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ABSTRACT

HIGH PERFORMANCE MACRO SYNTHETIC FIBER REINFORCED
CONCRETE

Oztiirk, Cagn
M.S., Department of Civil Engineering

Supervisor : Prof. Dr. Ismail Ozgiir Yaman

March 2018, [78| pages

Since concrete is a brittle construction material, it has the tendency to fail in a brittle
manner after the occurance of the first crack when it is subjected to a certain amount of
load. Therefore, this property of concrete makes almost impossible for it to be used in
load carrying structural elements without reinforcement. This reinforcement is usually
utilized by a structural steel reinforcement such as rebar and wire mesh. The structural
steel reinforcements compensate the low resistance against the tensile strength of the
plain concrete by taking over the tensile stresses under different loading conditions.
Nowadays, in addition to steel reinforcement randomly dispersed small sized fibers

can also be utilized to improve the mechanical properties such as toughness of concrete.

The aim of this study is to determine the toughness of high performance macrosynthetic
fibers. In order to obtain high performance, fiber dosages up to 2.7% was utilized with
a highly viscous matrix. The toughness parameters were investigated by two different
panel test methods which are; 1) ASTM C1550: Standard Test Method for Flexural
Toughness of Fiber Reinforced Concrete, and i1) EFNARC Square Panel Test Method.



As a result of the thesis study, it was found out that, with increasing fiber dosage, the
energy absorption capacity of concrete improved significantly. Moreover, based on
the energy absorption capacities obtained from the round and square specimens, an
equation with good reliability was derived to describe the relation between the two

test methods.

Keywords: Macro Synthetic Fibers, Test Methods, Energy Absorption Capacity, High

Performance Fiber Reinforced Concrete
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YUKSEK PERFORMANSLI MAKRO SENTETIK FIBER KATKILI BETON

Oztiirk, Cagr
Yiiksek Lisans, Insaat Miihendisligi Boliimii

Tez Yoneticisi : Prof. Dr. Ismail Ozgiir Yaman

Mart 2018, [78] sayfa

Beton gevrek bir yapt malzemesi oldugu icin belirli bir miktarda yiike maruz kaldiginda
ilk catlaktan sonra gevrek bir tarzda kirilma egilimi gosterir. Boylelikle, bu 6zellik
betonu yiik tasiyici yapisal elemanlarda donatisiz kullanmay1 neredeyse imkansiz
hale getirir. Bu donatilar bar ve celik hasir gibi yapisal celik donatilardir. Yapisal
celik donatilar farkli yiikleme sartlarinda, ¢ekme dayanimini iistlenerek, donatisiz
betonun diisiik cekme dayanimim 6zelligini kapatirlar. Giiniimiizde, ¢elik donatilara
ilaveten, rastgele dagilmis kiiciik boyutlu fiber donatilar, tokluk gibi betonun mekanik

ozelliklerini bircok yonden iyilestirmek amaciyla betonarme yapilarda kullanilmaktadir.

Bu tez calismasinda, yiiksek performansli makro sentetik fiber katkili betonlarin
tokluklarimi 6lgmektir. Yiiksek performans elde etmek icin ise, %2.7 oraninda fiber
dozaj1 yiiksek akiskan bir matriksle kullanilmigtir. Bu tez calismasinda, makro sentetik
fiber donatili betonlar kullanilarak betonun tokluk parametreleri i) ASTM C 1550 ve
ii) EFNARC test metotlar1 kullanarak incelenmistir.

Bu tez ¢calismasinin sonunda, artan fiber dozaji ile betonun enerji absorbe kapasitesinin

vii



belirgin bir sekilde, arttig1 goriilmiistiir. Dahasi, kare ve yuvarlak numunelerin test

sonuglarindan, iki farkli test metodu arasinda enerji bazinda iyi bir iligki elde edilmistir.

Anahtar Kelimeler: Makro Sentetik Fiber, Test Metotlari, Enerji Yutma Kapasitesi,

Yiiksek Performansli Fiber Katkili Beton
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CHAPTER 1

INTRODUCTION

1.1 General

With the developing technology in material science, the usage areas of synthetic
fibers have been expanded. Especially in construction field, synthetic fibers such as
polyacrilics, aramid (Kevlar), carbon (Pan), polyester, polyethylene, polyolefins and
polypropylene are now actively being utilized. The addition of fibers to concrete
enhances the its mechanical properties in different ways. In order to evaluate this
enhancement, there are many test procedures defined in different standards and guides

according to the performance criteria intended to be measured.

Considering that the main aim of fiber addition is to enhance the flexural performance
of concrete, flexural tests such as bending and central point loading plate tests are
the most commonly used tests to measure this enhancement. On the other side, since
the normal use of synthetic fibers in concrete does not mainly improve the tensile
or the flexural strength, determining the enhancement in the toughness or the energy
absorption capacity is more suitable. In this scope, there are two main test methods,
which are bending and panel tests, commonly used for this purpose. These methods
generally use the load deformation curves obtained from the test to calculate the energy

absorption capacity of the specimen.



1.2 Scope and Objective

There are not so many studies available in the literature with high dosage synthetic
fibers such amount of 12, 18 and 24 kg/m? corresponding to volume fractions of 1.32%,
1.67%, 2.64%. Therefore, to compare the behavior of higher dosages of synthetic
fibers with normal dosages 3, 6 and 9 kg/m? in fiber reinforced concrete, the study was

conducted under different test methods.

In this study, two test methods were utilized both for centrally loaded plates; ASTM
1550 for round plates and EFNARC for square plates. They were used to investigate
the effect of different amount of synthetic fiber additions to concrete. The amount of
additions were considered under two main parts. The first one is what is usually used
and recommended in practice as minimum, moderate and maximum dosages (3, 6 and
9 kg/m?). The second one, is high dosage of synthetic fibers, that usually unable to
be used with conventional concrete (12, 18 and 24 kg/m?®). The tests were conducted
on specimens prepared from the different synthetic fiber reinforced concrete mixtures.
The energy absorption capacity for each plate of each mixture and plate shape were
determined for a deflection up to 25 mm. In addition to that, a comparison between
the results of the two test methods were made in order to determine the relationship

between them.

This study consist of five chapters. The first chapter contains a general summary about
the thesis topic and states the objective of the performed work. The second chapter
contains a literature review about the fibers used in concrete, the properties enhanced
by this use, the methods used to measure this enhancement and the test methods used
in this study. In the third chapter, the properties of the materials used in the production
of the test specimens, along with the production methods were explained. Moreover,
the procedures of the applied tests and the test analyzing methods were also explained
in that chapter. The test results obtained in this study together with discussion about
those are included in Chapter four. Finally, the conclusions of this work followed by
some recommendations about possible related future work are presented in Chapter

five.



CHAPTER 2

LITERATURE REVIEW

Fiber reinforced concrete is a composite material which is apart from plain concrete
on the basis of its constituents that give the concrete some unique properties by
adding some fibrous materials which increase its structural integrity. A remarkable
innovation in concrete technology was achieved by the utilization of fibers to reinforce

the concrete (Abbas and Khan 2016).

2.1 Historical Use of Fibers

Over the past years, several different materials have been used as a fiber reinforcement
to increase the volume stability and mechanical properties of construction materials by
enhancing the post-cracking behavior. Before Christ (B.C) horse hair was used as fiber
(Jain and Kothari 2012). At about the same time period, approximately 3500 years
ago, sun-baked bricks reinforced with straws were used to build the 57 m high hill of
Aqar Quf (near Baghdad). In about 1900s with the invention of Hetschek, the asbestos
fibers were developed (Bentur and Mindess 2007). The steel and glass fibers were
used in the early work on Fiber Reinforced Concrete in the 1950s and 1960s. Since
then, with the continuous developing technology and scientific innovations, various

types of fibers were used to reinforce many different materials.

2.2 Definition of Toughness

Brittle materials like concrete do not show a ductile behavior at the stage of post-cracking.

These non-reinforced materials, initially deform elastically. This elastic deformation is

3



followed by micro cracking, localized macro cracking and then fracture. However, with
the addition of fibrious materials into the concrete post-elastic property is enhanced
and the deformation capacity under the load after post-cracking is enhanced as well
(ACI 2012). Abbas and Khan stated that the fiber reinforcement can alter the brittleness
of concrete by increasing the toughness (FHA 2005). At this point, the term of “energy

absorption capacity”, on the other name “toughness” come into prominence.

In the literature, the toughness of concrete is identified as:

e The total energy absorbed prior to complete separation of the specimen which is

given by the area under load deflection curve (Wafa 1990).

e According the ACI Report (Shah and Daniel 1999), under the effect of dynamic or
impact loads or static strains, the measure of capability of resistance to fracture defines

the toughness of the materials.

e The property that needs to be used in determining the load carrying capacity

of fiber reinforced concrete under deflection (Scanfibre n.d.).

e Toughness means energy absorption capability of hardened concrete resulting in

improved deformability (Ceylan 2014).

e Toughness is generally recognized as the property most enhanced by the addition

of fiber reinforcement to concrete (Robins, Austin and Peaston 1989).

e Toughness can represent the energy absorbing ability of the material, and can
be used to determine the resistance to the fracture under loading condition (Mao and

Barnett 2017).

The graph in Figure 2.1} demonstrates how the load-deflection curves are changing
with the fiber types. Without fibers, after the initial crack the specimen has no more
load carrying capacity. However, with the addition of fibers, which are seen on the

graph such as Fiber A, Fiber B and Fiber C, the specimen has extended load bearing



capacity after the initial crack. The area under the load-deflection graph is changing
with the different indicative fiber types. That means the toughness of concrete depends
on the fiber properties as well. The factors affecting the toughness will be described in

the following sections.

&
Load

Without Fibers

Deflection

Figure 2.1: Effect of fiber type in toughness (FHA 2005)

As seen in Figure [2.2] the stress vs. strain curve of the high fiber volume reinforced,
low fiber reinforced and plain concrete are compared. According to the graph, with
the addition of fiber, the strain can be extended by increasing the energy absorption
capacity of concrete. The plain concrete’s stress is decreasing suddenly on a certain
point where it has reached its maximum strain. However, with the addition of fiber,

the stress decreases gradually with the greater range of strain considerably.

A

p— T
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Figure 2.2: Effect of fiber content on the energy absorption capacity (Anbuvelan 2014)



2.2.1 Load-Deflection Response of Fiber Reinforced Concrete

Figure [2.3] shows the load — deflection response of a typical fiber reinforced concrete

specimen which is tested under flexure. There are three stages in this graph;

e Up to point A, the more or less linear response can be seen. This range can
be named as elastic response stage of the fiber reinforced concrete. In this portion, a
strengthening mechanism behavior which involves a transfer of stress from the matrix
to the fibers. The matrix and the fibers share the imposed stress until the first initiation

of cracks occurred which is termed as “First cracking strength” or "Proportional Limit",

e Between A and B is a non-linear portion of the graph. In this portion, and
after cracking, the stress continuously transferred from the matrix to the fibers. With
the increase of load, the fibers have the tendency of slightly pulling out from the matrix
which leads to a non-linear load deflection response until the maximum load capacity,
with the other name “peak strength”, is reached. The strain hardening behavior starts

here and continues in the following stages,

e The portion starting from point B continues until complete failure. A loss in
strength is encountered with increasing the deformation. This stage is an important
indicative sign that the fiber composite can absorb energy before the failure. This

characteristic is referred as “toughness”.

The load-deflection behavior as in Figure[2.3p, can be seen only if an adequate amount
of volume fractions of fiber exists.Even after first crack occurs, the strain hardening
process allows an increase in load that means Load-B is greater than Load-A. For
lower volume fractions the ultimate strength intersects with first cracking strength and

the load deflection curve starts to decrease suddenly as it can be seen in the Figure

2.3b.



P "

A First Crack Development
A Post-Cracking Sirength
B

Y

Load

Deflection

a

b

Figure 2.3: a) Schematic load-deflection diagrams of FRC with high volume fraction

(Moghimi 2014) b)Typical load-deflection curves of FRC beams with low volume
fraction (Fanella and Naaman 1985)

2.3 Fiber Types

Nowadays, there are various types of cementitious composites with different fibers.

The most commonly used fiber types are: steel fibers, glass fibers, asbestos fibers,
synthetic fibers and natural fibers (UDT 1994).

Typical load-deflection curves of FRC beams observed experimentally for different
types of fibers are shown in Figures 2.4 and 2.5.
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fiber reinforced concrete beams (Fanella and Naaman 1985)
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Figure 2.5: Experimentally observed load-deflection curves for different types of fibers

(Fanella and Naaman 1985)



2.3.1 Synthetic Fibers

Synthetic fibers, or polymer fibers, are extensively used in various structural elements.
These fibers are made from synthesized polymers of small molecules, where raw

materials such as petroleum based chemicals or petrochemicals are used.

In a cementitious composites, the most commonly used synthetic fiber types are:

Polyacrilics, aramid (Kevlar), carbon (Pan), polyester, polyethylene, polyolefins,

polypropylene.

Carbon fibers among which most commonly used in construction industry are Pitch and
Pan type carbon fibers. Pitch carbon fibers are based on coal tar and petroleum products
while pan carbon fibers based on Polyacrylonitrile. Due to its high tensile strength,

for structural reinforcement most common used one between them is pan carbon fibers.

Some typical properties of synthetic fibers; such as diameter, specific gravity, tensile

strength, elastic modulus and ultimate elongation are listed in Table [2.1]

Table 2.1: Typical properties of synthetic fibres (Bentur and Mindess 2007)

Fiber Tvpe Diameter Specific Gravity Tensile Elastic | Ultimate
nm Strength | Modulus | Elongatio
(GPa) {(GPa) n
9
Acrylic 20-330 1.16-1.18 0210 14-19 10-30
Aramid (Kevlar) 10-12 144 2335 63-120 245
Carbon (PAN) 89 16-1.7 2540 230-380 | 0.3-13
Carbon (Pich) Q12 1.6-1.21 0331 30480 [ 0324
Nylen 23-400 1.14 0.75-1.0 41-532 16-20
Polyester 10-200 1.34-139 0.23-12 10-18 10-30
Polyethylene 23-1000 0.92-096 0.08-0.60 3 3-100
Polyolefin 130-633 0.91 275 2.7 13
Polypropylene 20-400 0.9-0.93 0.45-0.76 3.5-10 13-25
PVA 14-630 13 0813 20.36 3.7
Steel (for 100-1000 T.84 0.3-2.6 210 0.5-3.5
comparizon)
Cement matrix - 1.5-235 0.003-0.007 10-45 0.02
Note: The values in the table are for fibers that are commercially available.
Thev may vary considerably from manufacturer to manufacturer.




2.3.1.1 Polypropylene Fibers Used in This Study

In this thesis study, the polypropylene fibers were used as a fiber reinforcement.

Therefore among the synthetic fibers, only this type will be described.

~=== CHy === CH === CH3 ==-- CH === CH3 - CH ----

| | |
CH; CH3 CH;

Figure 2.6: Chemical structure of polypropylene (Moghimi 2014)

Polypropylene fibers have a lower specific gravity, therefore they are considered as a
lightweight material compared to other fibers which are used in the concrete as a fiber

reinforcement. They also have a low modulus of elasticity as shown in Figure 2.1]

Polypropylene is a hydrophobic material; therefore, it does not absorb water. It’s
fibers do not show a chemical bonding reaction with any constituents of concrete, the

only bonding can be ensured by mechanical ways (ACI 2012).

The fibers are produced either by the pulling wire procedure with circular cross
section or by extruding the plastic film with rectangular cross-section. As a result
of this manufacturing, the consequence comes to exist as fibrillated bundles, mono

filament or microfilaments. Examples of these products can be seen in Figure[2.7]

a) Monofilament Fibers b) Fibrillated Fibers

Figure 2.7: Synthetic fibers
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As a result of extrusion process in which the polypropylene resin is hot drawn through
a die, mono filament polypropylene fibers are produced. The diameters of mono

filaments vary between 0.05 mm to 0.20 mm (Bentur and Mindess 2007).

On the other hand, by expanding a plastic film and then by separating it into strips and
with a final slit process, fibrillated polypropylene fibers are formed. The fibrillated

fiber bundles are cut into the desired length.

To quantify the geometry of fibrillated polypropylene fibers is difficult. Therefore,
fibrillated geometry can be examined by adsorption techniques with the measurement

of specific surface area (Bentur and Mindess 2007).

Although mono filament and fibrillated polypropylene fibers have almost the same
strength and elastic modulus, in the scope of the capability of holding cracks, mono

filament fibers give better results than fibrillated fibers (Singh, 2011).

Polypropylene fibers are commonly used for two purposes in the cementitious matrices.
The first one is as primary reinforcement in thin sheet components with the high volume
content as high as 5% by volume to ensure both strengthening and toughness properties
of concrete. The other application is based on the purpose of using it as a secondary
reinforcement for crack control. In this situation, the volume content of polypropylene
is lower than the previous one which is about less than 3% by volume. Such a low
volume may not be suitable for structural and load bearing applications, but it can

enhance the structural stability (Singh, 2011).

Table 2.2: Properties of various types of polypropylene fibers (Singh, 2011)

. Length | Diameter Tensile Madu{u.s of | Specific Density
Fiber Type fmm} fmm) Strength Elasticity Surface (kg/cm3)
(MPa) (GPa) (m2/kg)
Meonofilament 30-50 0.30-0.35 | 54/7-658 3.50-7.50 91 0,9
Microfilament 12-20 0.05-0.20 | 330-414 3.70-5.50 225 0,91
Fibrillated 15-40 0.20-0.30 | 500-750 5.00-10.00 53 0,55
Modified Olefin 48 0,50-0,52 640 10 0,91
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2.3.1.2 Modified Olefin

In this thesis study, modified olefin polypropylene fibers were used. Olefin fiber is a
synthetic fiber made from a polyolefin, such as polypropylene or polyethylene.With
the addition of photoinitiators and with the help of co-additions which are one or
more double bonds, the polymers are modified. As a result of this process, the tensile
strength as well as the modulus of elasticity of fibers is increased (Ezeldin and Lowe
1991). Compared to the steel fibers, the durability of modified olefin fibers are better

especially in rust resistance and anti-spelling properties (ACI 1999).

2.3.2 Steel Fibers

The high modulus of elasticity, which the steel fibers have, provides a considerable
structural durability on the concrete by bridging the micro cracks. The bridging
effect starts when the first crack appears. Because the modulus of elasticity and the
strength of steel fibers are higher than concrete matrix, the fibers start to resist crack
propagation. Besides that, the non-uniform distribution of steel fibers supports the
structural geometry in three dimension. This three dimensional support enhances
the structural durability after the first crack appeared. Like the spider network,
non-uniform distribution prevent crack progression as much as possible in any type of
crack geometry compared to the plain concrete. If the fibers were aligned for example
in one regular direction, the crack propagation of the transverse direction would not
affected like in plain concrete. Therefore, the nonunifomity in fibers allows an increase

of toughness.

Steel fiber reinforced concrete fails only after the steel fiber breaks or is pulled out of
the cement matrix. When the first crack appears, the fibers start to resist to the stress
and some amount of stress is consumed by fibers until the fiber breaks. However, in
pulling out case, the energy that one fiber can absorb up to the best of its ability is not
met as in the case of breaking, therefore; it ends up without reaching its maximum

resisting capacity.

12



The types of steel fibers are classified by ASTM A820 as:

- Type-1 : Cold-Drawn wire

- Type-2 :Cut Sheet

- Type-3 : Melt-Extracted

- Type-4 : Mill Cut

- Type-5 : Modified Cold-Drawn Wire

Also , there are different types of steel geometries which are comercially available to

use in steel fiber reinforced concretes as seen in Figure 2.8 below.

e N w
n. Straight Shit b. Deformed Siit Sheat ar Wire
Shoat ar Wirg

® .o e v [¥]
¢. Cnmped-End Wirs d. Fiettenad-End e. Machined f. Meit Extract
Shit Shiesat Chip
or 'Wire

Figure 2.8: Steel fiber geometries (Daniel, Gopalaratnam and Galinat 1999)
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Round, straight steel fibers are produced by cutting or chopping wires, which have the
diameter of 0.25 to 1.00 mm. Flat, straight steel fibers having a typical cross section

ranging from 0.15 to 0.64 mm.

The typical aspect ratio of steel fibers are ranging from 20 to 100 while length

dimensions ranging 6.4 to 76 mm (Daniel, Gopalaratnam and Galinat 1999.

2.4 Mechanical Characteristics of Fiber Reinforced Concrete

It is known that several properties of FRC are affected by the use of fibers. For example,

the summarized properties of concrete that are affected by steel fibers are shown in the

Table 2.3

In this thesis study, the main mechanical property which has been investigated
that with the changing fiber dosages determining the energy absorption capacity
of polypropylene fiber reinforced concrete by using ASTM C-155 Round Panel Test
and EFNARC Square Panel Test Methods (ASTM C1550; EFNARC 1996).

Table 2.3: The performance of steel fiber reinforced concrete compared to unreinforced

concrete (Bothma 2013)

Property Comment
Abrasion resistance Improvement may be achieved as a result of reduced bleeding.
Compressive strength Little change.
Electrical resistance No significant change at fibre dosages generally used.
Fatigue resistance Improvements even at low dosages.
Flexural strength Little change in first crack strength at dosage rates commonly used.
Freeze-thaw resistance | Can reduce the deterioration caused by freeze-thaw cycling.
Impact resistance Major improvements.
Modulus of elasticity No significant change at fibre dosages generally used.

Even at low dosages, better distribution of stresses can reduce crack

Restrained shrinkage widths.

Improvements even at low dosages can be achieved in combination with
reinforcing bars.

Shear strength

Being dispersed throughout the matrix, steel fibre reinforcement gives

Spalling resistance . . i 4
P g superior protection to exposed areas such as the joint arris.

Thermal shock | As with impact resistance, there are improvements even at low dosage
resistance rates, a typical application being foundry floors.
Toughness Major improvements, even at low dosages.
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2.4.1 Compressive Strength

As a result of several researches related to the compressive strength in the presence
of fiber reinforcement in concrete composite structures, it can be concluded that the
addition of fiber to the concrete matrix has negligible effect on the compressive strength.
This is generally because of the fact that compressive strength decreases highly after
the first crack occurrence and any stress bridging after that has a small contribution to
the compressive strength. However, the compressive strength of polypropylene fiber
reinforced concrete is affected by higher percentage of polypropylene fibers at about

5% (Moghimi 2014).

In ACI Committee 544, “Measurements of properties of fiber reinforced concrete”,
ACI Material Journal, Vol. 85, No. 6, 1988, pp. 583-593, it is stated that the addition
of fibers to the concrete has a little or no effect on the compressive strength and
the modulus of elasticity. As shown on Figure [2.9] there is no significant change in

compressive stress when fibers are used (Bentur and Mindess 2007; Moghimi 2014).

60 1 ! ! ! | 1
50 b - Plain concrete —
40 f"‘h.._ - 3% Fiber volume
30 | s .

= 2% Fiber volume

20

Comprresive Stress, MPa

10

| | ' | | ]
0 2000 4000 6000 3000

. . . 6
Longitudinal Strain* 10

Figure 2.9: Stress-strain curves for steel fiber reinforced concrete under compression

(Moghimi 2014).
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2.4.2 Flexural Strength

The flexural strength of fiber reinforced concrete depends on the volume fraction and
the tensile and bond strengths of the fibers. The longer the fiber, the better the bond
strength (Bothma 2013). An ideal fiber to boost the modulus of rupture would be a
long fiber that has higher tensile and bond strengths. At low dosages of fiber volume
fractions, there is no considerable increase in the flexural strength of the concrete. To
attain significant improvements, higher fiber volume fraction should be used. A study
showed that, 38.1 mm monofilament polypropylene fiber increased the modulus of

rupture due to the high tensile strength fiber effect.

Alhozaimy et.al (1995) performed an experiment on polypropylene fiber reinforced
concrete by applying flexural strength test. They pointed out that flexural toughness is
increased by 44% and 386% respectively for the volume of fractions 0.1% and 0.3%
compared to plain unreinforced concrete for the same mix design (Bothma 2013). The
Table [2.4] shows that how modulus of rupture changes with the changing fiber volume

fraction.

Table 2.4: Modulus of rupture of changing fiber volume fraction (Bothma 2013).

Mix Modulus of Rupture | Fiber Volume

{MPa) Fraction (%)
MOo1 3.55 0
MO02 3.58 0.1
MO3 4.30 0.1
D4 3.82 0.1
MOS 4.24 0.1
MODBE 3.96 0.1
MO7 4.65 0.1
MO8 4.24 0.1
MOS 4.07 0.3
M10 4.27 0.3
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2.4.3 Modulus of Elasticity

Experimental studies (Fanella and Naaman 1985; Shah et al. 1978) have shown that
the addition of fibers have a slight effect only on the modulus of elasticity of the

stress-strain curve of the composite.

In an experiment carried out by Ezeldin and Lowe (1991), the steel fibers in different
volume fraction was used (30, 45 and 60 kg/m? ) with concrete strengths varying from
35 to 85 MPa to report the secant modulus of elasticity under compression. It was
reported that with the increasing steel fiber volume fraction, the increase in modulus

of elasticity was considerable (Ezeldin and Lowe 1991).

2.4.4 Splitting Tensile Strength

Bentur (2007), Hasan et al. (2011), Roesler et al. (2006) have found that, for the direct
tensile strength of concrete, polypropylene fibers has not shown a considerable effect,
but for the splitting tensile strength, the addition of macro-synthetic polypropylene

fibers provides an increase the strength increase in the splitting tensile strength (Mohod

2015).

Ramujee carried out an experiment with different volume percentages of polypropylene
fibers in 12 mm length, circular cross section. As it can be seen on Figure 2.10} there
is an optimum amount of fiber volume fraction that can give a maximum splitting
tensile strength. Compared to the non-fiber reinforced concrete, the maximum splitting
tensile strength increase is 40% at 1.5% by volume fiber content. Therefore it can be
said that optimum value of this study of splitting tensile strength is 1.5% fiber content

(Ramujee 2013).

Tavakoli has performed a study on tensile and compressive strengths of polypropylene
fiber reinforced concrete. The polypropylene fibers used were 7 cm in length, with an
aspect ratio of 50, and the modulus of elasticity of 25 x 103 MPa. As a result of this
experiment it was seen that the ultimate tensile strength and strain both increases with

increasing fiber ratio. That leads to an increase in ductility of concrete. However, it
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Figure 2.10: Variation of splitting tensile strength with Fiber content (Ramujee 2013)

was also noted that a fiber volume fraction which is higher than 1.5% leads to strain
decrease. It was reported as a conclusion that tensile strength of concrete increases

about 80% with the use of 1.5% polypropylene fiber by volume (Tavakoli 1994).

2.4.5 Impact Resistance

The impact resistance of normal unreinforced concrete may not reach desirable levels.

With the addition of fiber, the impact resistance of concrete increases considerably.

Bentur et.al (1989) performed a study on impact resistance of polypropylene fiber
reinforced concrete. They found out that in both high and normal strength concrete,
the addition of polypropylene fibers with low volumes between 0.1% to 0.5% have

only a small positive influence on the impact resistance of concrete (Anbuvelan 2014).

On the contrary, Chu et. al (1989) carried out in their study a test on the impact
resistance of small concrete beams with polypropylene fiber. They reported that with
the polypropylene fibers in concrete, the impact resistance has increased by 29%

(Anbuvelan 2014).

In another study carried out by Anbuvelan, ACI Drop Weight Impact tests were
performed. The drop hammer was dropped recurrently and then the numbers of blows
required for the first visible crack to form at the top surface and for ultimate failure to

occur were reported (Anbuvelan 2014).
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In that study, they used the concrete strengths (M1:21 MPa, M2: 32 MPa, M3:
48 MPa) and utilized three fiber dosages (0.1%, 0.2% and 0.3%) as shown in Table
[2.5] The results of that study, shows that the addition of fibers increases the impact

resistance of concrete for different concrete strength values (Anbuvelan 2014).

Table 2.5: Impact strength test results (Anbuvelan 2014).

No. of blows
No. of blows
Dosage of Fiber for ultimate
No for first crack
in Concrete % strength
(Ave. of 5 specimens)
(Ave. of 5 specimens)

0.0 348 368

0.1 400 425
M1 (21MPa)

0.2 437 482

0.3 493 537

0.0 448 510

0.1 493 552
M2 (32MPa)

0.2 558 622

0.3 490 551

0.0 624 691

0.1 705 796
M3 (48MPa)

0.2 945 1015

0.3 1059 1204
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2.5 Fiber Properties Affecting Mechanical Characteristics of FRC Concrete

According to the “State of the Art Report on Fiber Reinforced Concrete “ by ACI
Committee 544, test data which have been obtained from composite concrete samples
containing polypropylene fibers at volume percentages ranging from 0.1 to 10.0
percent, it has been reported that the properties of the composites are greatly affected
by the volume, geometry, length, modulus, aspect ratio, strength, surface bonding
characteristic of the fiber, and the production method, the composition matrix, the
strength of the matrix. This is also valid for all the other synthetic fiber types (ACI
2012).

2.5.1 Fiber Aspect Ratio

Aspect ratio can be defined as the ratio of fiber length to its diameter (Kalpakjian and
Schmid 2001). The effect of the aspect ratio of fibers is also related to “the critical
fiber length”, which can be defined as the minimum length of the fiber that allows the
development of sufficient stress to cause the fiber to fail at its midpoint. The interfacial
fracture energy of the adhesive interface between the fibers and the matrix versus
the tensile strength of the fiber has an impact on the critical fiber length. It has been
concluded that for advanced FRC:s, the critical fiber length could be as much as 50
times the diameter of the fiber. To eliminate the fiber debonding under tensile stress,
FRCs with longer fibers could exhibit strength similar to the corresponding continuous

FRC (Valittu 2015).

According to the “State of the Art Report on Fiber Reinforced Concrete* reported
by ACI Committee 544, high aspect ratio fibers show more effective behavior in
enhancing the post-cracking behavior of fiber reinforced concrete. This is caused
by high resistance to pull-out from the matrix. However, the balling of the high
aspect ratio fibers during the mixture stage is a drawback. To ensure the high pull-out
resistance without allowing balling while reducing fiber aspect ratio, enlarging or
hooking the ends of the fibers and roughening their surface texture are some useful

methods.
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Hameed et. al. (2009), carried out an experimental study to investigate the effect of
fiber aspect ratio on load bearing capacity, post-crack strength and flexural toughness
of fiber concrete mixture. In this test, high performance metallic fibers have been
used in different aspect ratios (20 mm and 30 mm in length with 105 and 125 aspect
ratio respectively) while the dosage of fibers was kept constant at 20 kg/m? (0.25% by

volume fraction).

As it is seen from Figure 2.T1] the peak load is reached by the M20F30 specimen
which has the greatest fiber aspect ratio. Maximum Load carried by M20F30 was 80%
more than the control concrete and 27% more than the M20F20 (Hameed 2009).
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Figure 2.11: Comparison of load-deflection curves (Hameed 2009)
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2.5.2 Concrete Matrix and Elastic Modulus of Fibers

Elastic modulus is the ratio between the applied stress and instantaneous strain within
an assumed proportional limit. Elastic modulus, or Young’s modulus, (E), describes
the stiffness of concrete. It is a function of the concrete’s ingredients and their relative

proportions.

Mohamed (2006), has carried out a work on polypropylene fiber reinforced concrete,
where he observed that the initial E of the concrete has significantly reduced with

increasing amount of polypropylene fibers, as can be seen from Figure [2.12]
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Figure 2.12: Relation between initial modulus of elasticity and percentile of fiber

(Mohamed 2006).

To get the best performance of the fibers, they should have the ability to resist strains
greater than the capacity of the concrete matrix. This can be related to the elastic
modulus of the fiber and the matrix. The fibers have a small contribution during the
pre-cracking phase of the concrete, however; through the post cracking their effect
rises as they start to absorb the applied energy. Generally, the fibers do not take the
loads until the first crack occurs in the concrete. This means that compressive and
tensile strength of concrete are not affected by the addition of fibers of the cured

concrete.
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2.5.3 The Effect of Fiber Orientation, Geometry, Dispersion and Shape

When fibers are added in sufficient amount, the bridging fibers share and transfer the
load to the other side of the crack. When the subsequent transferring stage, multiple
cracking occurs in the matrix. In the initiation of the cracking the fiber dispersion has

an enormous role (Akkaya, Shah and Ankenman 2001).

One of the most important property that distinguish fiber reinforcement from the
conventional steel rebar reinforcement is the orientation of the reinforcement. While
conventional reinforcement can be oriented in desired direction, the fiber reinforcement
are not always but ideally randomly distributed. It is stated that the fibers aligned
parallel to the applied load provide more strength and toughness than randomly

distributed or perpendicular fibers (Kumar et.al. 2015).

Microstructural studies verify that compared to the longer fibers, shorter fibers disperse
better in the concrete matrix and thus, the toughness performance of the matrix is

enhanced better.

Akkaya et.al. (2001) carried out an experiment on fiber reinforced extruded cement
composites, and reported the post-peak behavior of the 2 mm and 6 mm long fibers
which have an identical volume fraction of 3% for the same specimen sizes. They
reported at the end of the experimental study that 2 mm long fibers exhibit a behavior
which allows a post-peak property with enhanced multiple cracking but 6 mm long

fibers did not exhibit multiple cracking.

According to the same study, it has been seen that the size and number of the fiber free
areas and the clumping of the fibers play an important role on the energy absorption
capacity of the concrete by affecting the cracking formation. When the fibers are
clumping, there is an increase in the fiber free areas. Therefore, on this increased fiber
free area, it is easy to move cracks in the matrix with the less energy requirement for
the initiation and moving forward. Thus, clumping does not allow fibers to create a
bridging behavior then the initial cracks advance through the matrix. Therefore it can

be concluded as: the clumping and the volume fraction of fiber free areas in concrete
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matrix affect the post-peak behavior of concrete negatively and this leads to a decrease

in toughness of concrete.

Determining the dispersion and orientation of the fibers in the concrete matrix is
a difficult process. Also, controlling the dispersion and orientation of fibers during the

concrete mixing process is by no means an easy task.

2.6 Test Methods For Determining Flexural Toughness of Fiber Reinforced

Concrete

There are many different test methods used to determine the flexural strength of

concrete specimens as listed below.

- ASTM C1018 : Standard Test Method for Flexural Toughness and First-Crack
Strength of Fiber-Reinforced Concrete (Using Beam With Third-Point Loading)

- ASTM C 293 : Standard Test Method for Flexural Strength of Concrete (Using
Simple Beam With Center-Point Loading)

- ASTM C1550 : Standard Test Method for Flexural Toughness of Fiber Reinforced
Concrete (Using Centrally Loaded Round Panel)

- BS EN 14488-5 : Testing sprayed concrete. Determination of energy absorption
capacity of fibre reinforced slab specimens

- EFNARC Square Panel Test Method

- BS EN 14651 : Test method for metallic fibre concrete.

Measuring the flexural tensile strength (limit of proportionality (LOP), residual)

- NBN B 15-238 : Tests on fibre reinforced concrete - Bending test on prismatic samples

To determine the toughness of the fiber reinforced concrete, usually beam specimens
are used. However, many drawbacks have been found in the standard test methods
related to the beam tests such as ASTMC 1018 and ASTMC 1399. It has been found
that panel test can sort out relative behavior among the various concretes and this test
shows inherently low variability. In addition, round panel test is more representative

of field performance (Xu, Mindess and Duca 2004).
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In this thesis study centrally loaded round and square panels test methods were used

as explained below.

2.6.1 Centrally Loaded Round Panel Method

This test method is applied according to the ASTM C1550-12a. The aim of this method
is to determine the flexural toughness of the fiber reinforced round panels by using
a central load which is applied on the specimen at a specific loading rate. Then, the
performance of the specimen is calculated in terms of energy absorption capacity using
the central deflections with the corresponding loads. The area under the load and the

displacement represents the calculated toughness of the specimen.

In this method, the round panel specimen is placed on the three symmetrically pivots
on which the transfer plates are arranged to ensure a smooth and flat platform and
the three pivots are arranged with 120 degree angle with respect to each other. At the
midpoint of the specimen an LVDT is used to measure the deflection in a precise way

with the high sensitivity.

This method well represents the post crack behavior of the fiber reinforced structural
members, especially, the mode of failure behavior of the in-situ structures because of
the fact that it experiences bi-axial bending in reply to a central point load (ASTM
2012).

According to the ASTM C1550-12a, it has been reported that, the energy absorption
capacity which corresponds to a central deflection up to 40 mm, is viable to the
situations subjected to severe deformation in situ such as shotcrete in tunnels, temporary
support linings in swelling ground etc. Moreover, the corresponding central deflection
up to 5 mm can be applicable to obtain the toughness of proposed low levels of

deformation exposed areas such as final linings of underground structures.
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Figure 2.13: Plan view of suggested method of deflection measurement.
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Figure 2.14: Suggested method of deflection measurement to exclude load-train and
crushing of concrete at the point of loading using a linear variable deflection transducer

(LDVT).
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The response measured by the cross head and the LVDT mounted underneath the
sample is quite similar. However, at the initial part of the test, the cross head will
measure the deformation occurred in the specimen and the test assembly as well.
Therefore, the first crack deflection can be measured more accurately through the

LVDT (Mobasher 2011).

The three symmetrically 120 degree oriented support pivots lead to low within-batch

variability in the energy absorbed by a set of panels up to a specified central deflection.

The most important physical property which strongly affects the panel performance
in this test is the thickness of the panels. However, the diameter has a small effect on
the result of performance of panel. The nominal dimensions of the panels are 75 mm
in thickness and 800 mm in diameters. The displacement rate is about 4.0 mm/min.
However, when displacement-controlled testing machine is used, and the surface of
the specimen is rough, the effective displacement rate may be less than 4.0 mm/min.
As aresult of the tests, it has been seen that small changes in the effective rate do not
affect the energy absorption value (ASTM 2012). This range can be defined between
0.5 to 10 mm/min.

2.6.1.1 Centrally Loaded Square Panel Method

Square Panel Test which is also called as “EFNARC Panel Test” is a toughness
measurement test that determine the absorbed energy by load-deformation curve. The
test is designated to create more realistically biaxial bending model that may occur in

some structural member applications (Rivaz 2015).

Square Panel test is simulating, at a laboratory scale, the structural behavior of the

concrete slab under flexural and shear load.

The test setup performed according to the ENFARC Panel test, is presented in Figure

[2.15|and Figure 2.16]

The dimensions of the test plate is 600 x 600 x 100 mm? and the center point contact
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Figure 2.15: ENI14488-5 testing on steel support (Rivaz 2015).

100

Figure 2.16: Set-up for plate test (EFNARC 1996).

area is 100x 100 mm?. The test plate shall be continuously supported on its 4 edges by

a steel frame.

The point load is applied at the center of the plate with the help of a rigid smooth block.
This block provides a flat surface for the applied load and enables an accurate load
distribution. The test is performed at a constant loading rate of 1 mm/min until the
deflection reach 30 mm, and the load-deflection data recorded though the whole test

(Rivaz 2015).

The square panel test is more convenient than beam test to evaluate the performance of
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fiber reinforced concrete, because 4 edges supported specimen simulates the continuity
of the in-situ application of concrete lining while, in beam test this continuity cannot
be reached. Moreover, the fiber reinforcing effect in a panel is very similar to the real

behavior of the slab while in beam test the specimen act along one direction.

2.6.1.2 Comparison and Correlation of Round and Square Plate Test Results

The square plate is simply supported along the whole perimeter of the specimen
therefore; it is an indeterminate structure testing. On the other hand, round panel test
is a statically determinate test in which the crack pattern prediction is quite predictable
and the post cracking material behavior can be seen easily (Minelli and Plizzari 2010).
Moreover, in square plate during the loading phase, some irregular distortions of
boundary lines have been observed. The deformed part may go upward and it looses

the contact with the support (Han et.al. 2010).

Parmentier et.al (2008), performed an experimental study to compare test results
of various test procedures. Four testing methods were used which are Three Point
Bending Test according to EN 14651, Four Point Bending Test NBN B15-238, Round
Panels according to ASTM C1550-05, Square Panels according to EFNARC. The fiber
ratio were 4.5 kg/m?® for macro synthetic fiber (0.49% by volume) and 30kg/m? for
the steel fibers (0.38% by volume). The slenderness ratio=50 for steel fibers while for
synthetic fibers slenderness ratio were not taken into consideration. In conclusion it
was reported that; the variation of the beam test results is higher than of the square
and round panel test results. The variation coefficient was reported above 20% in
classical beam bending test stated above, however, in round panel and square panel
test the variation was reported between 6% and 9%. Therefore, it can be said that in
determining the toughness of the materials in different test methods, square and round

panel tests give more reliable results compared to the beam test results.

Chao et.al. (2011), made a performance comparison of three different test methods
for evaluation of fiber reinforced concrete. The three methods were: i) Third Point
Bending Test (ASTM C1609; ASTM, 2007), i1) Uniaxial Direct tensile Test and iii)
Round Panel Test (ASTM C1550). It was concluded that:
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- In uniaxial direct tensile test, the crack propagation path cannot be controlled well
and that led a variation in post cracking response and in the post cracking response, it

was seen a significant variability.

- In Third Point Bending Test, although the first cracking loads are almost same,
the post-cracking response and peak flexural strength shows a considerable variability.
This variability may be caused by the non-uniform distribution of fiber along the

specimen. Due to this fact, this test methods does not give a consistent result.

- In round panel test, it was seen that the change in variation coefficient of peak
load and energy absorption versus deflection values were as low as between 5% to
13%. Also, usually the major cracks are produced as a result of this test and this leads
to performance is evaluated better freely by the means of fiber distribution. Also, the
crack propagation can be seen in round panel test very well. Therefore, as a result
of comparison of three test method for fiber reinforced concrete, the round panel test

gives more reliable results while evaluating the performance (Chao et.al. 2011).
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CHAPTER 3

EXPERIMENTAL STUDY

3.1 Experimental Plan

In the scope of this thesis study, fiber reinforced concrete samples prepared with
different dosages of polypropylene fibers were tested in accordance with ASTM
C155-12 a (Round Panel Test Method) and EFNARC Square Panel Test Method to

determine their energy absorption capacity.

The samples were divided into two groups. The first one is “Normal Polypropylene
Fiber Dosage Concrete” (NPFC) samples and the other one is “High Polypropylene
Fiber Dosage Concrete” (HPFC) samples. In NPFC samples; 3, 6 and 9 kg/m? (0.3%,
0.6%, 0.9% by volume respectively) dosages while in HPFC 12, 18 and 24 kg/m?
(1.32%, 1.67%, 2.64% by volume respectively) dosages polypropylene fibers were
used. Moreover, since the use of higher amounts of fibers were not possible, a highly

workable matrix was utilized in the mixtures number 2.

For each concrete matrix group, six different samples were prepared. Three of them
are for Round Panel Test Method, and the other three are for EFNARC Square Panel
Test Method. Therefore, a total of 36 FRC samples were prepared as can be seen in

Table[3.1]
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Table 3.1: Number of specimens

Fib
Concrete DET Round Square
Label ] Dosage
Matrix Plate Plate

(kg/m3)
MNPFC 3 3 3 3
MNPFC & #1 & 3 3
MNPFC S =] 3 3
HPFC 12 12 3 3
HPFC 12 #2 18 3 3
HPFC 24 24 3 3

3.2 Mixture Proportions

For the NPFC, 200 kg/m? and for the HPFC, 400 kg/m® cement was used in the
samples. In order to increase the viscosity a higher percentage of fly ash was utilized
in the HPFC mixtures. This enabled a homogeneous distribution of higher amounts of
fibers. In HPFC samples, there were used higher percentage of fly ash compared to
the NPFC samples. Also, superplasticizer amount in HPFC samples were higher than
NPFC ones to enable the homogeneous mixture in higher amount of fibers. As a result
of the mix proportions, the compressive strengths of the HPFC samples were expected

to be higher than NPFC samples.

3.2.1 Cementitious Materials

In this study, CEM-I 42.5 R Ordinary Portland Cement -obtained from Bastas Cement
Plant, Ankara- was used for all samples. The density of cement was 3.11 g/cm? and
the blaine fineness was 3700 cm?/g. According to the TS-EN 196-3, the initial setting

time of cement paste was determined as 185 minutes.
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Table 3.2: Mix designs

Concrete Ingredients (kg/m3)
Aggregates
Label Cement| SF | FA | W |SP | F . Coarse | Coarse
Fine
1 2
NPFC 3 200 0| 50 |125) 3 | 3 | 1006 520 520
NPFC & 200 0 | 50 |125] 3 1001 518 518
NPFC 9 200 0| 50 |138) 3 981 507 507
HPFC 12 400 28 | 400|232 8 (12| 757 335 0
HPFC 18 400 28 | 400|215 8 (18] 775 344 0
HPFC 24 400 28 | 400|232 8 | 24| 733 325 0

The major oxide composition of cement is listed below Table [3.3]

Table 3.3: Major oxide composition of cement

Chemical Properties
Chemical Composition (%) | P.C
Si0, 19.15
Al O3 5.16
Fe, 04 3.56
CaO 63.26
MgO 1.28
SO3 2.77
Nay,O 0.30
K20 0.37
P,05 -
TiO, -
L.O.I (%) 3.83
Pyhsical Properties
Density (g/cm?) 3.11
Average Particle Size (ym) -
Surface Area (m?/g) 0.37

Moreover, to enhance the workability of the concrete, class F fly ash from Sugozii
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thermic power plant was also used in all the mixtures. For HPFC mixtures, silica fume,
obtained from Antalya Ferrochrome Plant, was used in order to enhance the strength

performance of the concrete.

3.2.2 Fiber

The fiber used in this study was, 48 mm length fibrillated Barchip brand Polypropylene
fibers (Table [3.1)). The mechanical and physical properties of the fibers as specified by

the manufacturer are listed in Table 3.4]

Table 3.4: The mechanical and physical properties of fibers (EPC 2016)

Characteristic Material Property
Base Resin Modified Olefin
Length 48 mm
Aspect Ratio 52.34
Tensile Strength 640 MPa

Surface Texture

Continuously Embossed

No. Fibers/kg 59500
Specific Gravity 0.91
Young’s Modulus 10 GPa
Melting Point 159 -179 °C
Ignition Point Greater than 450 °C
Appearance Solid Body

Boiling Point

None - Dissolves

Volatilisation None

Flammability Combustible
Oxidation Character None

Self Reactive None
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Figure 3.1: Polypropylene fiber used

3.2.3 Superplasticizer

Since the use of fibers decreases the workability of concrete, a superplasticizer,
GLENIUM 51 by BASF company, was used to compensate this loss. The properties
of the superplasticizer used in this study as specified by the manufacturer are listed in

the following Table3.5]

Table 3.5: Properties of superplasticizer “Glenium51” from BASF (BASF 2013)

Characteristic Material Property
Structure of Material Polycarboxylic ether based
Color Amber
Density 1.082-1.142 kg/liter
Chlorine Content % (EN 480-10) < 0.1
Alkaline Content % (EN 480-12) <3
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3.2.4 Aggregates

Three different groups of crushed limestone aggregate were used in this study. The
gradations of the aggregates are shown in Figure [3.2] The Standard Test Method for
Sieve Analysis of Fine and Coarse Aggregates ASTM C136 was used in gradation.
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Figure 3.2: The gradation of aggregates.

Also, the physical properties, determined by laboratory test results in accordance
with the ASTM C128, C566, and C670, of the laboratory test results of the utilized
aggregates are shown in Table [3.6]

3.2.5 Water

Tap water, from METU Materials of Construction Laboratory of Civil Engineering

Department, was used for all the mixtures.
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Table 3.6: Aggregate test results

oD SSD ASG Absorption
Coarse 2 2.64 2.66 2.70 0.86%
Coarse 1 2.67 2.69 2.73 0.83%
Fine 2.58 2.63 2.72 1.94%

OD : Oven-Dry , SSD : Saturated Surface Dry , ASG: Apparent Specific Gravity,
Absorption: Water Absorption

3.3 Test Equipment

3.3.1 The Molds

For the square panel test, the molds are prepared according to the EFNARC Panel test

specifications. The steel molds had dimensions of 600 x 600 x 100 mm?3.

The round panel molds were also made of steel with a diameter of 600 mm and
a thickness of 75 mm. The diameter used for this study was different than the ASTM
C-1550 which required 800 mm, because of the limitation on the dimensions of the

Loading Frame used in this study.

Figure 3.3: Square and round panel molds W: Width, L: Length, h: Height, D:

Diameter.
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3.3.2 Mixer

To mix the concrete specimens homogeneously, a rotary electrical mixer with a capacity

of 150 L was used.

3.3.3 Loading Frame

The loading frame to test the specimen was an MTS brand universal testing machine
with a 250 kN capacity. This machine has a servohydraulic pump that allows to
perform precise displacement control tests. The test data were collected by the device
itself with a sampling rate of 100 Hz. For each of the round plate and square plate test

method, the supports under the plate and the load applying head changes.

For round plate specimens, three points supported base is used and the load is applied
through a half spherical head with a diameter of 100 mm. An LVDT was placed at the
center of the base to measure the deflection up to 5 mm (the stroke limit of the LVDT
used). Through all the test, the displacement control procedure was performed using

the values of the axial displacement of the device.

The three points supported base is used when round plate specimen is tested as
shown on the Figure As mentioned in the previous section, the LVDT is placed at
the center of the base to measure the deflection up to a specified limit in more accurate
manner. All the test method, is arranged in accordance with ASTM C155-12a with a

specimen size of 75 mm in thickness and 600 mm in diameter.

On the other hand, for the square plate specimens a rectangular steel frame was
used to make the four edges stand on a simple support. As in the round plates
test, the displacement control procedure was performed using the values of the axial
displacement of the device. However, no LVDTs were used in this test as it was not

required by EFNARC guidance.

Because of the large weight of the specimens, an engine crane was used to place

the specimens on the test device.
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a) Round Plate Base b) Square Plate Base

Figure 3.5: Base plates of the two plate specimens

i

[CoE.

Figure 3.6: Engine crane
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3.4 Experimental Procedure

3.4.1 The Mixing and Casting Process

At the beginning, the aggregates are placed into the mixer. Then the mixer is turned on
for about two to three minutes to allow the aggregates to be mixed homogeneously.
Through this period, about 1/5 of the water is added gradually to the aggregate
along with half of the fibers to get a better homogeneous mixture and reduce the
agglomeration and balling of the fibers. At the end of this period, the cement and the
fly ash are added into the mixer and let it run for another two minutes. After this, the
rest of the fibers is added to the mixer followed by the rest of the water mixed with the
superplasticizer and the silica fume (if the mixture contains silica fume, to allow it to
be dispersed in the best way. The mixer is kept running after that for about 5 minutes,
and when the materials appear to be fully mixed, the casting process into the molds
starts. The samples are kept in the molds for 24 hours before they were removed and

stored in continuously wet under ambient room temperature until the test day.

Figure 3.7: A general view of the specimens in the laboratory
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3.4.2 The Testing Process

After the 28 day curing is completed, the specimens become ready for the test. For
the round panel specimens, the LVDT has been placed at the midpoint of three point
supported base’s bottom part where it measured the deflection of the sample under
point load up to 4 mm deflection to get a more accurate result with high precision.
After 4 mm deflection is recorded, the LVDT is removed and the device continues to
collect the deflection data along with corresponding force values. For square panel
test, the procedure is a little bit more complicated compared to round panel test.
Because the square panel is supported with a continuous frame, during the test any
non-uniformity on the bottom surface and on the edge of the sample may lead to
misleading results. Therefore, to avoid that, the steel frame perimeter has been covered
with gypsum before the specimen is placed over it. With the help of bubble level, the
smooth placement of the sample has been measured. After that, the specimen, along

with the frame has been placed on the testing machine for the test.
The deflection limit has been arranged to be up to 30 mm deflection for both square
and round panels. However, the evaluation of the data has been performed up to 25

mm deflection in accordance with ASTM C 1550-12a and EFNARC.

Figure 3.8 shows how square and round panel placed on their base on loading frame.

Figure 3.8: The two types of specimen tested a) Square panel b) Round panel
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3.5 Data Evaluation Method

From the force-deflection graph in Figure[3.9] the energy absorption capacity of each
sample has been determined. The area under the force-deflection graph gives the
energy absorption capacity or the toughness. As an example, the Figure [3.9]and Figure
[3.10]shows the Force-Deflection of Square Panel NPFC 3 sample. The graph represents
the measured data collected by the testing device. From the MTS test data, energy

absorption capacity is calculated by numerical integration as presented in Figure 3.10]
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Figure 3.9: Typical force-deflection graph of a square panel

3.6 Measuring the Center Point Deflection

LVDTs ensure high sensitivity and precision by measuring the deflection from the
bottom of the specimen instead of measuring from the piston. The round panels allow
the measurement deflection with the help of LVDT from the bottom. Due to the
unavailability of square plate base to place LVDT, the square samples were measured
from the piston only. Moreover, in the EFNARC standard there is no statement on the

location of center point deflection measurement.
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Figure 3.10: Typical energy-deflection graph of a square panel

The Figure [3.11] shows the difference of Force-Deflection graph of the same specimen
(HPFDC 18 Round Sample) one of them has LVDT and the other have not. As seen
from the two curves the initial slopes of the load-deflection data and the total energy
absorption capacity are quite different. However, the energy absorption capacities are
almost same. The reason for the change in slope is simply the change in deflection
measurement. When the deflections are measured from the piston, the compliance that
comes from surface roughness of the concrete and the settlement of the gypsum are all
taken into account. Therefore, these deflections are relatively higher when compared
to the deflections measured from LVDT.
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Figure 3.11: Typical force-deflection graph obtained from round plate specimen

measured from piston and LVDT
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Measuring the deflection from the bottom of the specimen leads avoiding other

displacements resulting from the surface irregulation and support conditions.
In this thesis, for the square plate specimens the deflections were recorded from

the piston, therefore the compliance that comes with gypsum use all appeared in the

load deflection curves, so this should be taken into account.
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CHAPTER 4

TEST RESULTS

In this thesis study, different dosages of polypropylene fibers have been used and tested
in accordance with ASTM C 1550-12a Round Panel Test and EFNARC Square Panel
Test methods. The force deflection graphs of the tested specimens are shown in this
chapter. Moreover, energy deflection graph of the all tested specimens are given in one

chart and the correlation between the round and square panel test data is determined.

4.1 Fresh Concrete Test Results

The table below shows the fresh concrete test data of all six mixtures. Due to the
highly viscous nature of HPFC mixes, the slump were measured as slump flow. Unlike
this, in NPFC mixes, the zero slump concrete were seen. Typical slump and slump

flow figures are seen in Table d.1]

Table 4.1: Fresh concrete samples test results

Mix Label Slump/Slump Flow | Unit Weight
{cm) (kg/m3)

NPFC 3 0 2445
NPFC 6 0 2472
NPFCS 0 2466
HPFC 12 86* 2217
HPFC 18 74* 2273
HPFC 24 J0* 2200

* Slump flow diameter incm .

45



Figure 4.1: a) Slump and b) Slump flow of fresh concrete.

4.2 Square Panel Test Data

The square panel test results are shown on the graphs in following subsections.

4.2.1 NPFC Square Samples

The force deflection graph and crack patterns of all three mixtures (3, 6 and 9 kg/m?
fiber dosages) are presented in Figures [d.2] 4.3 and .4 respectively. As presented in
Figures [4.2] [4.3] and [4.4] each sample has a different thickness. The effect of thickness
on the ultimate load or cracking load is quite noticeable. For example, as seen in
Figure 4.2] the highest load was obtained from specimen 3 which has the highest
thickness among all the three plates. Moreover, the lowest load coincided with the

plate having the lowest thickness. This was the case for most of the tested specimens.
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Figure 4.2: Force deflection graph and crack pattern of NPFC 3 square panel samples

Table 4.2: Thickness of NPFC 3 square

Square Panel Thickness
Thickness
Label | Sample
(cm)
#1 9.69
NPFC 3 #2 9.56
#3 9.90
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Figure 4.3: Force deflection graph and crack pattern of NPFC 6 square panel samples

Table 4.3: Thickness of NPFC 6 Square

Square Panel Thickness
Thickness
Label | Sample
(cm)
#1 9.85
NPFC 6 #2 9.66
#3 10.00

48



80000

70000

50000

Force (N)

30000

20000 -

10000

sample-2

sample-3

= e Average

5 10 15 20 2
Deflection (mm)

#1 #2 #3

Figure 4.4: Force deflection graph and crack pattern of NPFC 9 square panel samples

Table 4.4: Thickness of NPFC 9 Square

Square Panel Thickness
Thickness
Label | Sample
(cm)
#1 9.86
NPFC9 #2 9.63
#3 9.75
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When all the data are combined, the effect of fiber dosage for NPFC 3, 6 and 9 square

samples can be seen as presented in Figure 4.5}
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Figure 4.5: Force deflection graph of NPFC 3, 6, 9 square panel samples

As seen in Figure [4.5] with an increase in fiber dosage, there is a considerable
improvement in the post-cracking behavior The post-cracking strength is higher in
the NPFC 9 mix. This kind of behavior for low and high volume fraction of fibers
were explained by other researchers (Fanella and Naaman 1985) as presented earlier

in Figures 2.5 and 2.6.
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4.2.2 HPFC Square Samples

The force deflection graph and crack patterns of all three mixtures (12, 18 and 24
kg/m? fiber dosages) are presented in Figures and espectively.
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Figure 4.6: Force deflection graph and crack pattern of HPFC 12 square panel samples

Table 4.5: Thickness of HPFC 12 square

Square Panel Thickness
Thickness
Label Sample
(cm)
#1 8.86
HPFC 12 #2 9.03
#3 9.50
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Figure 4.7: Force deflection graph and crack pattern of HPFC 18 square panel samples

Table 4.6: Thickness of HPFC 18 square

Square Panel Thickness
Thickness
Label Sample
(cm)
#1 8.90
HPFC 18 #2 9.09
#3 8.80
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Figure 4.8: Force deflection graph of HPFC 24 square panel samples

The sample-3 data could not be recorded because of an experimental error caused
by MTS machine. Also, the crack patterns could not be photographed due to some

problems in photographic apparatus.

Table 4.7: Thickness of HPFC 24 square

Square Panel Thickness
Thickness
Label Sample
(cm)
#1 8.89
HPFC 24 #2 8.69
#3 9.00

When all the data are combined, the effect of fiber dosage for HPFC 12, 18 and 24

square samples can be seen as presented in the Figure (4.9}
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Figure 4.9: Force deflection graph of HPFC 12, 18, 24 square sampels

As seen in the Figure 4.9] with an increase in fiber dosage the post cracking strength
becomes more obvious and the cracking strength cannot be observed. Moreover, the
stiffness of HPFC 18 mixture was quite different than the HPFC 12 and HPFC 24. This
was attributed to the measurement of the displacement from the piston. The thickness

of the gypsum might have been different when compared to the other two mixtures.
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4.2.3 Comparison of NPFC and HPFC Square Samples
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Figure 4.10: Comparison of NPFC and HPFC square samples

To compare the effect of fiber dosage on mechanical performance of FRC mixtures, the
average Force-Deflection curves of all mixtures are plotted in Figure .10} As seen in
that figure, the stiffness (i.e. the slope of Force-Deflection curve in the elastic range ) is
quite different for all mixtures and there is no trend. This is simply because of the flaw
apparent in the EFNARC test procedure. For correct measurements, the displacement
should be measured from the bottom. Nonetheless, the effect of fiber dosage is still
visible in that figure. As the amount of fibers increased, the post-cracking behavior is

tremendously improved.

55



The energy-displacement curves are also plotted for comparison.
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Figure 4.11: Energy deflection comparison of all square panel samples

The amount of energy absorbed is increasing with increasing fiber dosage.

Moreover, the change in energy with the changing volume fraction of fibers is shown

in Figure 4.12}
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Figure 4.12: Energy vs. fiber volume fraction of square panels

With increasing fiber dosage, energy absorption capacity was increased. However;
in HPFC 24, compared to HPFC 18, energy was decreased. This means, for such an
amount of fibers in square panel test, the concrete matrix could not meet desired energy
increase. The fiber matrix could be changed. For the matrix in use, the optimum fiber

dosage was seen as HPFC 18.
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4.3 Round Panel Test Data

The round panel test results are shown on the graphs in following subsections.

4.3.1 NPFC Round Samples

The force deflection graph and crack patterns of all three mixtures (3, 6 and 9 kg/m?

fiber dosages) are presented in Figures [4.13] .14 @.15] respectively.
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Figure 4.13: Force deflection graph and crack pattern of NPFC 3 round panel samples

Table 4.8: Thickness of NPFC 3 round

Round Panel Thickness
Thickness
Label | Sample
(cm)
#1 7.11
NPFC 3 #2 7.48
#3 7.23
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Figure 4.14: Force deflection graph and crack pattern of NPFC 6 round panel samples

Table 4.9: Thickness of NPFC 6 round

Round Panel Thickness
Thickness
Label | Sample
(cm)
#1 7.10
NPFC 6 #2 7.26
#3 7.41
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Figure 4.15: Force deflection graph and crack pattern of NPFC 9 round panel samples

For NPFC 9 round, the Force-Deflection graph of sample 2 is different than the others
up to first cracking point, this was caused by the slight sliding of the LVDT which

#1 #2 #3

Table 4.10: Thickness of NPFC 9 round

Round Panel Thickness
Thickness
Label | Sample
(cm)
#1 7.28
NPFC 9 #2 7.40
#3 6.92

leads to misreading. Therefore, it is neglected.
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When all the data are combined, the effect of fiber dosage for NPFC 3, 6 and 9 round
samples can be seen as presented in the Figure .16}
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Figure 4.16: Force deflection graph of NPFC 3, 6, 9 round panel samples

As seen 1n the figure, the cracking load was 18000 N for NPFC 3, 24000 N for NPFC
6 and 15000 N for NPFC 9. This difference is probably due to the variation in the
thickness of these specimens. Moreover, it was quite difficult to homogeneously mix
NPFC 9 because of the lower viscosity of this mixture. This may have also caused

inhomogeneity which may have caused to strength reduction.
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4.3.2 HPFC Round Samples

The force deflection graph and crack patterns of all three mixtures (12, 18 and 24

kg/m? fiber dosages) are presented in Figures [4.17| [4.18| and |4.19|respectively.
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Figure 4.17: Force deflection graph and crack pattern of HPFC 12 round panel samples

Table 4.11: Thickness of HPFC 12 round

Round Panel Thickness
Thickness
Label Sample
(cm)
#1 7.49
HPFC 12 #2 7.25
#3 7.10
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The sample-3 data could not be recorded because of an experimental error caused by

MTS machine.
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Figure 4.18: Force deflection graph and crack pattern of HPFC 18 round panel samples

Table 4.12: Thickness of HPFC 18 round

Round Panel Thickness
Thickness
Label Sample
(cm)
#1 7.25
HPFC 18 #2 7.05
#3 7.37
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For HPFC 18 round, the Force-Deflection graph of sample 3 is different than the others
up to first cracking point, this was caused by the slight sliding of the LVDT which

leads to misreading. Therefore, it is neglected.
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Figure 4.19: Force deflection graph of HPFC 24 round panel sample

The sample-3 data records could not be read because of an experimental error caused

by MTS machine.

Table 4.13: Thickness of HPFC 24 round

Round Panel Thickness
Thickness
Label Sample
(cm)
#1 7.49
HPFC 24 #2 7.20
#3 7.35
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When all the data are combined, the effect of fiber dosage for HPFC 12, 18 and 24
round samples can be seen as presented in Figure 4.20)
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Figure 4.20: Force deflection graph of HPFC 12, 18, 24 round panel samples
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4.3.3 Comparison of NPFC and HPFC Round Samples
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Figure 4.21: Comparison of NPFC and HPFC round samples

When all 6 mixtures are compared in Figure #.21] the strain hardening behaviour

observed in HPFC mixtures are more clear.

The energy vs. displacement curve are also plotted for comparison.

800

~———NPFC 3
700

——NPFC 6

600

~—=NPFC9

HPFC 18
400

HPFC 24

Energy (KJoule)

300

) /
0 , /
=

0 5 10 15 20 25
Deflection (mm)

Figure 4.22: The Energy vs. deflection comparison of all round panel samples.
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The change in energy with the changing volume fraction of fibers is shown in Figure

B.23]
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Figure 4.23: Energy vs. fiber volume fraction of round panels

With increasing fiber dosage, energy absorption capacity was increased. However; in
HPFC 24, compared to HPFC 18, energy was slightly increased. This means, for such
an amount of fibers in round panel test, the concrete matrix could meet the energy
increase but not to the desirable amounts. The fiber matrix could be changed to get the
maximum capacity of HPFC 24 . For the matrix in use, the optimum fiber dosage was

seen as HPFC 18 as in the case square panel test results.
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4.4 Round vs Square Plate Energy Relationship

In accordance with the test data, when the maximum energy of the samples which are
reached is obtained, the energy relationship between round panel and the square panel

samples are compared and a relationship have been found as shown below in Figure

424

Table 4.14: Maximum energy in different volume fractions for round and square panels

NPFC NPFC NPFC HPFC HPFC HPFC
Fiber Dosage (kg/m?) 3 6 9 12 18 24
Volume Fraction (Vf) 0.3% 0.6% 0.9% 1.32% 1.67% 2.61%
Round Panel Max. Energy (k/) 174 309 315 495 733 814
Square Panel Max.Energy (k) 626 1010 1387 2108 2518 2430
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Figure 4.24: Relationship of energy obtained from square and round panel tests
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In this study, high dosage polypropylene FRC (12, 18 and 24 kg/m?®) and normal
dosage polypropylene FRC (3, 6 and 9 kg/m?) with different matrix formulations (low
viscosity and high viscosity mixtures) were prepared and tested by two different test
methods. As a result of this experimental program the following conclusions can be

drawn:

e In square panel test, the deflection under the load were measured from the
piston, on the contrary, in round panel test it was measured by LVDT. In piston
measurement, to avoid the non-uniformity of the specimen surface which were in
contact with loading piston, the smooth gypsum layer was created on the contact
surface. Therefore, it was hard and time-consuming to specify the gypsum
thickness at a specific desired thickness. The gypsum thickness played a role at
the displacement was measuring from the piston. However, in LVDT, because
the deflection were measured from the bottom of the specimen, there were no
such a problem. Therefore, the gypsum factor was eliminated while using round

panel test.

e To force all fibers use at its maximum capacity, a strong matrix is needed. In
order to achieve optimum efficiency of fiber, the matrix strength should be as
high as fiber strength. In thesis study, it was seen that at the matrix in which
24 kg/m? fiber dosage in both square and round panel test methods, the energy
increase could not reach to desirable levels even a reduction was seen in round

panel test method. To reach the desirable levels of energy increase at 24 kg/m?

71



fiber dosage, the concrete matrix should be changed. A stronger matrix can meet

the greater amount of fiber dosages.

For the same concrete matrix and in same fiber dosage, the difference in flexural
strength can be explained by thickness of the specimens. The slab thicknesses
verify these phenomena as in the seen force-deflection graphs. The thicker

samples resulted in greater flexural strength.

Crack patterns were predictable in round panel test method because of determinate
support conditions, but in square panel test methods crack patterns were not
predictable. It was seen that the greater energy absorption capacity resulted in

increase in total crack lengths especially in square panel test method.

Friction is the one of the most distinguished property between the two test
methods. In square panel test, the rectangular base was used and this rectangular
base embrace the sample along the whole perimeter. Likewise as in the top
of the specimen on which the load was applied, to ensure the smooth surface
between the base and specimen, the gypsum was also used again between the
base and specimen. Hence, when the load was applied, during the deformation
a friction was created by means of rubbing and dragging. However, in round
panel samples, at 120 degree placed pin supported base was used and while
the sample begins to deformation, the friction between the support hinges and
specimen was as low as considered its effect negligible. Therefore, it can be said

that round panel is a friction-free operation unlike as it was in square.

Round Panel Test is a determinate test method. Square Panel Test is an
indeterminate test. Round Panel Test, because of the its statically determinate
property, represents better biaxial flexural capacity of FRC. Because, the round
panel test and square panels test are different in statically determinacy perspective,

the energy measured from the two tests are different than each other.
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5.2 Recommendation

It was observed that for further studies, the displacement in the EFNARC test should
be measured from the bottom in order to eliminate the intrusion of gypsum in the test
results. Moreover, analytical studies can also be conducted in order to eliminate the

thickness and geometry effects.
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