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BSTRACT

An experimental study was conducted to investigate the impact and
surface abrasion resistance of concrete reinforced with steel fibers (SFRC)
and waste flax fibers (WFFRC). The impact strength was measured by
using a simple, portable and practical drop-weight test recommended by the
ACI Committee ¢ ¢ ¢, The abrasion resistance was determined according to
a simple and standard test procedure outlined in DIN eY)+A, Other
mechanical properties including compressive strength, splitting tensile
strength and modulus of rupture were also examined. Variables
incorporated in this research were fiber type, fiber content, compressive
strength and age of testing. Steel fibers and waste flax fibers were added to

concrete in various volume fractions of up to ) and £7 respectively.

Test results indicate that increasing the percentage of both types of
fibers leads to increase abrasion resistance of concrete. Addition of V”
crimped steel fibers and ¢/ waste flax fibers increase the abrasion
resistance by a maximum of Y1.¢ and V.¢/ respectively. The surface
property (depth of wear) of fiber reinforced concrete is directly related to
the bulk characteristics (compressive strength, splitting tensile strength and

modulus of rupture).

The fiber reinforced concrete (FRC) investigated is superior in
impact strength to the plain control concrete. This property increases as the
amount of fibers addition is increased. When the observed values are
compared, the ¢7 volume fraction of waste flax fibers can produce impact
strength comparable or higher than that obtained at )7 crimped steel fibers.

For a given steel fiber content, the impact strength increases with matrix



compressive strength up to a certain limit beyond which it starts to
decrease. The capacity of WFFRC to absorb impact energy enhances as the

compressive strength of the matrix and the age increase.

The analysis of the test results also shows that compressive strength,
splitting tensile strength and modulus of rupture are improved by including

crimped steel fibers, but insignificantly influenced by waste flax fibers.
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IST OF NOTATIONS

SYMBOL DESCRIPTION

A Contact surface area of the specimen.

As, max Maximum aspect ratio of the fiber.

As, min Minimum aspect ratio of the fiber.

c A factor represents the effect of Poisson’s ratio of fiber and
matrix on the laws of mixtures.

DOW Depth of wear.

d Diameter of fiber.

E., Es, E,, | Elastic modulus of composite, fiber, matrix.

Ecr Compression toughness energy.
Err Flexural toughness energy.

E, Impact energy.

E,. Impact energy of plain concrete.
Fe Compressive strength.




Fes, Faw | Compressive strength of steel fiber reinforced concrete, waste
flax fiber reinforced concrete.
F, Modulus of rupture.
Frs, Fw | Modulus of rupture of steel fiber reinforced concrete, waste
flax fiber reinforced concrete.
Fsp Splitting tensile strength.
Fsos: Fspw | Splitting tensile strength of steel fiber reinforced concrete,
waste flax fiber reinforced concrete.
FRC Fiber reinforced concrete.
(P P Impact resistance at failure of steel fiber reinforced concrete,
waste flax fiber reinforced concrete.
lvs, Tvw Impact resistance at first visible crack of steel fiber reinforced

concrete, waste flax fiber reinforced concrete.

SYMBOL DESCRIPTION

Length of fiber.

Critical length of fiber.

M Mass of the drop hammer.
N Number of blows to produce failure.
p Percent reinforcement.
S Average fiber spacing.
SFRC | Steel fiber reinforced concrete.
Vi, V,, | Volume fraction of fiber, matrix.
Vi (crit) | Critical fiber volume.
Vi, Viw | Volume fraction of steel fiber, waste flax fiber.
V, Impact speed.
WFFRC | Waste flax fiber reinforced concrete.
An Reduction in mass after Y min. abrasion period.
&, &, & | Strain in composite, fiber, matrix.
Emu Matrix cracking strain.,




n Orientation efficiency factor.

5 Length efficiency factor.

o Density of the specimen.

o, O, Oy | Stress in composite, fiber, matrix.

O Matrix failure stress of fully bonded fibers, or pull out stress of
debonded fibers.
Omu Matrix cracking stress.
ci Tensile strength of the composite.
T Average sliding friction bond stress between fiber and matrix.

Note: Other symbols are defined as they appear in the text.
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Table (A.V): Physical properties of the cement

Physical Properties

Test results

10S o: var:™Y) | imits

Fineness, Blaine,

cm'/gm

Setting time, Vicat’s

method
Initial hrs: min.
Final hrs: min.

Compressive strength

of v+.vy mm cube, MPa
¥ days
v days

Y"T'

Y-Yo

Yy

YA

> Y¥.
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Table (A.¥): Chemical composition of the cement
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MgO <o
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Table (A.¥): Properties of the sand
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\/D-\ e
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Properties Test results 10S te : vaAe™) Limits
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SOr (%)
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Table (A.¢): Properties of the gravel

Sieve size (mm) Percent passing | 10S ¢e : vaat ) Limits
YE o Yoo \l)
4.0 Yoo Ao-)
¢ Vo ' Yo
Y.¥ .4
-0
Properties Test results 10S to: vart ) Limits
Sulphate content, v A <)
SO (%)
Specific gravity Y.t
o A
Absorption (%) '

Table (A.¢): Technical description of superplasitcizer (Melment L» +)

Main action
Subsidiary effect
Appearance
Solids in aqueous solution
Density
Chloride content
Sugar content
pH value

Storage life

Concrete superplsticizer
Hardening accelerator
Clear to slightly milky

Approximately -7
V. gl/em’
Less than «.«+c %
None
v-14

At least two years
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INTRODUCGTION

Concrete is an inherently brittle material with a relatively low tensile
strength compared to compressive strength. Reinforcing by randomly
distributed short fibers presents an effective approach to the stabilization of
the crack system and improving the ductility and tensile strength of
concrete. A variety of fibers, including steel, polypropylene, glass and

natural fibers have been applied to concrete.

Fiber reinforcement of concrete is one of the most effective ways for
improving its resistance to impact, blast, explosion and other forms of short
duration dynamic loads. While the toughening mechanism is well
understood in this composite under statically applied loads, unfortunately
in the case of impact and other dynamic loads, our understanding is far
from adequate and continued research is clearly needed . The root cause
of this lack of understanding is the absence of a standardized test technique

for conducting impact tests on fiber reinforced concrete (FRC) .

A wide range of impact loading tests that are mostly complicated and
expensive have been used in practice. However, the results arised from
them are not comparable because the test method, specimen size and

support conditions used in these tests are arbitrary.



Chapter One Introduction

Information about abrasion resistance of FRC is still very limited and
contradictory. Also, testing surface abrasion resistance of FRC is extremely
difficult with existing methods such as ASTM Test for Abrasion Resistance
of Concrete by Sandblasting (C¢'A) and ASTM Test for Abrasion
Resistance of Horizontal Concrete Surfaces (Cvv4), if realistic and practical
results are desired . Therefore, this property of FRC need to be measured

simply and accurately.

Fiber reinforced concrete can be an alternative for the use in slabs on
grade, overlays, pavements and other such applications ' .These
applications require the concrete to be more resistant to impact and
abrasion. In such an environment the concrete is subjected to impact from
falling objects, aircraft, or from motor vehicles. It suffers from the abrasive
action of pedestrian traffic, loaded steel or rubber wheeled trolleys, and

sliding of objects.

The present work was conducted in two phases. In the first phase, the
impact and abrasion properties of steel fiber reinforced concrete were
investigated and measured by simplified and practical methods. In the
second phase, the use of waste flax fibers as a reinforcement in concrete
was studied. In both phases a total of Yo+ specimens were prepared and
tested under impact, abrasion, splitting tension, flexure and compression.
To undertake the experiments of impact strength, a portable and
economical test recommended by ACI Committee ¢ ) was adopted and
used. To perform abrasion resistance tests, the German DIN eY « A standard

test method was adopted and used.

Four parameters were taken into account: mix proportion and hence
compressive strength, type of fibers, namely, crimped steel fibers and waste
flax fibers, volume fraction of fibers, and age of the specimens at test. The

following reasons led to propose waste flax fibers in this investigation: (i)
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they are a type of natural fibers and can be used in applications where
impact damage is likely ©, (ii) they are locally available during reclaiming
process of rubber tires, and (iii) they are disposable and thus, no additional
cost will be added for concrete construction, in addition to environmental

advantages.

The research work presented in this study is given through five

chapters. This introduction represents Chapter One.

Chapter Two presents a literature review on the impact and abrasion
resistance of concrete. Also it involves fiber reinforcement mechanism and

the effect of fibers on some of static and dynamic properties of concrete.

Chapter Three contains the properties of materials used,

experimental procedure, specimens preparation and the tests carried out.

Chapter Four includes the results of the experimental work and their

discussion.

Chapter Five is devoted to the main conclusions and suggestions for

further research.
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REVIEW OF LITERATURE

Introduction

The literature review presented in this chapter covers the following

aspects:
Composite material concept.
Factors influencing the mechanical properties of FRC.
The behavior of plain concrete in impact and abrasion.

The influence of fibers on impact resistance, abrasion resistance,
compressive strength, splitting tensile strength and flexural strength of

concrete.

Composite Material Concept

The term “composite material” refers to the product made by
combining two or more components of different physical characteristics in
order to obtain a material having certain desired properties not available in
either of the components alone .

FRC is a composite material made of hydraulic cements, fine and
coarse aggregates and a dispersion of small fibers. It may also contain
pozzolans and admixtures commonly used with conventional concrete .
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The strength and the elastic modulus of the composite can be
theoretically obtained by using a simple elastic theory which can be
applied to determine the stress of FRC for uncracked section . This theory
is commonly called “Laws of Mixtures” and it is based on the following

assumptions:
The fibers are unidirectionally oriented in the direction of stress.

The fibers are fully bonded to the matrix, i.e., equal strains in matrix

and fiber.
Poisson’s ratio in matrix and fiber is equal to zero.
6.=6¢+Vi+o,Vyy (v.va)
Let volume of composite, V. =
c,=06¢V¢{+o,1-Vs) L (Y.'b)
where
o¢, Of, O - Stress in composite, fiber, matrix.
Vi, Vi, :volume fraction of fiber, matrix.
Since g, = g = gy
Ee=EfVe+ELN, L (Y.va)
E.=E;V;+E (Q1-VvVy) L (Y.Yb)
where
€, & €m . Strain in composite, fiber, matrix.
E., Es, En, : elastic modulus of composite, fiber, matrix.

The assumptions of the elastic theory are not likely to be real in

practice, therefore the Equations (Y. b) and (¥.Yb) become:
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GC:nanGfo +Gm(1—Vf )+C ............ (V.Y‘)
E.=mn,E(V; +E, -V )+c . (¥.¢)

where
n» : orientation efficiency factor.
nv . length efficiency factor.

C : a factor represents the effect of Poisson’s ratio of fiber and matrix

on the laws of mixtures.

Factors Influencing the Mechanical Properties of FRC

The behavior of FRC is affected by many factors including mix
design, method of compaction, fiber volume fraction, aspect ratio, spacing,

orientation and the critical length of fiber.
v.r.\ Mix Design

The mixture of FRC needs no much coarse aggregate to prevent the
segregation or balling of fibers. Coarse aggregate larger than Y4 mm is not

recommended and 4. mm is preferable.

Compared to conventional concrete, fiber concrete mixes are
generally characterized by higher cement content, higher fine aggregate
content and smaller sized coarse aggregate. Thus, conventional procedures
of mix design is not likely to be completely applicable and some

adjustments may be required .
¥.r.¥ Method of Compaction

FRC should be prepared by using external vibration whenever
possible. Internal vibration is not desirable and rodding is not acceptable
because these methods of compaction probably produce nonuniform
distribution of fibers ).
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Shaaban and Gesund © studied the influence of compaction method
of SFRC cylinders on splitting tensile strength. They concluded that
external vibration increased the splitting tensile strength by about Y-
percent beyond that of rodded specimens. While, they did not notice

significant differences in compressive strengths for both concretes.
v.r.r Fiber Volume Fraction

The term “volume fraction” of fibers refers to a ratio of fiber volume

to the volume of composite. It is usually expressed as a percentage.

The mechanical properties of the composite material will be
improved as the volume fraction of fibers increases. However, when too
many fibers are added to a matrix, fibers balling will occur and thus, there
is a limit to the volume of fibers beyond which the performance of FRC

decreases.

The critical fiber volume can be defined as the minimum volume of
fibers which will carry the load after matrix cracking. It can be

characterized by the following equations

. (9
Vi (crit)= mw— (¥.9)
Oy —&my Ef + 0

where
Vi(crit) : critical fiber volume.
Omu . Matrix cracking stress.

o . maximum failure stress of fully bonded fibers, or pull out

stress of debonded fibers.
emu . Matrix cracking strain.

Equation (¥.) can also be expressed as:
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V, (crit):ﬂ ............ (¥.%)
SR

where

E. : elastic modulus of composite (defined by Equation (Y¥.¥b)).

Critical fiber volume can also be graphically obtained as shown in
Fig.(¥.)).

Matrix failure here.
Load can increase

Matrix failure here.
Load must decrease

Strength

—
—_—
—_—
—

or Vi + om('-Vy)

Fiber volume

Fig.(¥.1): Graphical representation of Equation (Y. b) and the position of critical
fiber volume

When the volume fraction of fibers is below V(crit), single fracture

of matrix will be expected. While multiple fracture will occur when the

volume fraction of fibers exceeds V¢(crit).
v.r.t Aspect Ratio of Fiber

Aspect ratio is defined as the fiber length divided by an equivalent
diameter. Typical aspect ratios range from about v+ to Ye. for length
dimensions of 1. to Y1 mm ™. It is one of the most important parameters

governing the behavior of FRC both in fresh and hardened state.

The maximum aspect ratio is that ratio at which the fiber will be

fractured instead of being pulled out from the matrix at the instant of
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failure”"). It can be obtained by equating the force required to fracture the

fiber to that required to pull out it from the matrix.

2
%Gfu =nd rl—
| o
i= s U Amax (v.Y)
T

where

o . fracture strength of fiber.

T . average sliding friction bond stress between fiber and matrix.
I, d :fiber length, fiber diameter.

I/ :average pull out length.

As, max: Maximum aspect ratio of the fiber.

On the other hand, the minimum aspect ratio is an important
parameter for strengthening a flexural member in order to show a post-

cracking behavior.

Hannant " reaches to a suitable shape of stress block in flexural
member and an expression for the minimum aspect ratio (As min) for

constant volume fraction of fibers (Vj) in plane and space orientation.
For plane orientation,

8t o, 1
LTS —— YA
Amin= 25" c (")
For space orientation

320, 1

S —— v.4
Asmin 39 1t V, )

where

A, min - Minimum aspect ratio of the fiber.
oy . tensile strength of the composite.
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v.r.e Fiber Spacing

The average fiber spacing may be obtained either from the number of
fibers crossing a unit area of a given plane section through the material or

from the distance between the centroids of individual fibers (™7,

Romualdi and Baston ) noticed a significant improvement in the

tensile strength of mortar by using closely spaced fibers as crack arresters.

Romualdi and Mandel ©* found an expression to determine the

average fiber spacing for randomly distributed fibers:

s:l?,.sol\/I .......... (Y1)
p

s : average fiber spacing.

where

d : diameter of fiber.
p : percent reinforcement by volume.

¥.¥.1 Critical Fiber Length

Critical fiber length (l.) is the length at which the tensile stress of
fiber reaches to the ultimate value. |, therefore is a function of bond
between the fiber and matrix. When the length of fiber (I) is below its
critical length (l;), the failure of the composite happens due to the fiber
pulling out. While in the case of long fibers (I > 1), the failure of FRC is
due to the fiber yielding.

The critical fiber length can be determined from the following
equation ("

_Gfu.d

o= L Yo
o= ()

where
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oy, - fracture strength of fiber.
d : diameter of fiber.
1 . average sliding friction bond stress between fiber and matrix.

¥.r.v Orientation of Fiber

The effectiveness of fibers incorporated in concrete depends also
upon the orientation of fibers in relation to the direction of stress. Many
factors may affect the orientation of fibers such as length and diameter of

fiber, mixing, placing and compaction.

The fibers contribution to the strength of composite depend on the

orientation efficiency factor, ..

The value of n, depends on the method of analysis used. Some

typical values of this factor are given in Table (¥.)).

Table (¥.1): Orientation efficiency factors for a given fiber orientation relative to the
direction of stress ()

1, according to
Fiber orientation
Cox Krenchel
V- D aligned ) )
Y- D random in plane VY ¥/A
¥-D random A V/e

From Table (Y.)), it can be expected that the fibers oriented in the

direction of stress exhibit the most efficiency in strengthening the FRC.

Romualdi and Mandel ©*) suggested that only ¢ percent of the total
amount of randomly oriented fiber reinforcement is effective in crack

control and post-cracking behavior.

AR
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Compressive Strength of FRC

Johanston " noticed that the increase in the compressive strength
was Y7 when 17 by weight of steel fibers were added. Ramakrishnan

et al.*") reported the same improvement but with 17 steel fibers by volume.

Abdul — Hameed ©¥ found that as the aspect ratio was increased
from 1v.e to )+ +, the compressive strength decreased for the same volume
fraction of steel fibers. He related this to the increase in fiber spacing only.
While the presence of fibers balling at a high aspect ratio may be the main

cause of such behavior .

Al-Imam " reported an increase in compressive strength of about
Y+7 using Y.eZ crimped steel fibers. On the other hand, Ali and Al-
Shamma ) noticed that the YA days compressive strength for 17 steel fiber
content was varied from +31.A to —Vv.4% with respect to plain concrete

strength.

Mansur and Aziz " stated that there was no indication of the effect
of either the volume fraction or the length of jute fibers on compressive

strength of the composite.

Flexural Strength of FRC

The increase in modulus of rupture of SFRC over that of ordinary

concrete has been established by several investigations.

Synder and Lankard " found that the flexural strength of steel
fibrous mortars was influenced by many factors. These included fiber
length, fiber diameter, fiber volume, W/C ratio, workability and the degree
of consolidation. They reported that the first crack flexural strength of

mortars could be increased by three times and ultimate flexural strength by

'Y
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four times through the use of short (%.¢ to 1¥.emm), small diameter (+.1¢ to

«.vamm), steel fibers.

Al-Ausi 7 found an increase in first crack flexural strength of % and
ve/ with «.v and V% steel fibers respectively and an increase in ultimate
strength of *v and 137 respectively. Matar ") reported an increase in
ultimate flexural strength at YA days ranging from YA.v and v ..%/ due to the

addition of -.ve and Y.eZ steel fibers respectively.

Soroushian et al. “*) observed that the inclusion of cellulose fibers in

matrices improved the flexural strength of the specimens.

Splitting Tensile Strength of FRC

The test results generated from Shaaban and Gesund ) indicated
that the split-cylinder tensile strength of SFRC was proportional to the

amount of fibers up to the investigated limit (Vi=Y.¢7%).

Rasheed ™ observed that the splitting tensile strength of concrete
was increased by e3.e and AY.v/ with the addition of V7 duoform steel

fibers of aspect ratios '** and ' - « respectively.

Abrasion Resistance of Plain Concrete and FRC

The abrasion resistance of concrete is defined by the ACI Committee
Y.y (™ a5 the ability of surface to resist being worn away by rubbing and
friction. Concrete may suffer from the abrasive action of: (V) foot traffic
and skidding, scraping and sliding of objects (¥) heavy trucking and cars

(v) abrasive materials carried by waters and cavitational forces.

Abrasion resistance is not a bulk property such as strength but is a

surface property that depends mainly on surface layer characteristics.

'Y
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There are several types of standard abrasion test methods published

by the American Society of Testing and Materials (ASTM). They include:

ASTM CevA, “Standard Test Method for Abrasion Resistance of

Concrete by Sand Blasting”; which simulates the wear condition in

hydraulic structures subjected to abrasive materials"™";

ASTM Cvva, “Standard for Assessing the Abrasion Resistance of
Horizontal concrete Surface, Procedure A, Revolving Disks”; which

imitates rubbing, grinding, scuffing and sliding wear mechanisms®";

ASTM Cvva, “Standard for Assessing the Abrasion Resistance of
Horizontal Concrete Surface, Procedure B, Dressing Wheel” ; with
testing apparatus producing high — impact stress by rolling, impact and

cutting action prevalent in heavy industrial environments"*;

¢. ASTM Cvva, “Standard for Assessing the Abrasion Resistance of
Horizontal Concrete Surface, Procedure C, Ball Bearing”;
Simulating very severe conditions of wear such as steel-wheeled
trolleys and actual traffic load in pavement applications '*); and

ASTM Cat¢¢, “Standard Test Method for Abrasion Resistance of
Concrete or Mortar Surfaces by the Rotating Cutter Method”; intended

to imitate cutting, sliding and impact wear mechanism ).

Testing abrasion resistance of FRC with the above ASTM standards
is extremely difficult, if realistic and practical results are desired .
Nanni ) concluded that the selected ball bearing abrasion test
(ASTM Cvv4) did not indicate any significant difference between plain
concrete and steel or synthetic FRC. The researcher attributed this to that
the performed test affected a small area and a small depth.

Currently three versions of abrasion resistance testing techniques
are available in England which are slightly different from those listed
above ™" ™:

V¢
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(@)  Aston abrasion tester (AT).
(b) Cement and Concrete Association abrasion tester (BCAT).
(c) Chaplin abrasion tester (CT).

Aston abrasion tester consists, basically, of a rotating plate carrying
three case-hardened steel wheels. The plate is connected to a shaft, driven
by electric motor so that the wheels abrade a circular path over the concrete
surface. This path is Y+ mm wide, and its depth is measured with a depth
gauge after a standardized test period of ‘e minutes, to determine the extent
of abrasion. A dead load of ¢+ kg is placed around the machine as a lead
collar. The other two abrasion testers are very similar to the Aston

abrasion tester.

In Germany, a standard test method (DIN e¥\.A), “Testing the
Abrasive Wear of Inorganic Non-Melallic Materials Using the Bohme Disk
Abrader”, is available . This method was adopted in the present

investigation.

It is generally agreed that the abrasion test methods are used for
evaluations of relative quality and are not intended for the measurement of

expected life of a particular surface .

v.v.» Abrasion Resistance of Plain Concrete

It has been recognized that cement content, W/C ratio, type of finish
and curing affect the properties of concrete surface layer. Since these
parameters also influence the concrete compressive strength, there is a
tendency to accept concrete strength as a guide for abrasion resistance
evaluation. Unfortunately, however, it has been shown that variations in
surface finish (Ytterberg) ™, curing method (Nanni) ™, or in testing
conditions, i.e., air — dry versus wet (Ghafoori and Sukandar)™, have a

much greater influence on surface resistance than strength.
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Carrasquillo ™ stated that the resistance to abrasion of concrete
containing class C fly ash was greater than that of concrete containing class

F fly ash or no fly ash.

Abrasion resistance of plain concrete has been studied also by

various other investigators. Their results can be summarized as follows:

Abrasion resistance of concrete increases with the increase in
cement content, compressive strength, unit weight and the decrease in
WI/C ratio (Liu ", Sadegzadeh et al. “~, Ozturan and Kocataskin ¢V,
Gjorv etal. “").

Concrete becomes more resistant to abrasion as the aggregate used
is harder, better abraded and more resistant to abrasion (Liu ",

Pedersen 7).

Surface hardeners, liquid or dry — shake, are found to improve the
resistance of concrete to abrasive action (Ytterberg ™, Sadegzadeh
and Kettle ‘).

v.v.x Abrasion Resistance of FRC
Published data is rare and recent for abrasion resistance of FRC(**#"),

Liu and McDonald “* developed testing method to evaluate the
resistance of concrete to the abrasive action of water borne particles in
stilling basin. The apparatus consisted of essentially a drill press, agitation
paddle, a cylindrical steel container that houses a disk-shaped concrete
specimens, and V. steel grinding balls of various sizes. The water in the
container was circulated by immersed agitation paddle that was powered
by the drill press rotating at approximately ‘Y.« rpm. The circulating
water, in turn, moved the abrasive charges (steel grinding balls) on the

surface of the concrete specimen (Y44 mm diameter x Y+¥ mm high),

1
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producing the desired abrasion effects. They reported that the average v¥-
hour abrasion —erosion loss of SFRC was approximately YYZ higher than
that of concrete not containing fibers. The investigators attributed this

behavior to two factors:

(i)  FRC has less coarse aggregate content per unit volume than that of

the plain concrete.

(i)  The deterioration of concrete around the fibers was due to
the vibration of exposed fibers caused by the water flow and the

movement of the abrasive charges in the test environment.

Eren et al. “* developed abrasion testing machine from a concrete
drilling machine. The abrasive action was achieved by using a stone of VY.
mm in diameter and ve mm thick which was glued at the edge of the
machine cylinder. At the beginning of the test, the abrasive stone was
brought into contact with the surface of the specimen (Y. mm diameter x
"« mm thick). The motor was then started and abrasion continued for ve
seconds which was found to be sufficient to produce a significant wear

(*mm) of the concrete surface.

Three different parameters, namely, silica fume of two different
percentages (¢ and ‘.7 by weight of cement), three different types of
hooked-end bundles of steel fibers having aspect ratios of 1+, ve and A and
three different percentages of steel fibers (:.e, ¥ and Y% by volume of
concrete) were used. It was found that the addition of Y7 steel fibers
increased abrasion resistance by a maximum of ¢+, ¢o and ¢vZ at +, ¢ and
V.7 silica fume respectively. The results indicated that the abrasion
resistance of concrete increased with the increase in volume fraction of

steel fibers.

Vassou “*) used the Aston abrasion tester to investigate the influence

of steel fibers and polypropylene fibers on abrasion resistance of concrete.

\V



Chapter Two Review of Literature

Steel fiber content was varied from ..e\ to *Z by volume of the matrix.
Polypropylene fiber content was -.V% by volume. The length of steel fiber
was varied from ¢ mm to "+ mm to investigate the effect of steel fiber
length on abrasion resistance. It was noticed that the fibers generally
improved the abrasion resistance. The maximum increase in abrasion
resistance was Ye and A7 due to the inclusion of -.e\7 steel fibers and .V
polypropylene fibers respectively. It was also noticed that the longer steel

fibers increased the depth of wear.

Impact Resistance of Plain Concrete and FRC

Impact may be defined as a collision between two bodies which
occurs in a short interval of time during which the two bodies exert on each
other relatively large forces, called impact loads, which depends on
velocity, mass, shape, elastic and plastic properties of the collided
bodies “". Some examples of impact loading are missile and projectile

impact, ship collision and pile during driven.

Various techniques have been used to measure the impact resistance

of concrete, such as:

Free fall drop weight tests (single or repeated impact);
Charpy / 1zod tests;

Explosive tests; and

Fracture mechanics tests.

In all of the above test methods there was an attempt to quantify the energy
required to achieve failure. However, because both the failure criteria and
the physical processes by which failure occurs vary from test to test,
comparisons between any of the above tests are very difficult “*.

YA
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v.A.) Impact Resistance of Plain Concrete

Sandhu © tested YeY mm concrete cubes under repeated impact by
dropping about ¢¢ kg steel hammer from a height of about 4Y cm. It was
found that the strength of concrete under the impact loading increased with
the increase in compressive strength, tensile strength and age of curing. It
was also noticed that the resistance to impact reduced significantly with the

increase in water content.

Green ©", Hughes and Gregory ©” used the ballistic pendulum to
study the impact strength of concrete. The test was performed on
Y+« mm concrete cubes. They observed that the impact strength increased
with increasing cement content and compressive strength for concrete made

with ordinary portland cement or supersulphate cement.

A drop hammer test had been used by Hughes and Watson ©" to
measure the compressive strength, ultimate strain, energy absorption and
the modulus of elasticity of YeY mm concrete cubes under the impact
loading. Results have shown that the compressive strength of the specimens
tested at a rate of strain less than A / sec. was almost the same as that
obtained in static tests. The improvement in strength and modulus of

elasticity was clear for higher strain rates.

Senbetta ©*) developed a test to measure the impact resistance of
industrial floor materials. He used ¢ cm cubes as test specimens and the
Los Angles Machine, traditionally used for testing aggregates, as the test
equipment. After each .. cycles of the drum turning, the mass of each
specimen was taken. The test was continued until the drum rotated for a
total of Y-+« revolutions. The natural log of the mass of material after the
given number of cycles was then plotted against the number of cycles. The
investigator suggested that the inverse of the slope of a straight line could

represent the impact resistance.

14
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Biscoff and Perry % loaded plain concrete cylinders, '+« mm in
diameter and Yo« mm length in compression at both a slow static rate and
higher impact rate. They reported that the compressive strength increased
by e«-1+7 and the energy absorption capacity by “¢-YYAZ under the impact

loading.

Banthia et al. “¥ suggested the following explanation of the higher
impact strength and higher fracture energy at higher stressing rate. It was
based on fracture mechanics concepts. The phenomenon of strain rate
sensitivity can be explained by combining the classical Griffith theory with
the concept of sub-critical crack growth. According to the Griffith theory,
failure in brittle materials occurs when a flaw exceeds the critical flow size
for a given stress. According to the concept of sub-critical crack growth,
under sustained load a sub-critical flaw may grow until it reaches the
critical flaw size and failure will then occur. Thus, if the load is applied
very slowly, the sub-critical flaws have time to grow and thus the failure
occurs at a lower value of load. However, if the load is applied at a very
high rate, there is little or no time available for the growth of sub-critical
flaws, and a higher load can be reached by the structural element before

failure occurs.
v.A.Y Impact Resistance of FRC

One of the major advantages of concrete reinforced with randomly
distributed fibers is the improved resistance to impact loads. Unfortunately,
however, this property of FRC seems to be the least understood. The main
cause of this lack of understanding is the absence of a standard technique
for testing FRC under impact loads ©-".

A number of investigators " ** *¥' * used the drop weight test
developed by Schrader ©* and published by the ACl Committee ¢t ) to

measure the impact resistance of fiber reinforced cement composites.

Y.
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Standard equipment used for testing compaction of soil has been used. The
drex1¢ mm cylindrical specimens were used. The number of blows to

first visible crack as well as to failure were recorded.

From the drop weight test results, Ramakrishnan et al. “* found
that the concrete reinforced with «.A% hooked steel fibers was ¢ and
Vve. .7 stronger than concrete reinforced with V7 straight steel fibers and
plain concrete respectively. Ramakrishnan et al. ©* also stated that the
hooked steel fibers have good ability to absorb impact load, but for

shotcrete.

Morgan ©" reported that the number of blows to first crack at age of
YA days of plain shotcrete and ‘7 steel fiber shotcrete was ranging from v
to VY blows respectively. The number of blows to failure was ¢Y and ¥\

blows.

Swamy and Jojagha ©* found that the impact strength of steel fiber
reinforced lightweight concrete increased with the fiber length and aspect
ratio. They also noticed that the impact strength of plain concrete and
SFRC increased with increasing the compressive strength. They found,
however, a limit for plain concrete strength (¢¢ MPa) beyond which the

impact resistance had decreased.

Clifton and Knab ") suggested a test to determine the impact
resistance of concrete subjected to high velocity small projectiles. The
depth of the projectile penetration into the concrete made by a special gun
was used as a measure of the resistance of concrete to projectile
penetration. They found that the type of reinforcement (fibers, expanded
metal and rebar grid), did not appear to affect the projectile penetration.
They also found that increases in the compressive strength values generally

resulted in decreases in the projectile penetration values.

AR
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Suaris and Shah ©" used the instrumented impact test to measure
some mechanical properties of concrete under the impact loading. The
instrumented impact system was of the drop weight type with the hammer
and the striker (tup) assembly weighing ‘.:v kN. The striker was
instrumented with two strain gages which enabled the measurement of the
compressive-load interaction between the tup and the specimen during the
impact event. A dynamic load cell was used to provide records of the load
and energy absorption histories. The energy absorption trace was produced
by the integration of the load time trace multiplied by the velocity at
impact. The test was applied on the mortar beam specimens of dimensions
¥A.Y mm wide x vi.Y mm deep x ¢ev.Y mm long. The results indicated that
the modulus of rupture of mortars and the deflection at peak load increased
at high rate of strain. The investigators found that the tensile strength of
concrete was more sensitive to strain rate than to its compressive strength.
The energy absorbed by concrete reinforced with steel, polypropylene and
glass fibers under the impact loading was found to be about ¥:+, ¥ and Vv

times respectively, that for plain concrete.

Gopalaratnam and Shah ©*, Naaman and Gopalaratnam " tests
led to similar conclusions in respect of modulus of rupture, energy

absorbed and compressive strength of steel fiber reinforced mortar.

Fattuhi ©*) tested concrete slabs (Vo +xVve.x3.mm) reinforced with
different types of fibers under repeated impact by dropping a v.\¢ kg steel
ball at the center of the slab. The deflection, which was used as the impact
resistance criterion, was measured after different number of blows. He
found that the residual deflection of hooked steel fiber reinforced slabs was

less than that for polypropylene fiber reinforced slabs.

Rostasy and Hartwich 9, testing (A+¢x*+-mm) cylinders in

uniaxial compression, observed that the deformation energy of concrete

Yy
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increased strongly with the amount of steel fiber addition and with the rate

of strain.

Ali et al. ®V tested simply supported concrete slabs (AY«xA¥.xVe
mm) under the impact load by repeated falling of & kg steel ball from a
height of Y4 cm on the slab center. The number of blows to initial
scabbing and to penetrate all the slab thickness were recorded. They
reported an increase in the impact resistance of about ¢% . percent at Yo mm
slab thickness penetration and ¢« percent at initial scabbing stage due to

the addition of ‘7 steel fibers.

Banthia et al. " ™ used the instrumented drop weight impact
machine to study the impact resistance of fiber reinforced shotcrete. A 1r.e
kg hammer was dropped from a height of ..¢¢ m on a beam
(Y++xY+eex¥eemm). The contact load developed between the hammer and
the shotcrete specimen was measured by a dynamic load cell mounted on
the striking end of the hammer, and the beam itself was instrumented with
accelerometers to measure its response during the impact event. The
contact load time pulse and the accelerometer data were further analyzed to
perform a complete dynamic analysis of the event. The output of the test
was plotted as impact load-displacement plot and hence the fracture energy
was the area under the plot.

In other investigations Banthia et al. ** ") used a similar machine to
that described above to study the impact resistance of shotcrete, but the test
specimen was a plate (*o«x¥e.xV++ mm) instead of the beam. The results
showed that the fiber reinforced shotcrete was highly sensitive to the rate of
loading for beam and plate test specimens. Both flexural strength and
fracture energy were enhanced under impact load. A superior performance
of steel fibers over the lower modulus polypropylene, polymeric fibers was
presented.
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Marar et al. "V suggested a repeated impact drop-weight test which
was performed on Ye. mm (diameter)xi+ mm (length) concrete cylinders.
The weight of the drop hammer was 1 ¥.e kg and the height of the drop was
«¥ m. It was aimed to produce a relationship between compression
toughness and impact energy of high strength SFRC. Toughness was
determined from the area under the stress-strain curve in compression.
Hooked — end bundles steel fibers with three different I/d ratio of *+.,ve and
Av were used. The fiber content was varied from +.e to Y7 by volume. The
investigators found that as the fiber content and aspect ratio were increased,
both the compression toughness energy and the impact energy increased.
They reported the following relationship between compression toughness

energy and impact energy for aspect ratios of 1+, Ve and A¥ respectively:

ECT(GO):13928In(5J+11852 .......... (1.1Y)
E10
EI
Ecr (75)=17064 In - +11322 L (r.17)
10
EI
Ecr(83)=17356In - +12930 e (v.1¢)
10

where

Ecr : compression toughness energy (N.m).
E, :impact energy (N.m).
E,.: impact energy of plain concrete (N.m).

In another research Marar et al. “” used the same impact test
summarized above and the same type of fibers to produce a relationship
between flexural toughness and impact energy of high strength SFRC.
Flexural toughness was calculated as the area under the load-deflection

plot. For fiber aspect ratios of 1+, Yo and A¥, regression analysis was found
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to be provided a logarithmic relationship between flexural toughness

energy and impact energy as shown below respectively:

Eq(60)= 23.748In(5 .......... (Y1)
10
EI
E. (75)=25653In —| ... (¥.1%)
10
EI
Eer(83)=29.405In =~ ... (YY)
ElO

where Egr is flexural toughness energy (N.m).

Aziz et al. ® found that the inclusion of jute fibers which are a type
of natural fibers (fiber length = Yemm and volume fraction=*7%) in a cement
paste improved the impact strength by ¢. 7. Similar finding was reported
by Siraskar and Kumar " in their research work on the impact resistance

of coconut and jute fiber reinforced cement composites (Table(¥.Y)).

Table (¥.¥): Impact strength of various natural fiber reinforced cement

composites('")
Impact strength (N.cm/m")
Concrete type
v days V) days 1. days
Plain concrete \ye Yoy "oA
v/ coconut fiber reinforced (VY VYA Y.ay
v7. jute fiber reinforced YV. A Yievo

Yo




EXPERIMENTAL WORK

Introduction

This chapter is concerned with the properties of materials used,

experimental procedure, specimens preparation and the tests carried out.

Materials

¥.v.\ Cement

Ordinary portland cement manufactured by the New Cement Plant of
Kufa was used throughout this study which was conformed with 10S e:
vaA¢ ) The physical properties and chemical composition of the cement
are given in Tables (A.Y) and (A.Y).

¥.Y.Y Fine Aggregate

Al-Akhaidhur well graded natural sand was used. The physical and
chemical properties of the sand are listed in Table (A.v). Its grading
conformed with 10S ¢e: Y4t ) Zone v.

A\
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¥.Y.¥ Coarse Aggregate

The gravel used was brought from Al-Nebaee area. it was sieved on
1.2 mm sieve to exclude the large size particles in order to obtain good
workability and uniform dispersion of fibers throughout the composite.
Table (A.¢) shows the physical and chemical properties of the gravel. The

table also includes the limits specified by 10S te: yaaz ),
¥.Y.¢ Water

Tap water was used in this work for both making and curing the

specimens.
¥.Y.e Superplasticizer

The high — range water — reducing admixtures or superplasticizers
available are relatively a new category of chemical admixtures and of
considerably higher efficiency than those within the range of normal

plasticizers.

In the present work, a commercially marketed superplasticizer Iraqi-
admixture known as Melment LY. was used; chemically is sulphonated
melamine formaldehyde condensate composition (Type F according to
ASTM C<4:™) It was used to reduce the water content of some mixes
while maintaining workability in order to produce concrete with high
compressive strength. The technical description of this admixture is shown
in Table (A.°).

v.v.% Fibers

Two types of fibers were used: crimped steel fibers and waste flax
fibers. The later fibers were disposable during reclaiming process of rubber

tires. The properties of fibers investigated are presented in Table (¥.)).

Yv



Chapter Three Experimental Work

Table (r.1): Properties of the fibers

. Tensile :
Fiber type ?lfgr}f#t})/ strength L(fr?r%h Dl(a:;nrﬁger Arsgfgt
(MPa)
Crimped AGER Veou Yo ot vo
steel
Waste flax AYo Y-FY, YooV, v A=Y Y. o-AV0
Mix Proportions

The mix design of FRC is a matter of trial and error and there is no
standard procedure which has been agreed upon so far © . In addition, the
fiber mixes require higher cement and sand contents comparing to the plain
mixes and so conventional procedure of mix design is not directly
applicable “Y). Accordingly, the proportioning of mixes was based mainly

(vv, vA)

on previous works

Two basic mixes were used in the experimental work of the present
study. The proportions by weight were Y: Y: Y and Y: ): Y (cement: sand:
gravel). Superplasticizer was also added to the second mix to produce a

third one with less W/C ratio and same workability.

Experimental Procedure

¥.¢.) Optimum Dosage of Superplasticizer

The use of superplasticizer requires a very high degree of control to
be exercised over the batching of concrete. Trial mixes were found to be
necessary to fix the superplasticizer dosage to the optimum. A concrete mix
VY1 Yo.¥a (cement: sand: gravel: water by weight) with v+ mm slump was

used to examine this dosage. Fig.(¥.)) shows the effect of superplasticizer

YA
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content on the reduction in water requirement to produce the same mix
workability. It can be seen from this figure that ¢7 by weight of cement
dosage of the admixture is the optimum with the reduction in W/C ratio of

Vo ¢ 0,

35
;\6\ -
~ 30
c
q) -
S 25 o
£ ]
o
o 20 —
5 _
©
S 15 o
£ 7
.g 10
S . —&— Catalogue
°©
@ —=f=— Experimental

0 1 2 3 4 5 6 7 8 9 10
Superplasticizer dosage (% by wt. of cement)

Fig.(v.'): Relation between reduction in water requirement and superplasticizer
dosage

¥.¢.Y Concrete Mixes

Normal — strength and medium — strength plain concrete and FRC
were investigated. Superplasticizer was also added to the medium -
strength mixes in a dosage of ¢’ to attain the desired water reduction and
hence further strength development. The details of the mixes are given in
Table (¥.v). Concrete mixes, therefore, can be divided into six series

according to the strength level and type of fiber.

Twelve crimped steel fiber mixes were made using different fiber
concentrations, «.v, +.e, «.vY and ).-7 by volume. Twelve mixes were made
with waste flax fiber of Y, Y, ¥ and ¢7 volume percentages. To compare the
properties of FRC with plain concrete, six plain concrete mixes were also

prepared using the basic mix proportions.
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Table (r.¥): Details of plain concrete and FRC mixes

Mix proportions o
) W/C |Superplasticizer dosage|
Series | cement: sand: Fiber type |V#(%0)
(by wt.) | (% by wt. of cement)
gravel (by wt.)

No-fiber
Y
yeY-Y . oY . .0
ASF Y . Steel 2
Y.
No-fiber
Y

\EARA .Y . .
BSF Ak . Steel :j
Y.
No-fiber
Y

\EARA LYY ¢ .
CSFS 2 . Steel s
Yo
No-fiber
Yo
oYY .oV . Yo
DWF o ' Waste flax v
£
No-fiber
Yo
Yy CEY . Y.
EWF T ' Waste flax v
£
No-fiber
Yo
\EARA '« ¥ ¢ \
FWFS o ' Waste flax v
£

Specimens Preparation

¥.e.) Mixing

Conventional and steel fiber concretes were mixed in a horizontal
pan-type mixer of -.» m" capacity. The interior surface of the mixer was

cleaned and moistened before it was used. The aggregate and cement were
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first mixed dry for * sec., then the water or the water with superplasticizer
was added and mixed for another v+ sec. The steel fibers were then fed
continuously to the mixer for a period of Y to 1 min. depending upon the
fiber content, using a Yo mm steel sieve to separate and prevent fiber

clumps from entering the mixer.

Attempts of mixing the waste flax fiber concretes in the mixer were
failed due to the phenomenon of fibers balling when the fiber content is
high, and thus they were manually mixed. The aggregate and cement were
first mixed dry. Then the water or the water with superplasticizer was
added and mixed until a homogeneous mix was obtained. The waste flax
fibers were then added and mixed until a uniform distribution of fibers

within the mixture was achieved.
v.e.¥ Casting

After mixing, the concrete was poured into the moulds and
compacted using a vibrating table. The specimens were left for about v

min. before they were leveled by hand trowelling.
¥.e.¥ Curing and Age of Testing

The moulds of concrete specimens were covered with polyethylene
sheets and left in the laboratory for Y¢ hrs. The specimens were then
demoulded carefully and stored in a water tank until ¢ days before testing
date. The specimens of series ASF, BSF, CSFS and FWFS mixes were
tested at ages YA and 4+ days apart from abrasion ones which were tested at
ages ¥+ and 4 days. Series DWF and EWF tests were performed at only YA

days, or ¥+ days in the case of abrasion tests.
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Testing Fresh and Hardened Concrete

¥.%.) Slump Test

The slump of fresh mixes was measured according to ASTM CH«¢¥

) test method.
¥.1.Y Compressive Strength Test

Compressive strength tests were carried out according to B.S. YAAY;
Part 111 ), using a digital testing machine of ¥+ -+« kN maximum capacity.
Three cubes ("¢ mm) were tested for each mix at each age for
determination of compressive strength. The load was applied without shock

and increased continuously at a constant rate.
¥.1.¥ Modulus of Rupture Test

Three points flexure tests were performed on three
(Vrex)eexéeemm) prisms with a span of ¥+ mm using the machine

meeting the requirement of ASTM Crar *),
v.1.¢ Splitting Tensile Strength Test

The splitting tensile strength was determined according to the
procedure outlined in ASTM C¢4% ® using () + +xY++ mm) cylinders. Each

strength value is the average of strength of three specimens.

v.1.¢ Abrasion Resistance Test

The abrasion resistance was determined according to the German
DIN o¥1.A ™) standard test method which was applied on ¥+ mm cubes.
The apparatus required for this test are the Béhme disk abrader and the

abrasive materials.
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The Béhme disk abrader consists mainly of three parts ( Plate (*.))).

An approximately ve. mm diameter rotating disk positioned

horizontally with the speed of (¥++)) revolution / min.

A U frame about ¢+ mm thickness and Y mm length of each side to

hold the test specimen.
A loading device.

The artificial silica sand was used as the abrasive material. During
the abrasion event the sand was allowed to be in contact between the
specimen and the rotating disk in order to produce appreciable loss of the

specimen thickness.

V. Loading weight
Y. Specimen

¥. Specimen holder

¢, Rotating disk

Plate (*.1): Abrasion resistance testing machine

ry
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v.n.0.) Testing Procedure

Prior to each test, the specimen was weighed to the nearest -.-Vg and
measured to the nearest -.) mm. It was then placed in the holder and
subjected to a standard abrasive load of Y2¢ N. The disk was then rotated
and the sand was dropped on the disk taking care that the sand remained
evenly distributed over the area which is defined by a width of the
specimen. At the end of each 1+ sec. abrasion period both the disk and
contact face were cleaned. The test was continued for a standard )Y min.

period of abrasion. The specimen was then weighed at accuracy of «.+) g.

The depth of wear was considered as the mean reduction in the

specimen thickness, using the following equation:

pow=2" (*.))

p.A
where
DOW : depth of wear.
Am : reduction in mass after 'Y min. abrasion period.
p . density of the specimen.
A : contact surface area of the specimen.

Each value of abrasion or wear depth is the average of test results of

three cubes.

¥.%.% Impact Resistance Test

A portable and economical impact test published by the ACI

Committee °¢¢ ) was used.
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Referring to Plate (*.¥) and Fig.(v.v), the equipment for the drop-
weight test consists of three main components:

A ¢t Kg standard, manually operated compacting hammer
with a ¢ov mm drop (ASTM D1 eev) (7).

A 1¥.e mm hardened steel ball.

A manufactured flat base plate with four positioning lugs and a
bracket to position the steel ball on top of the test specimen.

Cylindrical steel moulds having the inside dimensions of Ye. ¢ x ¢
mm were made to cast the disk specimens.

v.%n.%.) Testing Procedure

Prior testing, the thickness of the specimen was recorded. The samples
were then coated on the bottom with a heavy grease and placed on the base
plate within the positioning lugs with the finished face up. The bracket with
the cylindrical sleeve was bolted in place and the hardened steel ball placed
on the top of the specimen within the bracket. The drop hammer was then
placed with its base upon the steel ball and held vertically. The hammer
was then dropped repeatedly, and the number of blows required for the first
visible crack to form at the top surface and for ultimate failure was
recorded. Ultimate failure is defined by the ACI Committee ¢¢¢ in terms of
the number of blows required to open the cracks in the specimen
sufficiently to enable the fractured pieces to touch three of the four
positioning lugs on the base plate.

To carry out the test satisfactorily, the base plate was held rigidly by
securing it firmly on about (%« +x1++x¢o+« mm) concrete block. The stage of
ultimate failure is clearly recognized by the fractured specimen butting
against the lugs on the base plate as shown in Plate (¥.7).

Three test samples were used for each variable.
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Plate (*.Y): Impact resistance testing device

Lemm

1v.e mm Dia. hardened

/_ steel ball

wr.e mm Dia. steel pipe

o.x1.o mm Steel bar

RSN S

¥y mm

070

e / e xAIx%.e mm Bar

e xo x\¥ mMm Bar

NN

Yo mm

¥

3

Fig.(*.¥): Section through test equipment for impact resistance
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Plate (*.r): The fractured test specimen on the base plate
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RESULTS AND DISGUSSION

Introduction

This chapter presents the results of the experimental work which was
carried out according to the testing program. To condense the data, only the
average values are provided in form of tables and figures and then
discussed.

Slump Test Results

Table (¢.') summarizes the measured values of slump of plain and
fiber concrete mixes. It is obvious from the table that the fresh mix
workability is appreciably lowered with increasing the fiber content. This
could be related to the large surface area of fibers and also the interparticle
friction of fibers and fibers and aggregate.

Compressive Strength Test Results

The failure mechanism under compression loading in FRC and the
role of fibers in this mechanism is not well understood ™ ™). Compressive
strength of concrete is strongly related to density and presence of voids and
FRC mixes may have more voids and less density than plain concrete
mixes if they are not properly compacted. The compressive strength results

of plain concrete and FRC mixes are summarized in Table (.Y).
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Table (¢.): Slump of plain and fiber concrete mixes

Mix proportions

WIC

Superplasticizer

Slump

Series cement o sand o gravel (by Wt) dosage (% by Wt. Fibel' type Vf (%) (mm)
(by wt.) ' of cement)
No-fiber Vi
h‘v 10
ASF Vv A . Steel .0 oo
ee ~ o
Yo Y.
No-fiber 1o
..Y' .1 .
BSF Yoy AR ' Steel .0 o,
ee ~ s
Yo Y.
No-fiber \&
h.Y‘ .10
CSFS AR  YY ¢ Steel .0 o,
ee ~ s
Y. Vo
No-fiber Y
Yo q.
DWF Yoy ..oV . Y. oo
Waste flax
Y‘.~ Y .
€ °
No-fiber Yo
A A
EWF AEARA N . Y. )
Waste flax
Y. Yo
€ Y.
No-fiber oo Ve
A A
FWFS ARARA A § Y. §0
Waste flax
Y. Y.
£ .

Y4
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Table (¢.¥): Compressive strength test results

Compressive strength

Increase in compressive

Series | Fiber type | Vi(%) (MPa) strength (%)
YA days 4. days YA days 4. days
No-fiber . YA ¢ ¥ - -
.Y ¥.o0 YAY V.4 ¢4
ASF .0 YA £Y . Yoo Yo,
Steel
Y Yey g0y Yot YYA
Yo Ty A4 £ A V4 ¢ V¢o
No_fiber o 22_/\ 2‘\.‘1 - -
.Y LAY o)) VA A
BSF .0 ¢4.0 oYy Yoo 1y
Steel
Y °~.T' Dv.~ W,Y‘ 'Lﬂ
Yo €9 ¥ oy .4 Yoo £
No-fiber ov.) OAY - -
oY oy 4 XY Yo YA
CSFS .0 ol Y .0 oy
Steel
Y ov 1 1Y Ao 10
Yo o1 ¥ 1.4 T 1.4
No-fiber ' Yey - - -
\.i Yo'i - O -
DWF Yo Yo ¥ - .0 -
Waste flax
A Y¢ A - YA .
£ \EA - .
No-fiber o YAt - - -
Yo Y . v ¢ .
EWF Y. YA - .0 -
Waste flax
A ALY - -0 .
£ Yo - VY .
No-fiber A o1t - -
Yo £V ) o1 1 Y ‘g
FWFS Yo £V, ov.4 A4 Y.v
Waste flax
Yo £y oy 1 1 o
£ £0 ) o) .4 Y A
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Figs.(¢.1) and (£.Y) show the variation of compressive strength with
volume percentage of steel fibers, for ages YA and 4. days respectively. It is
clear from the figures that the compressive strength increases due to the
inclusion of crimped steel fibers, and as the fiber content is increased the
compressive strength increases up to a limit beyond which the
improvement achieved in strength goes down. This limit is +.vZ volume
fraction of fibers for all SFRC mixes. The enhancement in compressive
strength of concrete caused by incorporating steel fibers was also
previously reported by Johanston O, Ramakrishnan et al. ¢, Abdul-

Hameed “» and Al-lmam V.

60

so://\‘

—e
30 —@— Series ASF

—h— Series BSF
—=f=— Series CSFS

20 T I T I T I T I T I T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Compressive strength (MPa)

Vi (%)

Fig.(¢.1): Variation of the YA days cube compressive strength with volume fraction
of steel fibers for different series
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L e
60 ‘/+//
0 _‘./‘/‘_—_\A

Compressive strength (MPa)

40 7 —@— Series ASF
A —&— Series BSF
—=j— Series CSFS
30 — T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig.(¢.¥): Variation of the 4+ days cube compressive strength with volume fraction
of steel fibers for different series

The relation between compressive strength and waste flax fiber
content is presented in Figs.(¢.¥) and (¢.¢). It can be seen that the waste flax
fibers do not affect the concrete strength appreciably. The fair reduction in
strength at high fiber content mixes is attributed to the reduction in
workability of these mixes and the presence of fibers balling during mixing

which lead to incomplete compaction and more voids.

It is evident from the results that the effect of using a superplasticizer
results in an increase in the strength of plain concrete and FRC with the

decrease in W/C ratio.

The presence of steel and waste flax fibers enabled the cubes to keep
their integrity even after failure, while plain concrete cubes disintegrated

after the maximum load was reached.
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Fig.(¢.r): Variation of the YA days cube compressive strength versus volume
percentage of waste flax fibers for different series
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Fig.(¢.¢): Variation of the 2. days cube compressive strength with volume
percentage of waste flax fibers
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Splitting Tensile Strength Test Results

in the present investigation are abstracted in Table (£.¥).

Table (¢.): Splitting tensile strength test results

The values of splitting tensile strength of the specimens considered

Splitting tensile strength Increase in splitting tensile
Series | Fiber type | Vi(%) (MPa) strength (%)
YA days 4. days YA days 4. days
No-fiber Y.vY Y.A - -
.Y Y oA ¥Y. YYLY YA
ASF .0 ¥.e ¥ Ao £9.) ve
Steel
Y ¥ AY £ YA 1o oy )
Y. .0 oY) Ve AY Y
No-fiber Y.ve AR - -
¥ ¢yy €.¢) Yoo o .
BSF . 0 o YA o001 Ev A Yy.¢
Steel
Y o AA 1Y o1 A £
Yo 1Y 1.6 1YY oF A
No-fiber .8y oV - .
¥ ¢ AT o019 v vy
CSFS o °1) 1.0V Yin Y1)
Steel
Y 1) TAE YoV \AAE
Yo LYY 14t €t ¥YY
No-fiber o V.40 - - -
Yo YX. . VYA -
DWF A YA - VYA -
Waste flax ¥ X7\ - o -
£ YAV - €00 -
No-fiber o v.rYy - - -
Y. YA - VY -
EWF Yo vV - AR T -
Waste flax v Y v - vy -
£ ¥.¥q - Yt -
No-fiber ' VA ¢.ov - -
Y. A £ A Yox 1Y
FWFS i ¥.an o A Yo VY ¢
Waste flax v v { ot KX -t
£ A £Yy ¢4 A
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The influence of steel fiber content on the splitting tensile strength at
ages YA and 4. days is shown in Figs. (¢.¢) and (¢.1) respectively. It is
obvious from these figures that the indirect tensile strength increases with
increasing the percentage of crimped steel fibers. This clearly confirms that
the addition of steel fibers improves the concrete tensile strength which is
due to the capacity of fibers to arrest cracks and prevent them from
propagating until the composite ultimate stress is reached. The observed

(3, Y1, Ag)

increases are anticipated and conformed with the published data

From Table (¢.¥) it can be seen that the amount of improvement in
splitting tensile strength is often higher in series ASF specimens than the
other two series of SFRC. For example, at YA days itis Ve, vy and ¢..¢%
for series ASF, BSF and CSFS respectively with 17 steel fibers by volume.
This may be related to the less coarse aggregate content of series ASF

which results a better fiber distribution through the mixtures.

7

g 6-

3

= -

=)

s 5 -

»

[ 3

‘»

g 4]

o

£ i

é_ 3 —@— Series ASF
—&A— Series BSF
—uf=— Series CSFS

2 I T I T I T I T I T I T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Vi (%)

Fig.(¢.¢): Effect of volume fraction of steel fibers on YA days splitting tensile
strength for different series
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Splitting tensile strength (MPa)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig.(¢.1): Effect of volume fraction of steel fibers on 4+ days splitting tensile
strength for different series

When fibers are introduced into concrete they are separated by coarse
particles which will be of a larger size than the average fiber spacing. This
lead to bunching and greater interaction of fibers between the coarse
aggregate particles. This effect becomes more pronounced as the volume of

steel fibers and the gravel content are increased .

The results plotted in Figs.(¢.v) and (¢.A) show the variation of
splitting tensile strength with volume percentage of waste flax fibers. It can
be observed that the inclusion of the waste flax fibers in concrete slightly
improves the splitting tensile strength up to a certain point beyond which it
starts to drop again. The maximum enhancement generally occurs with the
initial inclusion of fiber content, at ‘% by volume. The insignificant
improvement in the tensile strength of concrete may be attributed to the
high flexibility and low aspect ratio of the waste flax fibers. On the other
hand, at higher volume fractions, fibers tended to cluster together resulting

in an inadequate bond and reduction in strength.

¢



Chapter Four Results and Discussion

6
| —4@— Series DWF
T 5 —&A— Series EWF
5 -
= —uf— Series FWFS
= .
>
I
»
o .
‘0
R
o
= 7
1 T I T I T I T I T
0 1 2 3 4 5

Vi (%)

Fig.(¢.v): Influence of volume percentage of waste flax fibers on YA days splitting
tensile strength for various series
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Fig.(¢.A): Influence of volume percentage of waste flax fibers on 4+ days splitting
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The increase in splitting tensile strength of waste flax fiber
reinforced concrete (WFFRC) beyond the plain concrete is not found to be
dependent on the gravel content of mixes. This is due to the little influence

of waste flax fibers on concrete tensile strength.

The visual inspection indicated that the plain concrete cylinders
failed suddenly and were split into two separate halves. While in SFRC or
WFFRC cylinders, the mode of failure varied, the specimens just cracked at

failure without any sign of separation.

Modulus of Rupture Test Results

A summary of the data obtained from the modulus of rupture tests is

presented in Table (¢.¢).

The relation between YA days and %- days modulus of rupture
(flexural strength) of specimens and volume of steel fibers is shown in
Figs.(¢.4) and (¢.) ) respectively. The figures clearly show that there is an
increase in the flexural strength as the volume fraction of fibers is
increased. The reason could be that, the number of fibers that arrest
microcracks and delay development of unstable crack system is increased.
This note agrees with the conclusions of other authors """ ™ that the
flexural strength increases linearly with steel fiber content. However, there
is a variability in the amount of increase in the published work possibly due
to the differences in the geometry, aspect ratio and orientation of fibers;
coarse aggregate size and content; and the workability of mixes. This is

also true for other mechanical properties of FRC.

Again, as with the splitting tensile strength Table (¢.¢) indicates that
the percentage of improvement in modulus of rupture decreases with the

increase in coarse aggregate content.

¢ A



Chapter Four

Results and Discussion

Table (¢.¢): Modulus of rupture test results

Modulus of rupture

Increase in modulus of rupture

Series | Fiber type | V(%) (MPa) (%)
YA days 4. days YA days 4. days
No-fiber . § v § oY . .
¥ EYA ¢.YA o9 oA
ASF .0 £ AN oYY Y4 \YY
Steel
Y o oY g0 ¥i A NY
Y. oA, A £ EAY
No-fiber o °.¢) 1he - -
.Y o0 1.v4 A Y.y
BSF .0 1,04 Y.o¥ YYA V¢
Steel
Y VoYY Y VYA ¥Y¥ Y10
Y. v ANY €)Y ¥YX
No-fiber 1.ey TAA - -
.Y TV VY ¥ ¥.o
CSFS - AR V.40 VYA Yo
Steel
Y V.AY A Yo A YY.¢
Y. ANY A4 Yoo YV.A
No-fiber o ARA - - -
\.- 2.\ . - \~_° -
DWF i ¢ 1 - q.¢ -
Waste flax
A Y40 - 1.0 -
£ YAV - £y -
No-fiber o o - - -
Yo o oA . AN -
EWF Y. °.0¥ - \ -
Waste flax
V.n O.Vh - n./\ -
i.n 0.~1 - _\.‘{ -
No-fiber e LAR: - -
Yo T TAY AA VA
FWFS Y. o Ao 1A v.e V.Y
Waste flax
¥ o AY 1Yo YA Y
£ o ¥4 Y N Yo
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The trend of modulus of rupture variation with waste flax fiber
content is very similar to that of splitting tensile strength as can be seen
from Figs.(¢.))) and (¢.)Y). there is a moderate change in modulus of
rupture by including fibers and so it does not depend on the gravel content

of mixes.

The failure of plain concrete prisms was always brittle and the crack
passed through the section causing complete collapse. With fiber

reinforcement, the specimens merely cracked at failure without separation.

Abrasion Resistance Test Results

One of the most serious durability problems that are experienced in
concrete floor is their ability to resist the abrasion forces present in an
industrial environment (™. Therefore, the abrasion resistance of plain
concrete was studied by many investigators and it was found to be

primarily affected by:

Compressive strength.,
Aggregate properties.
Finishing methods.

Use of toppings and coatings.
Curing.

During recent years floor construction methods involving the
addition of steel fibers into a concrete mix have become common in
England and other some of developed countries “. However, a detailed
literature survey has revealed that only a few researchers (Liu and
McDonald“?, Eren et al. “” and Vassou “") have reported experimental
work on the abrasion resistance of FRC specimens. The very limited
experimental work reported to date has not employed the German standard
test method to determine abrasion resistance of FRC.
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In addition, other fibers than steel or polypropylene such as natural fibers
have not been included. Furthermore, the investigations are contradictory in
respect of the effect of fibers on abrasion resistance or the optimum fiber
content for the maximum improvement in abrasion resistance. This lack of
experimental data was considered to be a significant gap in the literature

and it was deemed to examine in detail the above issues.

The abrasion resistance test results of the ¥+ mixes of plain concrete
and FRC are summarized in Table (¢.¢). The percentages of improvement
in abrasion resistance when comparing the FRC mixes to the plain concrete

mixes are also given in this table.

¢.1. Effects of Fiber Type and Content on Abrasion Resistance

The influence of steel fiber content on the depth of wear, for ages v
and Y days is shown in Figs.(¢.V¥) and (¢.) ¢) respectively. Figs. (¢.)¢) and
(¢.41) show the increase in abrasion resistance of SFRC when increasing
the volume percentages of fibers compared to the plain concrete. It can be
noticed from these figures that the inclusion of crimped steel fibers into the
concrete improves abrasion resistance, and the higher the addition of fibers
the lower is the depth of wear. It can be seen that the addition of Y7 crimped
steel fibers improves the v days abrasion resistance by YA.Y, ¥1.¢ and Y1.V/

for series ASF, BSF and CSFS respectively.
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Table (¢.2): Abrasion resistance test results

Depth of wear

Increase in abrasion resistance

Series | Fiber type | Vi (%) (mm) (%)
Y. days 1Y days Y. days 1Y days
No-fiber . « YA . o - -
Y A Y A ¢
ASF ._o n..\Y ..O\ Y.‘O Y\O
Steel
.y ) . f0 Yy A YA
Y. . o1 v ey YAY Yo ¢
No-fiber o ».00 L2V - -
.Y . o A Y A Y
BSF .0 g0 X YALY V¢4
Steel
Y C YV « T YY.V YY £
Yo . Yo . Yo A Yoo
No-fiber g0 AR - -
.Y A AR 1y AN
CSFS .0 YV LYY VYA \Y o
Steel
Y CYY Yy Yty YV,
Y. LYY . Yo Yty Y'Y ¢
No-fiber . CAY - - -
I « YA - €9 -
DWE Yo VY - 1) -
Waste flax
Yo Vo - Ao -
£ Vv - 4 A -
No-fiber o e - - -
\.. ...kh - ... -
EWF Yo .04 - A% -
Waste flax
Yo . 00 - AY -
¢ . oY - Yy -
No-fiber 8T +.TV - -
\.n .ii ..Y‘O iY‘ O.i
FWFS Yo e AR 1.0 AN
Waste flax
¥ .. Y4 VY Yo A
i.n n.V/\ ~.Y‘Y' \V_i \'_A
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Fig.(¢.'*): Variation of the depth of wear at v+ days with volume percentage of
steel fibers for different series
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Fig.(¢.1¢): The percentage of increase in abrasion resistance at v days versus
volume fraction of steel fibers for different series
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Fig.(¢.1): The percentage of increase in abrasion resistance at 1Y days against
volume fraction of steel fibers for different series
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The values of the depth of wear of plain and WFFRC mixes are
plotted against fiber content in Figs.(¢.)V) and (¢.A). The improvement
percentages in abrasion resistance are given in Figs.(¢.Y4) and (¢.Y+). It can
be observed that the presence of waste flax fibers also enhances abrasion
resistance of concrete and as the fiber content is increased the depth of
wear decreases. The following is a possible explanation of the
improvement achieved in surface abrasion resistance due to the inclusion of
both types of fibers. When FRC is subjected to abrasion, the film of surface
mortar resist the abrasion forces initially; but as the surface mortar is worn
away, fibers are exposed to abrasion. These fibers now begin to provide
resistance to abrasion in addition to that of concrete and the influence

becomes more pronounced with increasing the percentage of fibers.

It can be concluded from the results that the crimped steel fibers are
more effective in improving the surface quality of concrete than waste flax
fibers. This may be due to the higher surface hardness of steel fibers and

their positive effects on compressive strength.

The test results emphasize recent researches conducted by Eren et
al.“” and Vassou “" which stated that metallic (steel) and non-metallic
(polypropylene) fibers improve the abrasion resistance of concrete.
However, the general trend of abrasion resistance variation with fiber
content experienced in the present investigation is in agreement with that
obtained by Eren et al. and disagreement with Vassou. These differences
may be attributed to the variation in abrasion testing techniques adopted
throughout the investigations. In addition, fiber type, fiber content and

workability of mixes may also affect the trend.
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¢.1.¥ Effect of Compressive Strength on Abrasion Resistance

The abrasion resistance of plain concrete and FRC having

compressive strength ranging from v to 1Y MPa was investigated.

The relationship between the depth of wear and the compressive
strength for all the mixes and ages is shown in Fig.(¢.YV). This graph
suggests that the compressive strength and the depth of wear are inversely
proportional and so the abrasion resistance and the compressive strength
are in direct proportion. This finding confirms the conclusions of other
investigators > ™ ¢, but direct comparison is not possible, as the previous

researchers only considered plain concrete.
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Fig.(¢.v):Fitted relationship between depth of wear and compressive strength
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The equation of the best fit line for the results obtained in this study
IS

DOW=vYo)—.ovexIn(F) ... (£.)
where

DOW : depth of wear (mm).

F., : compressive strength of concrete (MPa).

¢.1.¥ Relationships of Abrasion Resistance with Splitting Tensile

Strength and Modulus of Rupture

Figs.(¢.YY) and (£.Y¥) present results of statistical analysis, where the
abrasion property (depth of wear) is plotted against split — cylinder tensile
strength and modulus of rupture respectively. The proposed equations with
their coefficients of determination (R") are also shown. Higher results of R’
indicate that there is a significant correlation between dependent and
independent variables. The most suitable regression equations are found to

be of logarithmic form as shown bellow:
DOW =) ..v—.avexIn(Fy) L (£.Y)
DOW=» v —.¢vxIn(F) (£.7)
where
DOW: depth of wear (mm).
Fsp : split — cylinder tensile strength (MPa).

F, : modulus of rupture of Y+« x Y+« x ¢ <« mm prisms (MPa).
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¢.1.¢ Effect of Age of the Specimens on Abrasion Resistance

The specimens were tested at ages of ¥+ and @Y days except those of
series DWF and EWF which were tested at v+ days only.

Examination of Table (¢.¢) shows that the depth of wear decreases
with the age of plain and FRC specimens investigated. Considering the
average values of depth of wear for each series, the abrasion resistance at
Ay days age was Y-.¢, 2.V, YA.¢ and Yv.17 higher than that of ¥+ days age for
the series ASF, BSF, CSFS and FWFS respectively. There is no available
data which concerns the effect of curing age on the abrasion resistance of
concrete samples.

Impact Resistance Test Results

The results of impact resistance for the © series are givenin ~ Table
(¢.1). The table includes measured thickness of the specimens and the
impact behavior expressed by three indices: the number of blows required
to cause the first visible crack, the number of blows required to cause the
full failure and the calculated impact energy. The impact energy delivered
to the specimen produce by the hammer until failure is calculated as
follows:

E, :% MVZN (49

where
E, : impact energy (N.m).
M : mass of the drop hammer (kg).
V, . impact speed (m/s).
N : number of blows to produce failure.
The speed of the drop hammer (V,) was calculated as *. 7977 m/s.

The percentages of increase in impact resistance of FRC specimens
beyond the corresponding plain concrete specimens are provided in
Table (7).
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Table (¢.7): Impact resistance test results

Impact resistance (number of blows)

Impact energy at

Fiber Specimen complete failure
Series type Vi (%) |thickness YA days 1+ days (N.m)
y (mm) | First |Complete | First |Complete
. : YA days |4+ days
crack | failure | crack | failure
No-fiber | . . TE . V4 Y¢ YA \ £AA Y.
.Y 1¢0 vY A VY Yoo YVéq | YyYo
ASF Steel .0 1y YY¢ Y4. YYg YYY oAdY | oty
ee
Y 1Yo YAY £VY A N0t 404y | YY¥Y4A
Yo N0 YA Mg VY'Y 4AA YVYY LY | YAl
No-fiber | «.- 1te A A K Yo vay Yo
.Y 1y oY 90 \K oy YAYY [ YaVA
BSF Steel .0 1o, YA ¥ya yY ¢ Y1 TAAY | Evay
ee
~'\/ '\i.~ Yya YA ‘1o Ydo Yevan c494A
Yo A too YYYo Yoy oY) YYAVe | V.4,
No-fiber | . 1Yo 1o 18 yov YOA YFIY [ FYYY
.Y T ¥ 41 ¥ Y9y Yqoy | Y4.¢
CSFS Steel .0 Tt yVY Yyo Y40 YAQ 160 | 0AVA
ee
Y Tt Y1) £19 ¥y goy 401 | 4Y))
Yo 10 ANY A A VY Ylo. | YEATE
No-fiber | .- g0 Yo VY - - ARE: -
Yo 1y yo 90 - - yayy -
DWF Waste 1 Y. T V¥ Y41 - . Y4A0 -
aste flax
v 1¢.0 Yo oV - . YAVYY -
£ 100 1 YOYA - . Y144 -
No-fiber | «.- 1¢0 AR YA - - ¥ .
Y. g YY YYY - . YEA) .
EWF Waste 1 Y. g Y Yay - - YaoA .
aste flax
Yo 1y Y 09} - - YYLVY -
¢ T 4 VATV - - YY¥yya .
No-fiber | . 100 YA £Y v AY Ao ¢ Y1y
Yo 10, oy Y EA AY YYV Yool | £
FWFS Waste f \ 1y £0 vor A ¥YA vYya | 1114
X
astefla ¥ T ¥ AV vo vy Y1€q. | YaVAE
£ 1Yo Yo YYYo V) YYTY | YEq40A | Yor)

1¢




Chapter Four Results and Discussion

Table (¢.v): Improvement in impact behavior due to fiber inclusion

Increase in impact resistance (%) Increase in impact
Fiber energy at complete
Series type Vi (%) YA days 1+ days failure (%)
y First |[Complete| First |Complete
: : YA days | 4: days
crack | failure crack | failure
NO'fiber v - - - - - -
.Y 1A YoA yov Yy YoA Yv4
ASF .0 ooy VYA YvA 9y9q YA qy4
Steel
Y ASA YATY o4 Yoy YATY Yoy
Y. yY¥VA Yivo Yoy A YA Yivo YAy
No-fiber | .- - - - - - -
.Y £t Ve¢ Y4, Yoy Ved Yoy
BSF .0 AN V14 BEE AEE V14 VY
Steel
Y oYA YVyo yoo. YATY VYo YATY
Yo \RR¥: YVAo Y. FY.v YVAo ¥y
No-fiber | «.- - - - - - -
.Y oY £y % YY £y YY
CSFS - Y1 TV Yv AY YV, AY
Steel
Y Yoy e yYV YAV e YAV
Yo o8y YYaY YA vy YYaY ¥y
No-fiber | «.- - - - - - -
Yo o 19y - . 14y -
DWF A ¥ yory - - yory -
Waste flax
V.n . 2V~~ - - 2V~~ -
£ Yo AYAY - . AYAY -
No-fiber | .- - - - - - -
Yo \K oVA - . oVA -
EWF Yo Y4 YOYA - - YOYA -
Waste flax
A Y¢ FIAY - - FIAY -
£ Y TYYY - - TYYY -
No-fiber | .- - - - - - -
Yoo ¥4 Yoy A YVY Yoy YVY
FWFS A YA VEA ° K VA K
Waste flax
¥ .0 VAT -) Y LAY YAYY Y AV
£ v YAVY v AR YAVY FAR!
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¢.v.\ Effects of Fiber Type and Content on Impact Resistance

The variation of impact resistance with volume percentage of fibers
for SFRC series is shown in Figs. (£.Y¢) to (¢.Yv). Figs.(¢.Y¢) and (£.Y°)
show the relationship at the age of YA days, while Figs.(¢.Y1) and (£.YV)
show the relationship at the age of 4+ days. It is obvious from these figures
that the SFRC has a tremendous ability to absorb impact load. This ability
increases as the steel fiber content is increased both at first crack (except
for a few specimens of series BSF and CSFS) and at failure. The
exceptions are related to the natural scatter of the results. The improvement
in first crack resistance is achieved mainly through the arrest of
microcracks by fibers. While, the substantial increase in impact resistance
at failure could be due to the large energy required to de-bond and pull out
or fracture the steel fibers when the cracks open at impact loading ‘.

It can be seen that the inclusion of V7 crimped steel fibers by volume
increases the impact resistance to produce first visible crack at the age of YA
days by Y¥va, vv1¢ and e<Y7 for series ASF, BSF and CSFS respectively.
While the corresponding increase in impact resistance or the impact energy
to produce failure is v¢Ye, YvAe and V).V respectively compared to the
plain concrete specimens.

Ramakrishnan et al. **) used the same impact test adopted in this
study. They used two types of steel fibers, namely, hooked and straight
fibers with aspect ratios of )+« and v+ respectively. Their results indicated
that the YA days increase in impact resistance to produce failure due to the
addition of V7 straight fibers and .77 hooked fibers was ranging from )11
to YYoAZ respectively. The crimped steel fibers used in the present work are
somewhat comparable to hooked steel fibers and greater capacity to absorb
impact energy than straight fibers. This could be mainly attributed to the
favorable bond characteristics of crimped and hooked fibers compared to
the poor bond between the straight fiber and the matrix.
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The superior ability of SFRC to resist impact load has been also
reported by other investigators " 7 " ¥ using totally different testing
procedures. A direct comparison is not reliable due to the fact that the
recorded value of impact is strongly dependent on many factors such as the
energy and velocity of the impacting mass, the size of specimen, rigidity of

supports, the type of test and even the definition of failure ¥,

Figs.(¢.YA) to (¢.¥+) show the impact resistance against waste flax
fiber content. It can be noticed that the waste flax fibers, in general, slightly
delay the appearance of visual cracks regarding the fiber content. The
reason is thought to be due to the significant flexibility of these fibers and
thus their capacity to arrest microcracks is very small. On the other hand,
the impact resistance or the impact energy at failure substantially improves
as the percentage of waste flax fibers is increased. This enhancement could
be related to the large amount of energy absorbed in debonding and pulling

out the fibers which is required after the matrix has been cracked.

It can be seen that the addition of ¢’ waste flax fibers to the concrete
increases the impact resistance or the impact energy to produce complete
failure at YA days by AvAv, ivyv and YA V7 for series DWF, EWF and FWFS

respectively.

According to the results obtained, it can be summarized that the
introduction of ¢ waste flax fibers to concrete leads to produce impact
strength comparable or higher than that obtained when ‘7 crimped steel

fibers are included.
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¢, v, r Effect of Compressive Strength on Impact Resistance

£, v. 1.1 The Effect on Plain Concrete Specimens

Tables (<. 1) and (<. 7) show that, keeping the same workability for the
mixes, as the compressive strength increases the impact resistance of plain
concrete also increases both to initiate the first crack and to produce failure.
However, the plain specimens of series BSF at 7. days age adversely
behaved when the number of blows at failure were even less than that
produced by the weaker series ASF plain samples. Although the exact
reason for this behavior is not clear, Biscoff and Pery *? also reported
similar results and stated that the failure to account for stress wave
propagation effects, especially at the impact loading, may lead to incorrect
conclusions. Both aggregate-matrix bond and the relative stiffness of the
aggregate and matrix have a part to play in impact resistance similar to
their effect on compressive strength and thus the resistance of concrete to
impact improves with increasing the strength.
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On the other hand, increasing the water content leads to reduce the
impact resistance significantly more than reducing compressive strength.
Comparing the results of plain specimens of SFRC series with those of
corresponding specimens of WFFRC series, the impact resistance at failure
is found to be decreased in the order of ¢rto << while the reduction in
strength is only about rto ’eZdue to the increase in water content. This
conclusion is in a good agreement with that obtained by Sandhu ©?. A
possible explanation of this behavior is that, under static loading a highly —
stressed weak region may transfer load to a region of lower stress or high
strength through the effect of creep. Under impact this redistribution of
stress can not take place during the short period of deformation and the
effect of local weakness may therefore have a great influence on the

strength of the specimen .

¢.v.r.r The Effect on SFRC Specimens

For the same steel fiber content, the impact resistance at failure
generally increases with increasing compressive strength of the matrix up
to a certain limit beyond which any increase in compressive strength
reduces the impact resistance. This limit for the compressive strength is
found to be around ¢o MPa. For example, the values of the impact
resistance to produce failure for concrete containing 'Zcrimped steel fibers
are 4¢7, 11reand 4.9 blows for the matrix strength of r4.¢ 24 and or )
MPa respectively. This behavior may be related to the dependence of the
fiber pull out resistance on the strength of the matrix; at higher matrix
strengths, more instances of fiber fractures has been reported to occur ”
and so the percentage of fibers which are effective in impact resistance
control will be reduced. As a result, the SFRC will behave less ductile than

the state before fracturing of fibers.
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Recently, Banthia et al. ‘) found a similar trend that the
effectiveness of steel fibers in improving impact resistance decreases with
the increase in compressive strength of the matrix. This conclusion was
drawn when they used an instrumented impact machine as a testing tool
and -.Zvolume fraction of different types of steel fibers. According to the
available information, no other work has been previously published in this
area.

It is clear from Figs. (') and (<r7) that the percentages of
improvement in impact strength due to fiber inclusion are higher for the
weak series ASF specimens than the strong series BSF specimens which
are in turn higher than that for the strongest series CSFS specimens. This
finding is also in accordance with results obtained by Banthia et al. .
However, Fig.(< ") shows that the series BSF exhibits very close trend to
that for series ASF, the reason may be due to the brittle response under

impact of series BSF plain specimens at 7- days age.
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Fig.(¢.*): The percentage of increase in YA days impact resistance at failure with
volume fraction of steel fibers for different series
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Fig.(¢.*¥): The percentage of increase in 4+ days impact resistance at failure with
volume fraction of steel fibers for different series

On the basis of the data recorded here, the observed value of the

impact resistance at first crack of SFRC does not seem to be dependent on

the matrix strength.

¢, v. 1, rThe Effect on WFFRC Specimens

For the same waste flax fiber concentration, the impact resistance at
first crack and at failure generally increases with the increase in matrix
compressive strength. On the other hand, Fig.(< ) illustrates that the
higher the strength of the matrix the lower is the improvement in impact

strength of WFFRC beyond the corresponding plain concrete.

It was found that it is difficult to formulate a strict relationship
between impact resistance and compressive strength for each SFRC and
WFFRC samples.
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Fig.(¢.**): The percentage of increase in impact resistance at failure with volume
fraction of waste flax fibers for different series

¢, v, rEffect of Age of the Specimens on Impact Resistance

Table (<. 7) shows that the impact resistance at initial cracking and at
failure of the plain concrete increases with age except for series BSF plain
samples. It can also be seen from this table that the first crack resistance of
SFRC in general increases with age with the exception of series BSF
specimens. On the other hand, series ASF of SFRC experienced further
resistance to impact at failure with increasing age, while series BSF and
CSFS were adversely affected. Again, this behavior may be resulted from
the higher strength of the later two series which is significantly developed
with age and hence some of steel fibers are thought to be fractured during

impact.

The results of series ASF of SFRC are generally in agreement with

that recorded by Ramakrishnan et al. ", which are only reported work on
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this issue. In the case of the other series of SFRC, a similar comparison is
not available as these workers considered the matrix strength of only
¢rMPa at 7- days which is lower than the upper strength level for complete

pulling out of fibers obtained in this study.

With a few exceptions, increasing the age of series FWFS samples
leads to increase the impact resistance both to initiate first visual crack and

to produce failure.

¢.v. ¢ Modes of Failure Under Impact

Plate (< 'a) shows the different modes of failure of plain concrete
specimens subjected to the falling weight test used in this study. The tested
plain cylinders were broken into two or three segments. The mode of
failure of the specimens was brittle and generally occurred through the

aggregate-matrix interface.

In the case of FRC (Plate (< 'b) to (<1)), the mode of failure was
different. It can be stated that even after the matrix has cracked the samples
could carry the additional blows. This is owing to the action of fibers that
bridge the crack which hampered the failed pieces to be separated. Only a
few exceptions occurred in samples which containing -.”and 7 volume

fraction of steel fibers and waste flax fibers respectively.

The FRC test cylinders showed multiple cracking, multiple failure

planes, crushing, spalling and disintegration.

v



Chapter Four Results and Discussion

(b) -.ZSFRC samples

Plate ( <. 1): Failure modes under impact of plain concrete and -.2” SFRC samples
for different series

(1, 1) ASF (r, 19 BSF (r, 11 CSFS () DWF () EWF (%) FWFS; r4days
(7, 19 ASF (v, 19 BSF (4, 17) CSFS (7+) FWFS; 1. days
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(b) 1.-ZSFRC specimens

Plate ( <. ): Failure modes under impact of -.vand 7. .ZSFRC specimens
(1, VWASF (v, A BSF (r, 9 CSFS; r4days
(¢, 1-)ASF (¢, 11)BSF (7, '1) CSFS; 7. days
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(@) '/ WFFRC samples (b) 7 WFFRC samples

(c) v/ WFFRC samples (d) ¢2 WFFRC samples

Plate ( < r): Failure modes under impact of WFFRC samples

(1,2 9 )ADWF (7, 7, 1., 1§EWF (7 v, 11, 1) FWFS; r4days
(¢ 4, 1r, 1) FWES; 9. days
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¢, v.o Relationships of Compressive Strength, Splitting Tensile
Strength, Modulus of Rupture and Volume of Fibers with
Impact Resistance

Mathematical models were developed in this study in order to
correlate the static strength and the volume of fibers to the impact
resistance for each type of FRC investigated. The coefficients of correlation
were also determined for each regression to check its statistical
significance.

The general form of the regression is
Z=a, +a1xe(32x+a3Y) ____________ (£.2)

where the regression coefficients a., a,, arand ar-were determined by using

a statistical computer program called “Statistica 7.

The empirical relationships of compressive strength and volume
percentage of fibers with impact resistance are listed below:

|, =—190 +170 xe(o'oo"’ﬁ FastVe) (£
|, ——485+541xe O%BFsVe) (<9
I, = 2.198 +1.206 xe 003 Fem #0027Vs) (£.4)

I f\N — _217+157Xe(00092 FCUW+O4536Vf\N) ............ (f' 7)

where

lvs, lw: iIMpact resistance at first visible crack of SFRC and WFFRC
respectively (number of blows).

lts, Isw: iImpact resistance at failure of SFRC and WFFRC (number of
blows).

Feus: Feuw: Cube compressive strength of SFRC and WFFRC (MPa).
Vis, Vi - Volume fraction of steel and waste flax fibers (%).

Considering the values of splitting tensile strength, the following

empirical equations can be written:
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|, ——163+155xg 0¥ Vel (1)

|, =510 +543xe 008Fsve) (1)

I,y = —0.6229 +1.787 xe 0783 Fmu 10008y ) (217

|, =—195+146xe 0100 a 10473Vs) (£11)
where

Feps » Fspw @ split-cylinder tensile strength of SFRC and WFFRC

respectively (MPa).

The following relationships of modulus of rupture and volume of

fibers with impact resistance are also formulated by using Eq.( <.9):

lys =—171+160 e e Vel (419)
| =517 +573xe 000Fsve) (£19)
|y = ~0.7552 + 0.3996 e 0777 Fru 1003w ) (47
s :—187+108><e(0'117 Foo+0484vy,) (£17)

where
Frss Frw : modulus of rupture of SFRC and WFFRC respectively

(MPa).

The above correlation equations are also graphically represented in
Figs.(¢.7¢) to (£ r9).

From the values of coefficient of correlation, R it can be concluded

that these regressions are statistically significant.

Due to the very limited published data in the previous research work
on the impact resistance of FRC, no attempts were made to correlate the
variables. In addition, the possibility of analyzing the previous
investigations data is not available mainly due to the variation in impact

resistance testing techniques 7.

AN



Chapter Four Results and Discussion

0.0046 oy +V g )

I, =190 + 170 xe!
(R: t'A 0)

Impact resistance
(number of blows to first crack)

Compressive
strength (MPa)

|, =485 + 541 gl 00 Fus?Vs)

(R=".17)

-

- -
- -

- LU § >

Impact resistance
(number of blows to failure)

Compressive
o strength (MPa)

Fig.(¢.r¢): Relationship of compressive strength and volume of steel fibers with
impact resistance

AY



Chapter Four Results and Discussion

0.0731F,, +0.027Vy, )

Iy, = 2.198 +1.206 xe!
(R=-.1)

Impact resistance
(number of blows to first crack)

Compressive
strength (MPa)

(R: . ‘77)

AR
Ve

VYoo

Impact resistance
(number of blows to failure)
- - - >

Compressive
strength (MPa)

Fig.(¢.r¢): Relationship of compressive strength and volume of waste flax fibers
with impact resistance

AY



Chapter Four Results and Discussion

0.0461F g +V g )

l,c =—163 +155 xe(
(R: :'/to)

vs —

Impact resistance
(number of blows to first crack)
- « 1 -

Splitting tensile
strength (MPa)

(~0.0168 Fyps +Vis)

| =510 + 543 xe
(R: . ‘IY)

Impact resistance
(number of blows to failure)

Splitting tensile
strength (MPa)

Fig.(¢.r%): Relationship of splitting tensile strength and volume of steel fibers with
impact resistance

At



Chapter Four Results and Discussion

(0.7838 F,, +0.0081V, )

|,y = —0.6229 +1.787 xe
(R: ., 75)

Impact resistance
(number of blows to first crack)

Splitting tensile
strength (MPa)

| fw = _195+146Xe(0-1019 FSDW+O'4739Vfw)

(R: . ‘I‘I)

AR TR
RN

VYoo

Impact resistance
(number of blows to failure)
-« - prs >

Splitting tensile
Y strength (MPa)

Fig.(¢.rVv): Relationship of splitting tensile strength and volume of waste flax fibers
with impact resistance

Ao



Chapter Four Results and Discussion

0.0335F, +V )

I, =—171+160 xe'
(R: ., V?)

. N
X v
g 1. \
§§ o \
Sg
2= ¢ \
=5 RN
g“a ‘.. \
=3
£ O
2 .
0
Modulus of
rupture (MPa)
—0.0196 F +V
|, =517 + 573 xgl 000 Fs+Ve)
(R::.‘ir‘)
Ve
o N
[
8&% " ™~
?E A \
o]
gs ! R
Eé A N
H N
V.

Modulus of
rupture (MPa)

Fig.(¢.¥A): Relationship of modulus of rupture and volume of steel fibers with
impact resistance

AT



Chapter Four Results and Discussion

|, = —0.7552 + 0.3996 ><e(0.7877 Fr +0.03361V 4, )

R=".79)

Impact resistance
(number of blows to first crack)

Modulus of

rupture (MPa)

(0.117F,, +0.484V 4, )

|, =—187+108xe

Impact resistance
(number of blows to failure)

Modulus of
rupture (MPa)

Fig.(¢.r4): Relationship of modulus of rupture and volume of waste flax fibers with
impact resistance

%



:

J

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Based on the experimental results of the present research,

following conclusions can be drawn:

The inclusion of crimped steel fibers improves the compressive
strength of concrete. Nevertheless, the maximum improvement is
achieved at :.vZ volume of fibers. This improvement is about A.c to

Y..¢/ at YA days and 1.2 to Yv.AZ at 4+ days.

The presence of waste flax fibers in concrete has insignificant
effect on the compressive strength. The compressive strength of

WFFRC is varied from +¢ to —AZ with respect to plain concrete.

The percentage of increase in splitting tensile strength and
modulus of rupture is directly proportional to the crimped steel fiber
content. The YA and 2. days increase in splitting tensile strength is in
the range of ¢..¢ to v¢.1Z and ¥v.Y to AY.YZ respectively for V7 steel
fibers. The corresponding increase in modulus of rupture is about Ye.o

to ¢1.+7 and YV.A tO €AV,

It was found that the inclusion of waste flax fibers to plain
concrete results in a slight increase in splitting tensile strength and

modulus of rupture. The maximum increase is generally observed with
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the initial inclusion of fiber content, at ‘7 by volume. However, in
general, there appears to be a limiting fiber content, Vs = ¥/, beyond

which the both strengths marginally reduce.

The results indicate that increasing the amount of crimped steel
fibers leads to increase the abrasion resistance significantly. When
steel fibers are included at Y%, enhancement in the range of Y1.v to
¥1.¢00 and Yoo to Ye.¢Z is recorded at ages of Y. and 4y days

respectively.

The abrasion resistance of concrete was found to be increased
with the increase in the percentage of waste flax fibers. Increasing the
fiber content from - to ¢/ increases the abrasion resistance by 2.4 to

Vv.¢7 at v+ days and Y +.A % at 4 days.

It was found that the compressive strength and age of specimens
have a significant enhancement effect on abrasion resistance of plain

concrete and FRC.

It was found that there is an obvious statistical relationships
between the surface property (depth of wear) and bulk characteristics
(compressive strength, splitting tensile strength and modulus of
rupture). The proposed logarithmic equations are found to give an

accurate representation of these relations.

The impact resistance at first crack can be improved when

increasing the percentage of crimped steel fibers.

V+.  The results show that the higher the volume fraction of crimped
steel fibers the more resistant to impact at failure is the
composite.

V. It was found that waste flax fibers have a moderate effect on the
Impact resistance up to first visible crack.
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The results reveal that the capacity of concrete to resist impact
loading at failure can be significantly improved by increasing the
content of waste flax fibers.

It was found that reinforcing concrete by ¢7% waste flax fibers
produces impact strength comparable or higher than that obtained
when V7 standard crimped steel fibers is added.

Maintaining the same mix workability, the impact resistance of
plain concrete generally increases with compressive strength and
age. Impact resistance was found to be drastically lowered as the
W/C ratio of the mix is increased.

With the SFRC, there appears to be a limit to matrix compressive
strength beyond which the impact resistance at failure starts to
decrease. A strength of around ¢ MPa is such a limit.

It was found that WFFRC generally exhibits more resistance to
Impact at the higher matrix strengths and the later ages.

With an adequate fiber content, it was found that the failure

mode under repeated impact loads involves multiple cracking, spalling

and disintegration.

New and more accurate models were developed for correlating

static strength and the volume of fibers to the impact resistance for
each SFRC and WFFRC.

Among the most serious problems that are experienced in

industrial floors, overlays, pavements and other such concrete

applications, are their ability to resist impact and abrasion forces. For

those problems the following solutions can be suggested:

If the impact resistance, then abrasion resistance are of

major concern, the use of superplasticized concrete mix Y:):Y:+.¥3
(cement: sand: gravel: water by wt.) reinforced with ¢ volume of

waste flax fibers will give the most significant resistance to impact

and good resistance to abrasion.

Conclusions and Recommendations



Chapter Five Conclusions and Recommendations

If the abrasion resistance, then impact resistance are of
major importance, the use of superplasticized concrete mix
V:):Y:..YY containing % crimped steel fibers will produce a
composite with a maximum resistance to abrasion and a significant
resistance to impact.

Recommendations

V. Further work is required to investigate the effect of surface coatings
on abrasion resistance of SFRC and WFFRC.

Y. The influence of the testing conditions (air-dry or wet) on abrasion
resistance of SFRC and WFFRC should be investigated.

¥. Further research is necessary to provide information about the effect
of the curing method, rather than that used in this research, on the
impact and abrasion resistance of SFRC and WFFRC (i.e. one week
moist curing and accelerated curing).

¢. More experimental work is required to investigate the effect of other
types of fibers such as glass, polyethylene and cellulose fibers on
Impact and abrasion resistance of concrete.
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