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SUMMARY

One of the problems in slab-column connections is the punching shear

failure at over loads. Such failures are sudden and catastrophic,and are
undesirable since they do not allow an overall yield mechanism to develop.
Fibre reinforcement restrains cracking, and increases the tensile strength
of concrete and bond resistance of steel reinforcement. Therefore, it
should be possible to use steel fibres as shear reinforcement.

This i1nvestigation 1s a study of the structural behaviour of fibre
reinforced lightweight concrete flat slabs in punching shear. Twenty full
scale connections were tested simply supported on all four sides and loaded
centrally through a column stub. The mix consisted of‘Lytag, sand and fly
ash as partial replacement of cement. The main variables studied were the
fibre volume, fibre type, column size, amount of reinforcement and concrete
strength. Extensive measurements of deformations were made throughout the
tests.

Fibre reinforcement reduced all the deformations of the plain concrete
slab at all stages of loading. For a given serviceability criterion, the
presence of fibres increased the service load of the corresponding plain
concrete slab by 15-507. Fibres also increased the post-yield ductility
and energy absorption characteristics of the slabs by .125-2607 and 240-270%

respectively.

The presence of fibres improved the load at first crack, punching
shear strength and the residual resistance after punching by about 357, 40%
and 150-400% respectively. Fibres also produced gradual punching failures

and sametimes changed the mode of failure into flexure. Empirical and

theoretical equations have been proposed to predict both ultimate flexural



and punching shear strength of steel fibre reinforced concrete slab-column
connections and they show good agreement with data from other investigations.
It 1s concluded that fly-ash can be successfully used in structural
lightweight concrete mixes. The addition of fibres in lightweight concrete
connections reduces deformations in general, delays the formation of

flexural and inclined shear cracking, and increases the service load, ultimate

strength, ductility and energy absorption characteristics.
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Perimeter of the critical section at-%-frcm.the column face (ACI)

Perimeter of the failure surface at reinforcement level.

Perimeter of the critical section at 1.5h from the column face (CP110).

Width of a section.

4r + 3nd.

Width of the loaded area plus three times the depth of slab on

either side of the loaded area.
Effective depth of the slab,

Depth of compression reinforcement.
Fibre diameter.

Diameter of loading disc.

Dehsity of lightweight concrete.

Elastic modulus of the fibre.

Elastic modulus of lightweight concrete.
Elastic modulus of normal weight concrete.
Elastic modulus of tension steel.
Elastic modulus of compression steel.
Concrete cylinder compressive strength.
Concrete cube compressive strength.

Concrete tensile splitting strength.

Concrete tensile strength.
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Yield stress of tension reinforcement.

Stress of tension reinforcement.

Stress of compression reinforcement.

Compression concrete force on a cross-section.

Fibre force on a cross—section.

Tension reinforcement force on a cross-section.,
Compression reinforcement force on a cross—-section.
Characteristic dead load per unit area.

Shear modulus of matrix.

Slab overall thickness.

Diameter of the column or column head.

A factor equal to 0.87.

Constant.

Stress block parameters for normal weight concrete (CP110).
Stress block parameters for lightweight concrete.

Bond length coefficient of fibre.

Bond factor of fibres in lightweight concrete.

Slab specimen length.

Range of dowel action.

Length of a panel in the direction of span, measured from
the centres of columns.

Width of a panel measured from the centres of columns.
Critical fibre length.

Fibre length.
Length of clear span measured from face to face of columns.

Distance from the column face to the line of inflection.

Span between centre to centre of columns.




Unique ultimate moment of resistance per unit width
(positive).

Unit mament capacity (negative).

Unit moment capacity in a plain or fibre concrete section.

Moments of concrete, fibre, compression.and tension reinforcement

forces about N.A. of a cross section.
Design bending moment in flat slabs defined by CP110 Code.
Total negative moment in the column strip in a flat slab (CP110).

Design bending moment in flat slabs defined by ACI Code.

Ultimate moment of resistance in the two directions.

Average ultimate moment per unit width of the slab within the
base of the pyramid of failure.

Number of fibres in concrete volume, V.
Number of centroids per unit area of a cross-section.
Actual number of fibres at a cross-—-section.

Punching loads in Kinnunen and Nylander's theory.

Characteristic live load per unit area.

Side dimension of a square column.

Mean interfibre spacing.

Average spacing.

Effective spacing.

Share of shearing force due to dowel action.
Volume of one single fibre.

Concrete shear stress (CP110).

Limiting shear stress.

Unit ultimate shear stress.

Shear force.

Contribution of aggregate interlock to shear resistance of a slab.



u.calc.

Contribution of the concrete compression zone to shear resistance
of a slab.

Contribution of the dowel action to shear resistance of a slab.
Fibre percentage by volume.

Total volume of fibres in a matrix.

Matrix volume fraction.

Ultimate flexural capacity calculated by the Yield line theory

for plain concrete.

Contribution of fibres to shear resistance acting as shear

reinforcement.

Ultimate flexural capacity for connections with steel fibres.

Ultimate shear capacity in plain concrete.

Ultimate shear strength in connections with steel fibres.

Contribution of the concrete compression zone to shear strength
in connections with steel fibres.
Contribution of fibres to shear strength along the surface of

failure.

Ultimate shear strength of a plain concrete slab of equal

concrete strength.

Calculated shear strength for connections with steel fibres.

Density of concrete.

Total design load per unit area.
Weight of fibres in a slab.
Internal lever arm moment.

Neutral axis depth.
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Coefficient of effectiveness.
Factor of safety for concrete.
Concrete strain ( = /f::74115)
Strain in fibre.

Tension steel strain.
Compression steel strain.
Maximum concrete compression strain.
Total design load per unit area.
Fibre orientation factor.

Bond efficiency factor.

Fibre length efficiency factor.

Inclination of the failure surface.

Ratio of negative to positive unit moments (= m'/m).

Coefficients.

Factor of depth of slab.

Ratio of flexural reinforcement to concrete slab section

(Reinforcement ratio).

s 11

"t - .
Fibre reinforcement ratio.

Equivalent reinforcement ratio for steel fibre.

Stress in the composite.

Maximum fibre stress at which fibre pull-out occurs.

Average stress in fibre.

Fibre fracture stress.

Stress 1n matrix.

Modulus of rupture of plain concrete.

Ultimate tensile strength of fibre concrete.



o) Ultimate shear strength of fibre concrete.

cu.shear
o, Tensile strength of concrete.
T Average fibre-matrix bond strength.
¢ Reduction factor for shear equal to 0.85.
¢o Vﬁlvflex
ﬁl Centre deflection of slab at first crack.
Az Centre deflection at 307 of the maximum load after the maximum

load 1s reached.
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CHAPTER 1.

INTRODUCTION.

1.1 Introduction.

Concrete as the first major construction material, is being used
continuously for new app1ications. As these applications increase, so does
the effort to overcome some of its disadvantages and inherent limitations.
Some of the main disadvantages and limitations of normal weight concrete
are the large dead weight, the low tensile strength, and the limited
ductility due to its brittle property which leads to less energy absorption
and low resistance to crack control.

In recent years several developments have been taking place in the
construction industry, in design techniques and in new materials.

The use of lightweight aggregates in structural concrete is a
significant development in concrete construction. There is considerable
evidence to show that structural lightweight concrete 1s a technically
sound material with adequate structural properties. The trend towards
lightweight concrete is because of the shortage of natural aggregates and
the benefits of reduced weight, lower elastic modulus and improved thermal
properties. However, lightweight concrete has disadvantages wheﬁ compared
. with normal weight concrete, such as higher creep and shrinkage, greater
deflection and lower splitting tensile strength.

One of the new developments in materials 1s fibre reinforced concrete.
In the past twenty years or so, considerable amount of research has been
carried out on fibre normal weight concrete; fibre reinforced concrete

has developed from a laboratory theory into a proven construction material.



Many types of materials have been used as fibre reinforcement to brittle
cement matrices, such as asbestos, glass, ceramics, polymers, etc., but

the one type of fibre which has found considerable application in concrete

is steel.

It is well established that the presence -of fibres in normal weight
concrete increases its tensile strength, ductility, energy absorption and

crack control characteristics. Many investigations have shown that the
presence of steel fibres in normal weight concrete beams improves their
ultimate flexural strength, stiffness, ductility and resistance to cracking.
Tests on beams and slab-column connections made of normal weight concrete
have shown the fibre reinforcement effectiveness as shear reinforcement

and the increase in thelr shear resistance.

The concept of reinforcing lightweight concrete with steel fibres did not
receive much research attention but for the time being an extensive and very
large scale research is in progress. ° There are no experimental data
directed to the problem of fibres as shear reinforcement in lightweight
concreté and no data have been reported in the technical literature.
ﬁbwever, due to reduced modulus of elasticity and lower splitting tensile
strength of the lightweight concrete the effect of adding a relatively high
modulus fibre, such as steel, may be more pronounced than for normal weight
concrete in both flexure and punching shear.

1.2 Purpose and Scope of the Investigation.

This investigation 1s carried out to study .the suitability of light-

weight aggregate concrete for use in slab-column connections and assess

the effect of fibre reinforcement in the strength and deformation

characteristics of lightweight concrete slabs and in particular to study the

resistance of fibre reinforcement to punching shear.



Various mixes were cast with sand as fine aggregate and a partial

replacement of cement by P.F.A. to achieve a good workable mix with a
compressive strength of about 45 NYmm? at 28 days. The mix properties
such as compressive strength, modulus of rupture, splitting tensile strength,
modulus of elasticity and shrinkage with and without fibre reinforcement
were studied.

Twenty full scale connections were tested simply supported on all

four sides and loaded centrally through a column stub. The parameters

studied were the fibre percentage, amount of tension and compression
reinforcement, column size, fibre type, cube compressive strength and
location of fibre reinforcement. All deformations such as deflection,
rotation, steel and concrete strains of all tested slabs, were measured at
various stages of loading. The ductility and energy absorption character-
istics were also investigated.

Strength characteristics of the tested slabs were studied and empirical
and theoretical equations were developed to evaluate both ultimate flexural
and punching shear strength of slab-column connections.with fibre reinforcement.

1.3 Layout of the Thesis.

In chapter 2 a general review of literature is.reported about lightweight

aggregate concrete, steel fibres, punching shear in conventional reinforced

concrete connections with both normal. and lightweight concrete and the role
of fibre reinforcement in influencing the strength characteristics of beams
and slab-column connections. .

In chapter 3 the design of a practical.workable mix with and without
fibres 1s studied. Other fibre concrete properties are also studied and

reported in this chapter. The experimental programme, test specimen

details, test set up, test measurements and instrumentations are reported in

Chapter 4.



Chapter 5 is devoted to the study of deformation characteristics,
ductility and energy absorption capacity of tested slabs. Strength
characteristics of tested slabs are reported in chapter 6. Comparisons of
the effectiveness of fibre reinforcement in both normal and lightweight
concrete slabs are also reported in these two chapters.

In chapter 7 a theoretical method 1s presented to calculate the ultimate
flexural strength of fibre reinforced concrete slab-column connections.

This method showed good agreement with experimental results related to
flexural strength of fibre reinforced concrete slabs .obtained in this
investigation and by other investigators. An empirical easily-applied method
to calculate the ultimate moment of resistance per unit width of fibre
concrete section 1s also presented.

In chapter 8 the ultimate strength of plain lightweight concrete slabs,
which failed in punching shear, 1s compared with the provisions for punching
shear of various codes of practice as well as with the existing expressions
for the ultimate punching strehgth of both normal and lightweight concrete
slabs. | An empirical and an approximate theoretical.method are proposed to
éalculate the ultimate punching shear strength of fibre reinforced concrete
slab=-column connections. A good correlation between.the test results and
the predictions of this method was obtained.

In chapter 9 the limitations, general conclusions and suggestions for

future work are presented.



CHAPTER 2.

REVIEW OF PAST RESEARCH.

2.1 General Introduction.

The problem of shear strength in slabs subjected to concentrated

loading has received added emphasis due to its importance in connection
with modern flat-slab construction, as in this, the upper and lower
surfaces of the slabs are plane, and there are no beams, drop panels

or column heads. It is now widely recognized that the connection between

slab and column is generally the critical area as far as the strength of

such a structure is concerned.

The shear failure of a slab-column connection is primarily
controlled by the tensile splitting strength of concrete. The use of
lightweight concrete in such connections yields a lower resistance to shear
because of its lower tensile splitting strength. However, the reduced

dead load of the slab made with lightweight concrete compensates its

decreased capacity to shear.

The use of shear reinforcement increases the punching shear capacity
of a slab~column connection by providing a means to prevent the widening

and propagation of the inclined cracks. However, its effectiveness
depends upon the conditions of anchorage achieved. The problem of
anchorage of shear reinforcement becomes much more important in thin flat
slabs and therefore there is a need for the replacement of shear reinforce-
ment by another method. The use of steel fibres as shear reinforcement

in beams has been proved to provide an increased resistance to shear, and
one expects an improvement in the shear resistance of flat slab-column

connections as well. In this chapter a review of the past research on



lightweight concrete, and steel fibre reinforced concrete properties
will be given, as well as the experimental and theoretical work on

punching shear of flat slab-column connections without and with fibres.

2.2 Structural Lightweight Aggregate Concrete.
2.2.1 History and Development.

The use of concrete with natural lightweight aggregates like pumice,

tuff and scoria was the first to be recognized. Some of the uses of
such lightweight concrete occurred about 2,000 years ago, when the
Pantheon, the Aquaduct and the Colosseum in Rome were built by the Romans.
The Germans started using slag in concrete in 1822 while slag as concrete

aggregate was not used in the U.S,A. until 1890 (1). In the United

Kingdom foamed slag has been produced and used since 1935 (2). The
production of modern lightweight aggregate started around 1917 when
S.J. Hayde developed a process for heat-expansion of shales and clays
to form hard 1ightweight*mat%rial which served as aggregates in
concrete having a substantial streungth and low density. In the U.S.A.
this aggregate was used in the construction of ships and barges after the
first World War while in buildings, structural lightweight concrete was
first used in the 1920's.

In the United Kingdom although the production of foamed slag started
in 1935 (2), lightweight aggregates were not widely used until the 1950's
when expanded clay and pulverised fuel-ash production started. In the
United Kingdom, expanded clay "Anglite' concrete having a compressive

2

strength of 31 N/mm~ was used, in the construction of the County

Laboratories building in Brentford.

Lightweight aggregate was probably first used in slab-column

connections by Hognestad et al. (3) when they carried out tests on six



lightweight concrete slabs, using expanded shale aggregates produced 1in
a rotary kiln, to investigate the shear strength of lightweight concrete
slabs as compared to similar slabs made with normal weight concrete.
Steel fibre reinforcement was first used in lightweight concrete beams

by Hannant (4).

2.2.2 Previous Research on Lightweight Aggregate Concrete in
the United Kingdom.

Research on lightweight aggregate concrete, carried out after 1950,
was mainly on Foamed slag, Aglite, Leca,and Lytag eaggregates which were
available at that time. Research on these types of lightweight
aggregates was carried out by the Building Research Station. In the
1960's extensive research on lightweight aggregates was carried out at
the University of Leeds. Comprehensive research on Solite was carried
out at the University of Sheffield in 1972-1974 while research on Lytag
1s now belng carried out.

Short (5) gave a description of the properties of lightweight
aggregates suitable for reinforced concrete from work carried out at the

B.R.S. The main conclusions are as follows:

2 2

1, The 28-day cube strength varied from about 7.00 N/mm~ to 31.0 N/mm™:

the dry density varied for different lightweight aggregates from about

1300 to 2000 kg/m3 :

2. Compared with gravel concrete having the same compressive strength,
the tensile strength from the modulus of rupture test of lightweight
aggregate was found to be generally higher.

3. The modulus of elasticity of lightweight concrete was between one-

third and two-thirds of the corresponding values for gravel concrete having

the same compressive strength.



4. TFor the same cube strength, when sand replaced the fine aggregate

in the lightweight concrete, the cement content was reduced for all
lightweight concretes by 13 to 257 while the dry density increased between
2 and 157.

5. The bond strength of lightweight concrete beams was found to be half
to three—quarters of the bond strength obtained with gravel concrete
beams.

6. The deflection of lightweight beams was found to be 10-157 higher
than the deflection of gravel concrete beams. The development of
cracking was found to be more severe for lightweight concrete beams.

7. The ultimate load of beams tested was only dependent on the cube
strength and percentage of steel and was not affected by the type of

concrete.

Teychenne (2,6) investigated the properties of various types of

lightweight aggregates with a 28-day cube strength from 17.0 N/mm2 to

63.5 N/mm?. The main conclusions which have been reported from his

investigation are:

i. The air-dry density of lightweight aggregate concrete. varies from

1120 to 2080 Kg/m-.

2. Lightweight aggregates are capable of producing concretes with a

28 days crushing strength equal to that obtained with sand and gravel,

but in some cases a higher cement content is required.

3. With a given lightweight aggregate, the main factor influencing

the crushing strength is the water-cement ratio.
4. The concrete strength development up to twenty eight days is
similar to that of natural aggregate concrete but there is generally a

greater increase in strength at one year, particularly with Lytag.



5. The tensile splitting strength at 28 days is similar to that of
normal weight concrete.

6. The modulus of elasticity increases with crushing strength.
Lytag concrete has a modulus of elasticity equal to 607 of that of

normal weight concrete.

7. Replacing the fine lightweight aggregate by a fine natural sand
increases the density of concrete,improves slightly the workability and
the crushing strength. It has little effect on the modulus of rupture
and the tensile splitting strength and increases the modulus of
elasticity.

The extensive research carried out in the University of Leeds on
Aglite and Lytag aggregate was published in a series of papers (7,8,9).
In the first paper (7) structural properties of Aglite aggregate are
reported for use in reinforced and prestressed beams. Main conclusions
are as follows:

1. There is no significant difference in the ultimate moments of the

_reinforced beams made with Aglite and gravel aggregate.

2. In beams with sintered clay concrete 20-257 greater defilection and
507 wider cracks were recorded than those of corresponding gravel

concrete beams.

3. The modulus of elasticity of Aglite concrete was about 607 of that

of gravel concrete.

The second paper (8) reports tests carried out on Aglite concrete
to establish its tensile and compressive strengths and the behaviour
and ultimate strength of reinforced beams in shear and flexure. It

reported a lower tensile strength of Aglite concrete than that of gravel

concrete ranging from 25-507. At working load, the deflection of Aglite



concrete beams was 40-507 greater than ordinary concrete beams. There
was no difference in the ultimate moment of resistance while the shear
cracking strength of Aglite concrete beams was about 757 of that of the

corresponding ordinary concrete beams.

In the third series of tests (9) modulus of elasticity, modulus of
rupture, shrinkage and creep properties and behaviour in flexure of
Lytag concrete were determined. With respect to the compressive stress
block of a Lytag concrete beam it was reported that this differed from
that of a gravel concrete beam in the following respects:

a) Maximum stress did not develop until a strain of 0.37 was reached
(0.27 in gravel concrete).
b) Maximum stress developed nearer the compression face.

In the University of Sheffield research was carried out on light=-
weight concrete using Solite lightweight aggregate made from expanded
slate (10,11). The first work was carried out on the‘méin structural
properties of concrete made with this aggregate having a high early
_strength,which*was obtained by using a very fine cement. 1In the second
work the basic material properties and structural behaviour of 'Solite'

concrete using ordinary Portland cement were studied. The main relevant

conclusions are:

1. The ultimate moment of resistance of Solite concrete beams can be
satisfactorily calculated by using Whitney's theory.

2. The deflection of Solite concrete beams at design load was 20-307%
greater than that of the comparable gravel concrete beams.

3. Shear cracking strength of Solite concrete was found to be

identical with that of comparable gravel concrete beams. Ultimate shear

resistance of Solite Concrete T-beams varied between 71 and 957 of that

of comparable gravel concrete T-beams.



4, The main difference in shear failure between Solite and gravel

concrete lies in the fact that diagonal cracks in lightweight concrete
transverse the aggregate particles as well as the matrix, whereas in

eravel concrete the cracks travel round the aggregate and leave

irregular and interlocked surfaces still capable of resisting further

load.

In the University of Sheffield research has been carried out since
1978 on Lytag lightweight concrete. The research is still in progress.
The main objects of the research are the shrinkage properties of light-
weight concrete, the behaviour of limited prestressed lightweight
concrete beams with and without fibres in shear and flexure, the shear
capacity of T-beams, and the shear transfer in lightweight reinforced
concrete with and without fibres. So far the results have shown the
great potential of lightweight aggregate concrete for a wide range of
structural applications; part of the results is presented in reference
(12).

2.2.3 Research by Other Investigators.

There are a number of other investigations carried out in the

United States of America on lightweight concrete made with lightweight
aggregates available in the United States. Most of the general

conclusions were similar to those observed and concluded in the United
Kingdom; here only a few of the works relevant to shear resistance of
lightweight concrete are discussed.

Hanson (13) reported tests on the shear capacity of lightweight
concrete beams. The tests showed a good correlation between the nominal
unit shear strength of the beams and the accompanying split-cylinder

tensile strengths of dry concrete. It was reported that the unit shear
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strengths of the beams varied from 60 to 1007 of that of comparable
gravel concrete beams.

Ivey and Buth (14) also carried out tests on shear capacity of
rectangular lightweight beams. The test results showed a reasonable
correlation with Hanson's (13) results, and the average value of the
ultimate stress fell 14 percent below the value predicted by Hanson's
equation.

Mattock et al. (15) reported tests on shear transfer in lightweight’
concrete. The test specimens were of the "push-off" type; two types of
lightweight aggregate were used,predominantly coated rounded lightweight
aggregate and predominantly crushed angular lightweight aggregate.
The main conclusions are:
1. The shear transfer strength of lightweight concrete is less than
that of gravel concrete of the same compressive strength, and is nof
significantly affected by the type of lightweight aggregate,
2. jhe coefficient of friction for gravel concrete should be multiplied
by 0.75 and 0.85 for all-lightweight and sanded lightweight concrete
‘reSPectively.

Experimental studies on flat slabs made with lightweight concrete

will be discussed in section 2.4 of this chapter.

2.3 Fibre Reinforced Concrete.

2.3.1 Introduction.

Historically fibres have been used to reinforce brittle materials
since ancient times. Straws were used to reinforce sunbaked bricks,
horse hair was used to reinforce plaster, and more recently, asbestos
fibres were used to reinforce Portland cement. This material known as
'asbestos cement' has found wide application for the manufacture of

corrugated roofing sheets, cladding panels and pipes.
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In modern times great development has been made in the production

of new fibre composite materials for a wide variety of applications.

Matrices which have been strengthened by means of fibre reinforcement

are metals, ceramics, resins, polymers, and concrete.

Concrete as a building material has high compressive strength and
is very cheap and durable; but it also possesses some well known
deficiencies such as: 1low tensile strength, low ductility and low
fracture toughness. Improvement of the tensile characteristics of

concrete will make this material more economical by a reduction in the

consumption of reinforcing steel, saving therefore in labour cost, and

more generally will widen the field of its application. This
improvement results by modification of concrete, by the inclusion of

fibre reinforcement.. A considerable interest in fibre reinforcement has
been shown during the last twenty five years.

There is practically no limit to the type of fibres which could be
used in concrete matrices except their availability, price and the
satisfactory behaviour of the final product. This last factor involves
characteristics of the fibres such as length, diameter, surface roughness,
ease of mixing and placing, strength and stiffness. The fibres that
are currently being used in concrete can be.classified into two types (16).
Low modulus high elongation fibres, such as nylon, polypropylene, and
polyethylene, are capable of large energy absorption characteristics:
they do not lead to strength improvement, but they impart toughness and
resistance to impact and explosive loading. High strength, high modulus
fibres such as steel, glass, asbestos and carbon, on the other hand,
produce strong composites of higher strength and stiffness than the

matrix itself, and to a lesser extent improved dynamic properties.
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2.3.2 Fibre Strengthening Mechanisms.

The nature of a cement matrix with or without aggregates is

heterogeneous and inelastic; so it makes it difficult to explain
precisely how continuous or short discrete fibres reinforce the cement
paste. The behaviour of fibre cement compoéites has been explained
first by Romualdi et al. (17,18,19). The basic concept was to assume
different mode of action of the steel fibre from that of conventional
reinforcement. A fracture arrest approach was adopted, which indicated

that for a given volume of steel fibre added,the tensile strength of the

composite would increase with decreasing wire diameter and hence wire

spacing. Contrary to this, normal reinforced concrete theory, does

not predict any change in strength of the composite for a constant volume

of steel. The geometrical spacing of fibres thus becomes a eritical
factor in their crack arrest mechanism. Romualdi's original tests
appeared to support his theory, but Shah and Rangan (20) showed that the
spacing of fibres had little influence on the first crack strength,

particularly at small values of spacing. From their experimental work

Shah and Rangan observed considerable improvement in ductility for

fibre concrete, but the effect of wire spacing observed by them was

considerably less than that predicted by Romualdi and Mandel (19).

In another approach based on a composite materials.concept Swamy et
al. (21) derived two equations for predicting the first.crack and
ultimate modulus of rupture of steel fibre reinforced concrete. The
fibre reinforcing action assumed to occur through the fibre-matrix
interfacial bond stress. When the composite strain exceeds the cracking
strain of the matrix the latter will crack and since the fibres are

stiffer than the matrix, they will deform less and as a result will exert
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pinching forces at the crack tips. The cracks, therefore, are prevented
from propagating and the composite ultimate strength is reached when

failure occurs either by fibre-matrix interface bond failure or by fibre

fracture.

2.3.3 Spacing of Fibre Reinforcement.

The mechanism proposed by Romualdi and Batson (17,18) is primarily
based on 5 geometrical fibre spacing concept, which establishes a
relationship between the first crack tensile strength of the composite
and fibre spacing. This mechanism predicts that the first crack
strength is inversely proportional to fibre spacing for a given percentage
of fibres. Romualdi and Mandel (19) then derived an expression for the

geometric spacing, S, between randomly oriented, short discrete fibres.

S = e e e (211)
wvhere S = average fibre spacing.
df = fibre diameter and
Ve = steel fibre percentage by volume.

In deriving the above equation Romualdi and Mandel (19) took into
account the overlapping effect of the fibres but they assumed that the
shear forces at the fibre-matrix interface are absent until the occurrence
of a crack. This assumption, however, is only valid for long continuous
fibres, where the shear stress distribution in the absence of a crack,
extends up to half the critical length from each end of the fibre, thus
leaving a major proportion of the fibre length free from any shear
stresses. In the case of short fibres of length smaller than the critical
fibre length, the shear stress distribution in the absence of a crack,

extends along the whole length of the fibres.
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Another fibre spacing formula was suggested by McKee (22) which

had the form

S = 3 v csone (2.2)

where \'s volume of one fibre.

In the derivation of the above equation the overlapping effect of
fibres and bond efficiency factor have not been taken into account.

Kar and Pal (23) attempted to improve the average fibre spacing
concept by introducing the bond deficiency of short fibre and the probable
orientation of the fibres.. They proposed the following expression for

effective fibre spacing.

Se = 8.85 df JCIU R I (2-3)
where if = fibre length.

n, = average orientation factor.

Ky = bond length coefficient.

Kar and Pal related the ultimate tensile strength rather than
cracking strength to the calculated effective fibre spacing, because they
observed that there was only a small difference between the cracking load
and the ultimate load. However, the fibre spacing concept 1s based on
an elastic fracture mechanics criterion, which would be related to
cracking strength rather than ultimate. On the other hand, the claim
of Kar and Pal of no difference between the cracking load and the ultimate
load is not realistic. In an actual composite there will be an increase

in load at ultimate over the cracking load which depends on the amount of
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force that can be developed in the fibres at a crack. This force 1is
dependent on the amount and strength of steel fibres if the bond
strength is sufficient to cause the fibres to fracture. However, when
final failure occurs by pulling out the fibres, the ultimate strength
depends on the bond strength that can be developed.

Swamy et al. (21) derived a new "effective spacing’ equation by
taking into account the three basic considerations related to the
transfer of stress from matrix to fibre, which are:

1. Critical fibre length.

2. Fibre-matrix interfacial bond.

3. Orientation efficiency factor for random fibres.

Bond efficiency was taken into account by introducing bond deficiency

factors for both the length and diameter of fibres.

The effective spacings, S, are given by:

for first crack modulus of rupture

W
[l
N
~]

. = (2.4)

df
S = 25 & 0 & & B (2.5)
e h Vf Rf
where df = fibre diameter.
Ef = fibre length
Vf = volume percent of fibres in matrix.

The randomness of the short fibres was taken into account by
considering an orientation factor of 0.41 Ef.

Seamy et al. derived the following equations:
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for the first crack composite strength

2
£
o) = 0-843 Umu (I-Vf) + 2-93 Vf "d_f' s es 00 (2-6)

for the ultimate composite flexural strength,

£ ‘
f
o'b - 0-970 Umu (l_vf) + 3141 Vf 'a_'" s o000 (2.7)
£ A
where o, = stress in the composite.
T = modulus of rupture of plain concrete,
Rf/df = aspect ratio.
Vf = fibre percentage by volume.
2.3.4 Factors Influencing the Effectiveness of Fibre Concrete.

#_—.“__——_—_—_w

The effectiveness of the reinforcing fibres depends on the following

parameters:
1. Modular ratio (E fibre/E matrix).
2, Fibre orientation.
3. Fibre geometry = shape, length.
4. TFibre aspect ratio (length/diameter).
5. Volume content of fibres.
6. Bqnd strength of fibre-matrix interface.
Generally the strength of the composite increases with:
1. Increase in modular ratio.
2. Increase in fibre content,

3. Increase in aspect ratio.

4., The degree of fibre alignment with stress direction.

2.3.5 Efficiency Factors.

Critical length =~ Length Efficiency Factor-orientation factor.

In the case of a composite reinforced with short discontinuous fibres,

the fibres cannot be directly loaded at their ends and stress 1is

- 18 =



transferred into them by an average interfacial shear stress t. The
fibre stress will build up from zero to a maximum value Of in the centre
point of the fibre. This means that a portion of a fibre, near its ends,
will not be fully loaded and will thus be ineffective in strengthening
the composite. The value of maximum fibre stress, O, in the centre
point of fibre, on failure of the composite, depends upon the length of
the fibrey; if the fibre length is long enough, the fiﬁre tensile stress

will vary from zero to the fracture stress, o, , Fig. 2.1(a). For a

fu
fibre with length equal to a critical length, the stress Ol will be equal
to cfﬁionly at the centre point of the fibre, Fig. 2.1(b), whereas for a
short fibre the stress of will not reach the fracture stress and fibre

pull-out or debonding will occur. From equilibrium consideration it

can be found that

2
%e T df
T -2- (Tr df) = 4 Uf " e 00 (2-8)
df
.. R = O 5= (2.9)

There is a minimum fibre length required for the fibre stress 0e to reach

fracture stress ofﬁhwithout slipping occurring. This value is given by:

= £
| .Q:c Ufu 2T ¢ee o000 (2-10)

and 1s termed as '"'critical fibre length'.

For continuous fibres the basic composite mixture rule gives:

OC — Gtﬂ Vm + O'f Vf "BEERE (2-11)
where 0. = Composite stress.

o = Matrix stress.

m

g = Fibre stress.
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lc = Critical fibre length

6 f . lc/, = Transter length

FIG.2-1 SCHEMATIC VARIATION OF FIBRE TENSILE STRESS
AND INTERFACIAL BOND STRESS
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er = Matrix volume fraction.
Vf = Fibre volume fraction.

In considering the strength of a discontinuous fibre composite two
efficiency factors must be introduced, the length efficiency factor and
the orientation factor. The length efficiency factor describes the
effect of the fibre length on the efficiency of the reinforcement l.e.
takes into account the variation of the fibre tensile stress, 0 along
its length. The orientation factor describes the effect of fibre
orientation on the composite strength, In a2 random orientation of short
fibres in the matrix only those fiBres which are parallel or almost
parallel to the tensile stress direction are the most effective in
strengthening the composite,

The values of length efficiency factor,nL, and orientation factor,
n,s depend on.the*methpd of analysis used but some typical values are given
below.

Cox (24) has derived the following equation for the average stress in

a fibre of length %_. subjected to a strain €_:

f X
tanhBR,fIZ
0f=Ef ex (1-_-8_.6»?7_) * o000 (2‘12)
where Ef = Fibre Elastic Modulus
}
2 M Gm
B = i ————————————
2R
Ef Af In N
- f
where qm. = Shear Modulus of Matrix.
'Af = TFibre cross sectional area.
R = Mean interfibre spacing.
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The length efficiency factor, therefore, proposed by Cox (24)

is:
tanhBR.fIZ
nL  — 1— W ¢ & 0 0P (2-13)
Cox proposed the following values for orientation factor,‘no.
1-D aligned n, =1
2-D random in plane N, = %-
a3 =.l'.
3-D random N, =%
Krenchel (25) has used a value
£c * .
nL = 1 - .E.— o & & & P (2.14)
f
for the length efficiency factor, and the values of n, = 1, n = 3] and

n = 1/5 for 1-D, 2-D, and 3-D respectively, for the orientation factor.
o

Laws (26) and Allen (27) proposed the following values for length
orientation factor:

When fibre length is less than critical fibre length:
i
zgc * & & 9 &

N, (2.15)

When fibre length is greater than critical fibre length:

L
C

nL = 1 - -Z-E-E TEERE (2-16)

Laws (26) using Krenchel's (25) values for orientation factor

combined the two factors into a single efficiency factor, which was shown

to be different from the product of the separate terms,
In the case of randomness in which fibres can be oriented in any

direction with equal probability, a value of orientation factor of 0.4l

is exact (19) and this value has been used by many authors (21,28,29,30).
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The basic mixture rule can now be modified for short discontinuous

fibres as follows:

% T s Ny, % Vf * ’m Vﬁ- e (2.16)

2.3.6 Bond strength of fibre-matrix interface.

One of the most important factors influencing the properties of a

fibre composite is the bond resistance between steel fibres and
cementitious matrix.

The steel fibres used in composites are plain, crimped, ducform, and
hooked fibres. They have either circular or rectangular cross-section,
with length and aspect ratio ranging from 20 to 65 mm and from 40 to 150
respectively.

For a given fibre-matrix composite system, various indirect and
direct methods can be used to determine the bond strength. In the
direct methods both a single fibre model or a group of fibres embedded in
a block of a matrix material can be used. The value of bond strength 1is

calculated directly from the measured failure load. In the indirect
methods a relative value of bond strength ig obtained from the material
properties of the composite materials.

A considerable number of researchers (31,32,33,34,36) have dealt
with the bond strength by psing the single and the group model. However,
in an actual composite the fibres are not necessarily unidirectional.
Fibres can have any direction and the interfacial bond 1s influenced by
the neighbouring fibres. Naaman and Shah (35) carried out some tests
varying, firstly the angle of orientation of the fibres with the loading
direction and secondly the number of fibres being pulled out simultaneously
from the same area. The results indicated a better performance for

inclined single or pairs of fibres than for parallel ones. However, for
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groups of fibres, the pull-out load per inclined fibre at an angle of
60° decreased when the number of fibres pulling out from the same area
was decreased.

With steel fibres, the bond strength is a combination of adhesion,
friction and mechanical interlocking. Because of this nature of the
interfacial bond, the bond strength obtained by a single fibre or group
of fibres parallel to the loading direction is not an accurate measure
of bond strength but it is rather a measure of the anchorage bond and does
not reproduce the state of stress in the matrix in the actual composite.

New methods were presented in references (36) and (37) in which
both matrix and fibres are subjected to tension, the whole length of the
fibre is embedded in the matrix, and testing of a single or multiple
fibres in the specimens is possible,

Table 2.1 shows the bond strength values obtained by wvarious
investigations.

Indirect methods have beeh used, to a limited extent, to determine the
interfacial bond strength in steel fibre reinforced cementitious composites.

Aveston et al., (38) calculated the interfacial bond strength from

crack spacing. A value of bond streng<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>