC and JFSRC under impact
height of 60 cm and 90 cm. It shows the scenario of specimens’ failure at different
stages i.e. at the first crack and at the failure. Under impact height of 60 c¢m, first
crack in PC is developed after 40% of total blows. However, in case of JFRC, PRC
and JFSRC, first crack is seen after 42%, 49% and 63% of total blows, respectively.
Cracks in JFRC, PRC and JFSRC are very tiny as compared to the crack in PC
(photos of first row in Figure 4.4 (a). Failure of specimens is indicated when a
complete crack is developed throughout the cross section of specimen and visible
by naked eye. At failure, PC specimen split into pieces however JFRC, PRC and
JFSRC has only observed the increase in the width of cracks. JFRC and JFSRC
have observed flexure failure as cracks are propagated in transverse direction in

contrast to PRC which observed shear cracks (photos of last row in Figure 4.4

().
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FIGURE 4.4: a) Behavior under impact test and b) comparison of impact test
results.

Under impact height of 90 cm, PC observed first crack after 33% of total blows.
PRC, JFRC and JFSRC have seen first crack after 48%, 41% and 53% of total
blows, respectively. Very tiny cracks are seen in PRC, JFRC and JFSRC (photos
of first row in Figure 4.4 (a)). PC specimen broke into pieces at failure, however,
PRC, JFRC and JFSRC has witnessed increase the width of cracks. Flexure failure
is seen in JFRC and JFSRC and shear in PRC (photos of last row in Figure 4.4
(a)). More blows absorbed by JFRC and JFSRC as compared to PC and PRC,
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respectively, are the indication of more impact resistance. Furthermore, flexure

cracks also indicate the better performance of JFRC and JFSRC.

Table 4.4 shows the impact test results of different specimens when tested under
different drop-weight heights. Impact first crack strength (IFS) and impact ulti-
mate strength (IUS) of PC, PRC, JFRC and JFSRC under impact height of 60
and 90 cm are shown with their maximum deflections. IFS and IUS are presented
in term of number of blows absorbed by specimens. Significant improvement in
IF'S and IUS of PRC, JFRC and JFSRC is observed under both impact heights as
compared to PC. Under impact height of 60 cm, IFS of PC is one i.e. first crack
is developed after very first blow of impact. However, in case of JFRC, PRC and
JFSRC, IFS is 6, 11 and 19 blows, respectively. Ultimately, PC specimen split
into pieces after 2-3 blows which means it has average IUS of 2.5 blows. Similarly,
JFRC, PRC and JFSRC have average IUS of 15.5, 23.5, and 31.5 blows, respec-
tively. Under impact height of 90 cm, PC has average IFS of 0.5 which means,
some specimen broke into pieces at very first blow. However, JFRC, PRC and
JFSRC have average IFS of 3.5, 7.5 and 12.5 blows, respectively. In terms of TUS,
PC has average TUS of 1.5 blows. Similarly, JFRC, PRC and JFSRC have average
IUS of 8.5, 15.5, and 23.5 blows, respectively.

TABLE 4.4: Impact test results.

Specimen Impact Height = 60 cm Impact Height = 90 cm
IFS IUS Max. IFS IUS Max.

Deflection Deflection
Ajeo Ajgo

(blows) (blows) (mm) (blows)  (blows) (mm)
(1) (2) (3) (4) (5) (6) (7)

PC 1 2.5£0.5 0 0.5£0.5 1.5%0.5 0
JFRC 6.5£2.5 15.54£3.5 30+£5 3.5£2.5  8.5£3.5 20+5
PRC 11.5+£4.5 23.5£3.5 0 7.5+2.5 15.5£3.5 0

JFSRC 19.5£5.5 31+6 40£5 12.5+£2.5 23.5+4.5 25£5

Note: 1. IFS = Impact fist crack strength, IUS = Impact ultimate strength
2. An average of five readings is taken.
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It is well evident from the test results that JFSRC has maximum IFS and IUS
under both impact heights. In case of JFRC, its IFS and IUS are more than
PC but less than PRC. Furthermore, IFSg, and IUSg, are about 35-50% more
than IFSqg and IUSqg. This indicates that impact resistance is also dependent on
height /distance (or velocity) of impact force. When specimens are compared in
terms of deflection, zero deflection is observed in PC as it split into two halves.
In contrast to PC, JFRC has deflected up to 30 and 20 mm under impact heights
of 60 and 90 cm, respectively. On the other hand, cracks are produced parallel to
the longitudinal rebars in PRC due to the absence of transverse rebars. That is
why, deflection in PRC is zero. But in case of JFSRC, it has maximum deflection
which is up to 40 and 25 mm under impact height of 60 and 90 cm, respectively.
More deflection is also the indication of flexure failure. Figure 4.4 (b) shows the
comparison of impact tests results for PC, PRC, JFRC and JFSRC. The value of
PC is taken as unity which is used as reference. When JFRC is compared with
PC, significant improvement in impact resistance is seen. Its IFSgq, 1USgq, IFSgq
and IUSgy, are increased by 5.5, 5.2, 6 and 4.7 times, respectively. The increment
in impact resistance is also significant when JFSRC is compared with PRC. There
is an increment of about 8, 3, 10 and 5 times in the IFSgg, IUSgq, IFSgg and TUSg,

respectively.

4.4 Dynamic Properties

Table 4.5 shows different resonance frequencies, dynamic elastic modulus (E4) and
damping ratios (§) of different specimens. Longitudinal (f,), transverse (f;) and
rotational (f,) frequencies are shown for four conditions i.e. before and after flexure
and impact tests. Resonance test was not possible on PC specimens for after test
condition as they split into pieces. Test results presented in the Table 4.5 are
average of 3-8 specimens. Results of specimens before any test are compared with
the results of same specimens after flexure and impact test. It is found that there
is decrease in resonance frequencies and dynamic elastic modulus but increase in

damping ratios.



TABLE 4.5: Resonance frequencies, Dynamic Elastic Modulus and Damping Ratios.

No. of Damping
. Test Dynamic Elastic
Specimen Specimen Resonant Frequency Ration
Condition Modulus, Eq
for average 13
fr, fi f,

(Hz) (Hz) (Hz) (Gpa) (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9)
PC 6 88044350 5430+150 5499+250 30£2 2+0.5

Cylinder

JFRC 6 72214225 42904300 77194600 1843 3+0.5

PC Before 8 47254150 3975+250 4325+200 4543 2+40.5

JFRC Test 8 3690+200 27744110 3195£400 76£5 4+0.5

PRC 8 42154+200 4455+150 4655100 80+4 2+0.5

JFSRC 8 30244175 4009+200 3403+300 8845 240.5

Slab JFRC After 3 1287430 1331+£70 35514160 1.5+0.3 17+2

a

PRC Flexure 3 1464450 1198+60 16424100 2.14+0.2 16+£2

JFSRC Test 3 577130 1731+150 1686150 0.440.1 18+2

JFRC After 5 2985+150 45274200 19974120 2.740.3 T+1

PRC Impact 5 34674+200 2086+150 2796+£200 4.240.3 10+1

JFSRC Test 5 754160 1287480 665+25 0.6+0.2 14+1

Note: f;, = Longitudinal frequency, f; = Transverse frequency, f. = Rotational/torsional frequency

UOYDNDAN Z’D;ZUQWZJQC[IH
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When specimens are compared with each other in before test condition, JFRC has
more E4q than PC and JFSRC has more E4 than PRC. There is an increase of 31
GPa in the Eq of JFRC as compared to PC and 8 GPa in the E4 of JESRC as
compared to PRC. Similarly, when specimens are compared in terms of damping
ratios, JFRC has more damping ratio as compared to PC. It is 1% more in case
of cylinder and 2% in case of slab. When specimens are examined after flexure
and impact test, their Eq decreased drastically. Eq of JFRC, PRC and JFSRC
are decreased up to 74, 78, 87 GPa, respectively, after flexure test. There is also
a decrement of 73, 76, 87 GPa in the E4 of JFRC, PRC and JFSRC, respectively,
after impact test. Hence, we can say that there is almost 98% decrement in the
Eq of JFRC, PRC and JFSRC after any test. Out of all specimens, JFSRC has

observed maximum decrement in the Eg.

When specimens are compared with each other, PRC has more E4 as compared
to JFRC and JFSRC. In contrast to the Eq, damping ratios are increased when
specimens are examined after impact and flexure test. JFRC, PRC and JFSRC
have observed an increase of 23, 14, 16%, respectively, in the damping ratio when
examined after flexure test. When specimens are examined after impact test, there
is very less increase in damping ratios of all specimens as compared to after flexure
test condition. Damping ratio of JFRC, PRC and JFSRC are increased up to 1, 8,
12%, respectively, after impact test as compared to before test condition. When
specimens are compared with each other in after impact test condition, JFSRC
has more damping ratio as compared to PRC. Similarly, JFSRC has also observed
maximum increase in damping ratio when examined after impact test as compared

to before test condition.
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FIGURE 4.5: Comparison of longitudinal frequency, damping and dynamic elas-
tic modulus in before test condition.
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Figure 4.5 shows the comparison of longitudinal frequency, damping and E4 of
PRC, JFRC and JFSRC in before test condition. The value of PC is taken as
reference and it is shown as red line. Frequency decreased in all specimens and the
maximum decrement is observed in JFSRC. In terms of damping ratio, JFRC and
JFSRC have observed increment. Their damping ratios are double as compared
to PC and PRC. Decrease in frequency and increase in damping of FRC is also
reported by Giner et al. (2012). Similarly in case of Eq, JFSRC has the maximum
increment as compared to PC. E4 of JFRC is enhanced by 68% as compared to
PC.
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FIGURE 4.6: Trend of longitudinal frequency and damping ratio in before and
after test conditions for: a) JFRC, b) PRC and c¢) JFSRC.

Figure 4.6 (a) show the trend of longitudinal frequency and damping for JFRC
in three conditions i.e. before test, after impact and after flexure test. It can
be noted that frequency and damping have inverse relation. Frequency tends to
decrease when tested after any test and damping tends to increase. Similarly trend
of frequency and damping for PRC is presented in Figure 4.6 (b). Damping also
increased after impact and flexure test as compared to before test condition and

frequency decreased. Similar trend is observed in JESRC and it is shown in Figure
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4.6 (c). While comparing damping, degree of damage of specimens should be kept

in mind because more damage will lead to more damping.

4.5 SEM Analysis

Figure 4.7 shows the SEM images at failure surface of tested JFRC specimen under
compressive, split-tension and flexure load. Fiber and concrete matrix interfacial
bonding is studied through these images. Failure surface of tested JFRC specimen
under compressive load is shown in Figure 4.7 (a). Fiber pull-out is clearly evident
from the SEM images. It can be noted that there is strong bonding of concrete
matrix at the toe of the pulled-out fiber at one side of the fractured surface. On
the other side, less development length is available for fiber. Similarly, proper
mixing of concrete is also visible from SEM images. There are very less void and
the size of the voids is also very small. No voids near fibers indicate better bonding

of fiber and concrete matrix.

Figure 4.7 (b) shows the SEM images at failure surface of tested JFRC specimen
under split-tension load. It can be seen that cause of failure is fiber pull-out.
There is cavity at the toe of fiber. This indicates the improper bonding of fiber and
concrete matrix. By clearly examining the cavity at the toe of fiber, it can be noted
that this cavity is not deep. This is only a small void near fiber surface which may
be left due to entrapped air. Failure surface of tested JEFRC specimen under flexure
load is shown in Figure 4.7 (¢). Under flexure load, pull-out of fibers and splitting
of fiber is observed. Due to flexure load, fiber is split into threads. Circumferential
debonding of fiber is also evident from the SEM image. The cavity around fiber is
not deep which indicates better bonding of fiber and concrete matrix at one side
of the fractured surface. On the other side, less development length is available
for fiber. We can also say that there was strong bonding of fiber and concrete
matrix which is weaken due to the application of flexure load. Hence, it can be

concluded that main cause of fiber under compressive, split-tension and flexure
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load is fiber pull-out. Furthermore, proper bonding of jute fiber and concrete

matrix also exists.
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FIGURE 4.7: SEM images at failure surface of tested JFRC specimen: a) under
compressive load, b) under split-tension load and c) under flexure load.
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FIGURE 4.8: SEM images at failure surface of tested JFRC specimen: a) under
impactgo load and b) under impactgy load.

Figure 4.8 shows the SEM images at failure surface of tested JFRC specimen
under impactgy and impactgy load. Under impactgy load, failure occurred right

at the center of fiber and shearing of fiber is observed. Small thread of fiber is
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also splitted from it and can be seen easily. A very tiny cavity is also formed
near fiber due to application of impact load. Uniformity of microstructure can
also be observed from SEM images. Under impactgy load, fiber pull-out can be
seen as cause of failure. It can be noted that splitting of small thread of fiber is
also occurred which is similar to impactgg images. Adequate bonding of fiber with
concrete matrix is also visible. A part of fiber is extended within the concrete
can be seen through the cavity available at toe of fiber. Hence, we can say that
splitting of fiber and cavity formation are the common aspects under both impact
heights. By analyzing the SEM images at the failure surfaces of JFRC specimens,
it can be concluded that fiber pull-out/splitting and cavity formation are the main
flaws caused by the application of load. Adequate bonding of fiber and concrete
matrix is also evident from SEM images under all loads. Furthermore, uniformity

of concrete matrix can also be observed.

4.6 Summary

The mechanical properties, impact resistance and resonance frequencies of PC,
JFRC, PRC and JFSRC are determined. SEM analysis of selected JFRC speci-
mens under different loads is also performed. Increment in all mechanical prop-
erties (except compressive strength) of JFRC is observed as compared to PC.
Increment of 13% and 128% in the split-tension and flexure strength of JFRC is
seen. Impact resistance of JFRC is also increased up to 6 times as compared to
PC. 68% and 100% increment in the dynamic elastic modulus and damping ratio
of JFRC is also noticed. SEM images shows the better bonding of jute fiber with

concrete matrix.



Chapter 5

Discussion

5.1 Background

The outcome of experimental testing for mechanical properties, impact resistance,
resonance frequencies and failure mechanism are already explained in chapter 4.
Significant improvement in the flexure strength, energy absorption and impact
resistance of JFRC is observed as compared to PC. Now it’s time to develop a re-
lationship between impact resistance and mechanical properties and propose some
empirical equations to predict impact resistance. Furthermore, design approach

needs also to be explained.

5.2 Empirical Relationship of Impact Resistance

with Mechanical Properties

Structure performance under impact loading is related to its materials properties.
Concrete is the most important materials whose behavior directly affects the struc-
ture’s behavior. Better performance of concrete under impact load can be related
to its bending strength, toughness and energy/blows absorbed. Bending strength

of concrete is normally improved by steel reinforcement. But sometimes concrete

42
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pieces starts spalling before steel failure. Hence bonding of concrete with all in-
gredients is also very important aspect. Better bonding of concrete matrix and
enhanced concrete strength under impact load can be achieved by incorporating
fiber in concrete. Furthermore, toughness can also be related to spalling as it is
similar to ductility. Fibers change the concrete’s brittle failure to ductile. Fibers
will also help in minimizing the cracks number and size. More energy absorption
will help in better post cracking behavior. Fiber are being used to increase energy

absorption which in turns enhances concrete’s post cracking behavior.

Empirical equations are developed with the help of obtained results from flexure
test to numerically predict impact resistance. Equation are established with the

help of best fit curves (refer to Figure 5.1). Empirical equations are given below:

IFS =0.35x f* (5.1)
IFS =0.2x FTE"® (5.2)
IUS =11x f;° (5.3)
IUS = 0.6 x FTE*™ (5.4)

Where IFS is impact first crack strength and IUS is impact ultimate strength in
blows (for impact height of 60 cm), ff is flexure strength in MPa and FTE is flexure
total absorbed energy in KJ.
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FIGURE 5.1: Development of empirical equations for IFS and IUS.

R? values and percentage error bars are also shown in Figure 5.1. It can be noted
that R? ranges from 0.94 to 0.98 which indicates the accuracy of developed equa-
tion. It can be seen that there is very less error in the predicted equations. It
is evident from the equations that there is direct relationship between impact
strengths and flexure strength, energy absorption and toughness. Results from
the empirical equations 4.1 to 4.4 and experimental results of IFS60 and TUS60are
presented in Table 5.1. It can be seen that results from equations are very close
to the experimental results for PC, JFRC PRC and JSFRC specimens. Hence,
we can conclude that flexure strength and energy absorption can give better re-
sults in predicting the impact resistance of a specimen. Furthermore, we can also

conclude that impact resistance is directly proportional to flexure strength and

energy absorption.

Figure 5.2 shows the comparison on developed empirical equation with the ex-
perimental results. Experimental results are taken as reference and their value
is taken as 100%. It can be seen that results from all equation are very near to
experimental results. The difference between experimental results and proposed

equations ranges from -8 to 32%. This difference is due to the variable behaviour
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TABLE 5.1: Results from empirical equations and their comparison with exper-
imental results.

Specimen IFS (Blows) IUS (Blows)
Exp. Eq. 5.1 Eq. 5.2 Exp. Eq. 5.3 Eq. 5.4
PC 1 1.1 0.8 2.5 2.8 2.3
JFRC 6.5 5.1 7.9 15.5 10.5 18.8
PRC 11.5 9.9 9.4 23.5 18.3 22.2
JFSRC 19.5 22.8 10.8 31 37.0 25.2

of different specimens under impact and flexure load. But these equations can

help in predicting impact resistance for PRC and JFSRC.
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FiGURE 5.2: Comparison of results of empirical equations with experimental
results.

5.3 Effect of Damping

Response of structure reduces due to the effect of damping. Hence, by increasing
the damping of the structure, its motion and associated forces can be reduced. This
can help in saving the steel reinforcement as it will reduce the bending moment for
which the reinforcement is designed (Chopra 2001). To apply this in the design,
damping of PC and JFRC is used to reduce the governing bending moment .

Damping of structure is related to the materials used. It depends upon materials
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type and manufacturing process. When materials type is considered, it is related

to energy losses. Hence, more energy absorption will result in more damping.

5.4 Reinforcement Design

Significant improvement in the IR of JFRC and JFSRC with respect to PC and
PRC is evident from experimental results. Furthermore, flexural strength, energy
absorption, dynamic elastic modulus and damping ratios are also enhanced. After
confirmation of enhancement in mechanical properties from the test results, next
phase is designing of slabs for impact resistance. ACI design equation cannot be
used for this purpose as it ignores the effect of plain concrete in tension zone and
it should not be ignored in case of FRC. Only option available is Beshara et al.
equation (refer as eq. 1). But the problem with this equation is that it is for static
load/moment. Equivalent static moment is found with the help of formula given
by Pham and Hao (2016). Equivalent static moment is reduced by considering the
effect of damping as suggested by Chopra (2001). After getting moment, Eq. 1
is used for reinforcement design of slabs. Ty used in equation 1 is tensile force of
concrete in the tension zone. Its value can be found theoretically by the formula
given by Beshara et al. But in this research, it is found experimentally. Maximum
load taken by specimens when tested for flexure is noted. As a simplified approach,
difference of loads taken by PC and JFRC specimens is computed and 50% of that
value is used as T in Bashara’s equation. Hence, the design philosophy can be
simplified as: equivalent static moment is found for impact load and reinforcement
is designed for that moment by considering tension zone of FRC as 50% enhanced

flexural force.

PC, PRC, JFRC and JFSRC panels of size 280x432x75 mm are already tested
under flexure and impact load. Maximum load taken by specimens under flexure is
used while determining Tt. Moment capacities of PRC and JFSRC are calculated
by using both methods i.e. ACI and Beshara et al. It is found that Beshara et al.

equation gives 7% more moment capacity of specimen of same size as compared
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to ACI. Point to be noted is that only 50% of the enhanced flexure load is used in

Beshara et al. equation and still it gives more moment capacity.

To understand the economy achieved in real situation, a slab panel of span 6 m
is designed by using both methods. Design example is presented in Table 5.2.
Finishes load of 1.7 kN/m? and live load of 2.4 kN/m? is assumed to be acting on
slab. An impact load of 150 N is also assumed to be acting on slab. Damping of
2% and 4% is also used to reduce the moment for PC (ACI method) and JFRC
(Beshara method), respectively. 50% enhanced flexure load of JFRC is used in

2 of area of steel

Beshara et al. equation as T;. ACI equation resulted 780 mm
while 565 mm? area of steel is found from Beshara et al equation. This results in
28% saving in terms of steel reinforcement. This can only be achieved if tension
zone of concrete is used in design equation. This is only possible in case of fiber

reinforced concrete.

TABLE 5.2: Reinforcement design example.

Method Span Assumptions & As As Reduction
Finishes Live Impact Req. Provided in As
Load Load Load
(m) (kKN/m?) (kN/m?*) (N) (%) (mm?)  (mm?) (%)
ACI 318 6 1.7 24 150 2 762 780 -
(®10-100 mm)
Beshara 6 1.7 24 150 4 565 565 28%
et. al (©12-200 mm)
(2012)

5.5 Summary

Relationship between impact resistance and mechanical properties are discussed
and the empirical equations are developed to predict impact resistance of concrete.
There is a difference of -8 to 32% in the results of empirical equations with respect

to experimental results. After discussing the enhancement in the mechanical and
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dynamic properties of concrete, reinforcement design is also proposed by utiliz-
ing tension zone of FRC. The design approch can be simplified as: Pham and
Hao (2016) formula should be used to find the equivalent static moment found for
impact load and reinforcement should designed for that moment by considering
tension zone of FRC as 50% enhanced flexural force. Beshara et al. (2012) equa-
tions should be used for this purpose. This will results in considerable saving of

steel reinforcement in slabs.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

The effectiveness of jute fibers in concrete is examined through experimental test-
ing for improving the impact resistance and dynamic properties. Plain concrete
(PC) specimens are prepared for a mix design of 1:3:2:0.7. Jute fiber, 5% by mass
of cement, is added to prepare jute fiber reinforced concrete (JFRC) with same
mix design. Reinforcement of @6@100 mm are also added in specimen to prepare
plain steel rebar reinforced concrete (PRC) and jute fiber steel rebar reinforced
concrete (JESRC). A total of 52 slab panels of PC, PRC, JFRC and JFSRC are
tested for flexure and impact loading. A drop-weight 1.5 kg is used to find im-
pact resistance with drop heights of 60 and 90 cm. Twelve cylinders are tested to
find the compressive and split-tension strengths. All specimens are also tested to
find resonance frequencies, dynamic elastic modulus and damping ratios. Finally,
reinforcement is designed for slab panel by considering tension zone of JFRC and

its value is verified with experimental results. Following are the conclusions:

e Compressive strength of JFRC is only 6% less than PC. However, split-
tension and flexure strengths of JFRC are enhanced by 13% and 128%,
respectively, as compared to PC. Energy absorption and toughness’s are
increased by the incorporation of fibers in concrete. There is a minimum

49
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increment of about 220% in total energy absorption and 130% in toughness

of JFRC as compared to PC.

Significant improvement in impact resistance of JFRC is observed. 6.5 times
increment for impact height of 60 cm and 6 times for impact height of 90 cm

is observed as compared to PC under different types of basic loading.

Dynamic elastic modulus and damping ratio of JFRC are enhanced by 68%
and 100%, respectively, as compared to PC.

Better microstructure of concrete matrix and interfacial bonding with fiber

is seen in SEM images.

Empirical equations are developed to predict the impact resistance with the

help of mechanical properties.

Reinforcement in slab can be minimized up to 28% by using tension zone of

JFRC.

Thus, jute fiber reinforced concrete with steel rebar can be an efficient, envi-

ronment friendly and economical material that is likely to be used in important

structures to resist the impact load. However, before implementation, detail in-

vestigation on full structure should be done.

6.2

Future Work

Following are the recommendations for future work:

The durability of jute fiber in concrete over a longer period in years needs

to be explored.

Impact test should also be conducted with increased drop weight.
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Annexure A

Results from the testing of mechanical properties (of remaining
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FIGURE A.1: Results of compression testing: a) Cracking behavior and b)

Stress-strain curve.
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FIGURE A.2: Results of split-tension testing:
Load-time curve.
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FIGURE A.3: Results of flexure testing: a) Load-deflection curve and b) Crack-

ing behavior.



Annexure B

Results from the impact testing (of remaining specimens)
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Note: Iso=Impact height of 60cm, lso= Impact height of 90cm.

FicUre B.1: Cracking behavior under impact load.
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Annexure C

Scanning Electron Microscope Images (remaining)
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FIGURE C.2: SEM images at failure surface of tested JFRC specimen: a) under
compressive load, b) under split-tension load and c) under flexure load.
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FIGUure C.3: SEM images at failure surface of tested JFRC specimen: a) under
impactgo load and b) under impactgg load.
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