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SUMMARY 

This work on Arjex melt extract steel fibres and D-form fibres 

comprises three sections. 

The aim of the first sec.tion is to provide design information 

relating workability to the flexural strengths by introducing diff­

erent percentages of steel fibres into different mixes.Conplast 337 

was introduced to increase the strength. 

In the second section the investigation was centred on thin steel 

fibre reinforced cement sheets as alternatives to glass reinforced 

cement sheets. Two different rich mixes in cement were tried with 

different percentages of fibres and different thickness. The tests 

were carried out at 14 and 28 days. 

Finally the third section was reserved for the use of steel fibr­

es for localised crack control. This consisted of using thin layers of 

mortar boards containing steel fibres to provide a skin on the tensi­

le face of a beam. Different percentages were used in different 

thicknesses of layers. 

It was found that the Arjex melt extract steel fibres and the 

D-form steel fibres were more workable than a wide range of commer­

cially available. drawn wire steel fibres. Even a1; a weight of fibres 

equal to 12.% of the weight of the matrix the V-B time was still low. 

In the course of the experiments it was found that the slump test waf 

very suitable to be carried out on site.The benefit gained from add­

ing conplast 337 was an increase in strength , achieved in a cheaper 

manner than by the addition of more fibres and without loss of work­

ability. 

Since these fibres are of stainless steel with rust resistant 
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qualities and cost about three-quarters of the price of conventional-

ly drawn carbon steel fibres,it was decided to incorporate them in 

thin sheets.This was intended to replace the Cem-fil glassfibre 

which undergoes some changes. in its mechanical properties as a reBul~ 

t of both physical and chemical actions,despite its inherently high 
tement ,o~po$lte~ 

alkali resistance. The melt extract steel fibre~ were capable of rea-

ching a modulus of rupture (M.O.R.) of over 26 N/mm~ 

In the last part of the research it was found that the melt extr-

act and D-form steel fibres can have a measurable effect on controlli-
'. 

·ng cracks,using mortar boards on the tensile face of the beam. 



-iii-

Acknowledgements 

This work was carried out in the Department of Civil Engin­

eering at Loughborough University of Technology under the super­

vision of Dr. P.J. Robins. Special thanks are due to Dr. Robins 

for suggesting and directing this project. 

I also wish to thank Dr. J. Edgington for his help, Miss 

C.E.A. Birkett for her secretarial help and the technical staff 

in the department for their assistance. 



-iv-

List of figures 

Figure no. Title 

2.1 Idealized bond stress distribution 
along the length of the fibres 

2.2 Section through crack and adjacent 
fibres (Romualdi and Batson) 

2.3 Cracking stress as a function of fibre 
spacing(Romualdi and Batson) 

4.1 - 4.12 The effect of melt steel fibre weight 
contents on slump and V-B time of 
cement composites 

4.13 - 4.24 The effect of melt steel fibre weight 
contents on compressive strength of 
cement composites 

4.25 - 4.36 The effect of melt steel fibre weight 
contents on flexural strength of 
cement composites 

4.37 

4.40 

The effect of fibre aspect ratios on 
V-B time 

Relation between loss in slump and gain 
in flexural strength 

The effect of fibre·contents on slump 
of fibre reinforced composites 

Relationship between Modulus of Rupture 
and slump 

The stress and strain distribution for 
both elastic and non-etas tic beams 
in flexure 

The three main fibre orientations 

The extreme fibre strain on the compress­
ive and tensile faces of the beam again­
st the applied bending moment 

The idealized stress/strain distributions 
for C.R.C. in direct tension and compres­
sion and the strain distribution through 
a beam in flexure 

14 

17 

17 

37 - 48 
'. 

50 - 61 

62 - 73 

74 

80 - 81 

82 

83 - 84 
I /" 

88 

93 

95 

96 



... 

5·8 

6.1 - 6.4 

6.5 - 6.6 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

-v-

Side elevation of the rig used for 
the flexural tests 

Typical load deflection curves of 
the experimental work 

A load deflection curve for the fibre rein­
forced beam with the method of finding 
the limit of proportionality 

Curve results for the flexural tests 

The effect of fibre{ (50mm long, D-form 
fibres) content on slump and V-B time 
of cement composites 

The effect of fibre, (50mm long, D-form 
fibres ) content on flexural strength 

Uniform concrete stress theory 

Average area of concrete surrounding 
each beam 

D-form fibre shape 

Fibre board used as crack control 

Load arrangement for the tests 

Detail of the test beam 

Load .pos,i tions on the beam 

Test rig used for the crack control tests 

Load against deflection for beams 1-9 

Crack propagation 

Growth of widest crack against load ratio 
for 8mm thick beams 

Growth of widest crack against load ratio 
for 12mm thick beams 

Comparison of the melt steel fibre with 
the D-form fibre in contro]ing cracks 

99 

104 

107 

109-114 

120-12 

125-126 

132 

132 

134 

134 

135 

137 

139 

140 

144 

145-147 

149 

150 

152 



Table no. 

~.l 

~.2 

~.6 

4.2 

6.1 

APPENDIX ONE 

1.1 

APPENDIX TWO 

2.1 - 2.2 

, 
APPENDIX THREE 

Beam 1 - beam 9 

-vi-

List of tables 

Title 

Effect of admixture type on 
workabili ty 

Effect of admixture type on 
strength 

Prices of admixtures 

Use of Conplast ~~7 to increase 
strengths 

Mix proportions used for the 
investigation 

Values of the water/cement ratios 
used in the mixes 

The modulus of rupture percentage 
increase in the different mixes 
for a fibre inclusion of 10 % 

The different choices of m~xes rel_ 
ated to an M.O.R. of 9N/mm 

Mix proportions used in the melt 
extract fibre thin sheet composites 

Flexural results of ~8mm D-form 
fibres in thin sheets 

Compressive and flexural strength 
results of. the melt extract steel 
fibre:composites 

Summary of the results for the 
flexural tests 

Results of crack control 

27 

27 

27 

29 

29 

~O 

79 

79 

91 

127 

162 

166-169 

171-186 

'. 



Plate no, 

1 

2 

3 

4 

5 

6 

7 

-vii-

List of plates 

Ti tle 

The melt extraction process 

The melt extract fibres with their 
surface texture"and 'dished' cross 
section 

The liner cumflow mixer and the 
equipment used for the V-B and the 
slump tests 

Denison T60C (For the flexural and 
compressive t~sts) 

The Instron TT-B testing machine 
"with the test rig in position 

The D-form fibres 

Test rig used for the crack control 



-1-

CHAPTE"rl ONE : INTRODlICTJW 

1.1 Introduction 

The inclusion of various types of fibres, natural or 

synthetic, in matrices weak in tension, to improve its properties 

has been carried out for many hundreds of years. The first major 

application was the use of straw to reinforce unbaked bricks. Horse 

hair was used to reinforce plaster and asbestos fibres have been 

used to reinforce Portland cement. 

However, fibre reinforced cement based material is a more 

recent development. It was introduced to overcome the inherently 

brittle type of failure and increase the toughness of the matrix. 

The replacement of existing materials with man - made fibres 

which would overcome these problems and those relating to the 

supply of asbestos in ,the long run , little impact ,resistance, 

and health hazards, was inevitable. 

Among the new fibres developed are the steel fibres. The aims 

of inclusion of fibres in concrete and cement are:~s follows: 

i) To improve the tensile or flexural strength; 

ii) To improve the impact strength; 

iii) To control cracking and the mode of failure by means of 

post - cracking ductility; 

iv) To change the rheology characteristics of the material in 

the fresh state. ", ' 

In less than a decade , research and development ~as transfor­

med steel fibre concrete and cement materials from a laboratory 

curiosity into practical reality. The properties of fibre reinfor-
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ced cement depends primarily upon the physical properties of the 

fi bres " the matrix and the strent;th of the bend between the two. 

The effectiveness of reinforcement depends on the following 

1 factors: 

i) Modular ratio E fibre/E matrix; 

ii) Volume content of fibres; 

iii) Fibre orientation; 

iv) Fibre aspect ratio (length/diameter); 

v) Fibre geometry - shape, length and diameter. 

Generally the strength of the composite increases with: 

i) Increa:;e i.n modular ratio; 

ii) Increase in fibre content; 

iii) Increase in aspect ratio; 

iv) The degree of fibre alignmentwith stress direction. 

Investigations have shown that with higher percentages of 

fibres, higher strengths are possible but with a decrease in 

workability. 

Fibres currently being used in concrete and cement can be 

divided into two main groups; those with moduli lower than the 

cement matrix, such as cellulose, nylon and p.olypropylene and those 

with higher moduli such as asbestos, glass, steel, carbon. and kev-

lar. The first group is capable of large energy-absorption charac-

teristics. They give a good resistance and toughness to impact and 

explosive loading, but they do not lead to any significant strength 

improvements, whereas the second group impart characteristics of 

strength and stiffness and to varying degrees, dynamic properties. 
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Generally the addition of fibres improves the followinG 

properties: 

i) r'lexural strength; 

ii) Crack resistance and ductility; 

iii) Fracture toughness; 

iv) }'atigue; 

v) Fire resistance. 

There is an infinite nl~ber of combinations of fibre variables 

such as length, diameter, shape and percentage by volume, which are 

possible within the limits set by the difficulties encountered 

in conventional mixing techniques. The hiGher the amount of smal] 

particle size in the matrix, the more fibres can be included in the 

composite. The distribution of the fibres is also affected by the 

particle sizes. Pulverised fuel ash or limestone dust has been 

added to prov~de the neccesary fine material. 

Fibre reinforced concrete ha~ been used in many applications 

such as pavements, airfields, bridge deck, roads, preccst struc­

tural compon:ents, all with steel fibres. Pipes and piles using pol­

ypropylene and formwor~ using glass fibre have also been used. 

1.2 Scope of proposed research 

Although fibres have been successfully employed for imparting 

strengtq, ductility and toughness to many materials over the past 

few decades. There were major limitations, such as price of raw 

materials and conversion to fine wire and the inadequate bond 

strength inherent with highly polished, lubricated surfaces.' In 

this research Arjex melt extract steel fibres were used t,~ overcome 

the, aforementioned limitations. They are manufactured by spinning 
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a disc with a notched and multi-edged surface so that it just 

comes into contact with molten metal (the full process will be 

discussed in chapter two). Since they are stainless, they were 

applied in this investigation for high strength, durable fibre 

reinforcement in thin sheets instead of glass reinforcement. Their 

use in thin sheets was also regarded as an alternative to the 

. health hazards associated with asbestos. 

Having a lower aspect ratio (length/"diameter") they tend to 

be more workable and in this investigation an attempt was made 

to establish design information relating workability to the 

flexural strengths. 

In the middle of the investigation a small quantity of raw 

mild steel fibres made from scrap material and named D-form , so­

called because of their shape, were received from America. They 

were used on a small scale to test their workabil i tj.es and streng­

ths. I used them for crack control in order to compare them with 

the melt extract steel fibres used by another student; 

Finally an attempt was made to investigate the workability 

and flexural strengths and their use in thin sheets. 
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CHAPTER TWO : FT JJRES }'OR CONCRSTE AND GE;·iEt·:T 

2.1 Introduction 

Concrete, by virtue of its low cost, its easy availabilI ty, 

its relatively simple process technology, its good compressive 

strength and durability under widely varying environmental conc-

itions is regarded as one of the ereat materials for construction 

in our time. However, the strengthening of concrete by the i~clu-

sion of short pieces of steel not only improves most of the 

existing properties of concrete but it can be used for many ne""-

applications. 

During the past twenty years the properties and potential 

applications of a variety of fibre- reinforced cements and concrete 

have been extensively studied t~xoughout the world. 

2.2 Materials used for fibre reinforcement 

Fibres have been produced from a wide range of materials. 

These include the following types of fibres: 

2.21 Asbestos' fibres 

Asbestos is a general name for several varieties of naturally 

occuring crystalline fibrous silicate minerals. It has been comb-

ined with cement to produce a wide range of thin sheet products 

since the turn of the century.It has also been used for cladding 

and roof sheeting, pipemaking, etc ••• Exposure to asbestos fibres 

can be injurious to health because it causes illnesses such as 

asbestosis and bronchial cancers. 

A gre~t deal is known about the long term durability of this 

2,3 
material. 
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2.22 Glass fibre 

It can be produced with very hieh strength and elastic 

properties. The material is not normally alkali-resL"tant and is 

thus most suitable as a reinforcement material. for gypsum and 

high-alumina cement, but fibres of special glass that are supp­

osedly sufficiently alkali-resistant~ for use with ordinary 

Portland cement have now been developed. 

Glass fibres have been used for several years for the prod-

uction of components, which have included cl~dding panels, heating 
'. 

ducts, precast chimney sections and boat hulls. 

2.23 Carbon fibres 

Carbon fibres are produced by carbonisation of suitable 

oreanic fibres at high temperatures. The texture of carbon fibres 

allows them to develop good frictional bond with the matrix. The 

fi bres are inert to most chemicals but show anistropy in ph.'sical 

properties such as thermal expansion. Their cost is very high in 

comparison with the other types of fibres. 

2.24 Polypropylene fibres 

Polypropylene offered the textile industry a potentially low-

priced polymer. The addition of the polypropylene fibres in a·, 
. . 5,6 

cementitious matrix improves particularly its impact res1stance. 

Due to the latter property, new products within the range of 

piling are being developed. Examples of 'polypropylene composites 

are thin section coatings to pOlystyrene block floation units, a 

limited range of precast units for pipe supports and bases for 

greenhouses. 
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2. 25 ~;etal fibres 

l-i~tal fibres can be made of steel or steel alloys. 'lowever, 

taking into account the cost, stiffness and availahility, only 

high tensile steel fibres are promising and widely used as rein-

forcement in cementitious matrices. Most steel fibres have the 

disadvantages of rust 8-'1:~ 8tain in exposed situations. Sone. steel 

fibres are made from plain carbon steel, but fibres from 700 to 

2 2,700 N/mm are available. Special stainless steel fibres for 

refractory concrete subjected to elevated temperatures are also 

available. A "·new'steel fibre knoW!!' as the Arjex melt extract 

steel fibre has been produced at a cost significantly less than 

drawn wire carbon and.stainless fibres. Since this research is 

based on these new fibres they will be discussed in greater detail 

in the next section. While the investigation using these Arjex 

fibres was underway, we received a limited quantity of a new mild 

steel fibre known as D-form due to their shape. These will be dis-

cussed more·fully in chapter six. 

Steel fibres are normally supplied from about 0.25mm to 0.75 

mm in diameter and from 25mm to 50mm in length. The quantity that 

can be added to the mix and that can be uniformly distributed in 

the material greatly depends on the aspect.ratio,adopted. 

2.26 Arjex melt extract steel fibres 

The major limitations of the common fibres due to the price 

of raw materials and the high cost of conversion from rod to fine 

wire (these being particularly acute in the case of stainless 

steel intended for high temperature applications) and the inadeq-

uate bond strength inherent with highly polished, lubricated 
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surfaces has led in 1974 t.he Pa-telle Corporation of Ohio to intro-

duce melt extract steel fibres. Johnson and r':ephew .(Amberr;ate) 

Limited (U.K.) recently succeeded in developing commercial plant 

capable of producing a wide ranGe of melt extract steel fibres of 

hiffh quality and low cost. 

i) The process 

Basically, this involves brinGing the periphery of a notched 

multi-edffed spinning disc into contact ¥ith the surface of molten 

metal. On contact, the metal solidifies on, and adheres to, the 
'. 

rim of the disc and as a result is carried out of the melt. The 

rapidly cooling fibres then release themselves and are projected 

away from the disc. Fibre length and cross-sectional area ar~ dic-

tated by the spacinff of the notches around the periphery of the 

wheel and the depth of immersion of the spinninff edge, respectively 

(See plate 1 ). 

ii) Benefits 

The melt extract steel fibres are economical, since they make 

use of inexpensive raw materials. Their production satisfies the 

environmentalists because scrap metal can be re-cycled in the 

process. 

Their novel "dished" cross sectional shape (See plate % .) 

• 
provides a higher surface area for chemical bonding. The existancre 

of irregular surface texture offers better grip for mechanical 

bonding and the absence of.,,- :surface lubricants enables intimate 

contact between fibre and matrix. 

They are more workable than their inferior drawn wire contem-
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,'.." 
; 

. "-, 

\ 

Plate:2 The melt extract fibres with their 

surface texture and "dished" cross section 
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\ 

poraries since fibres havinG lower aspect ratios (lc:1Cth/"diam-

etere<") can achieve the same d el3"ree of a'lchorage due to the high 

area and its texture they provide for handinG (See plate 2 ). 

Fir.ally, one of their heEefits is their inexpensive stainless 

nature which can be applied where the avoidance of surface staining. 

is importan t. 

iii) Fibre size and composition 

The melt extract steel fibres are ~~ available in a wide . 

range of "diameters" and lengths because of the nature of the man-
'. 

ufacturing process, which means that fibres of any desired compo-

sition could be made from either carbon or stainless steels or 

nickel/chrome alloys for high temperature applications. 

iv) Applications 

Melt extract steel fibres are suitable for most applications 

where high strength, low cost a'ld durable fibre reinforcement is 

required. The fine stainless fibres .are suited for incorporation 

into thin sheet products, where they offer freedom from the time 

dependent strength and ductility losses associated with glass 

reinforced cements and the health hazards allied with the inhal-

ation of asbestos. 

2.) Historical development 

The experiments for strengthening concrete by the inclusion 

of short fibres were 
7 . 

carried out by Porter ~n 1910 and he concl-

uded that the inclusion of cut nails into concrete increases the 

tensile and crushinG strength of concrete. 

In 1914, a patent was taken out by William Fickley8for the 
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incl,usion of various tortuous shaped pieces of melal reinfnrcement 

into concrete. The toue;hness IUld wearing resislance were increased 

but there were no improvements in the tensile and coni'pressive 

strength of concrete. 

9 
In 1938 a patent was taken out by Nicolas Zitkevic in which 

the first claims were made for an increase in the tensile, 

compressive and shearing strencth of concrete by the inclusion 

of steel Hire. 

Very little further advance was made in the development or 

application of the material until the early 19601 s when patents 

were taken out, both in Britain and the United states by the 

10 
"3atelle Development Corporation". The claims were based on theor-

etical and experimental results obtained by Professor J.P. 

Romualdi. By the inclusion of steel fibres there was a reduction 

in the formation and propogation of cracks, reduced surface spall-

ing and cracking under sudden application of heat and high energy 

absorption. 

11,12 
In 1963, two papers were published by Romualdi and Ratson 

in which details were given of the theoretical analysis upon 

which claims made in the Batelle patents were founded together 

with experimental data obtained from bending tests. 

The basic concept of steel fibre reinforced concrete proposed 

by Romualdi was to assume a different mode of action of the steel 
. 

from that of conventional reinforcement. A fracture arrest approach 

was adopted, which indicated'that, for a given volume of steel 

added, the tensile strength of the composite would increase with 
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decreasine wire diameter ann hence wjre spacjnc_ ] t is jrrlporta'.t 

to note that this proposed type of behaviour does not comply with 

normal reinforcement concrete theory which does not predict aClY 

change in strength of the composi.te for a cuf'stant volume of steel 

and that the steel is present within the COf'crete to carry the 

tensile stresses rather than to prevent. or retard cracking. 
13 

In 1964, a paper was published by Romualdi and l'landel wi th 

results in flexural and cylinder ·splitting tests which confirmed 

thetheoretical ~redictions regarding the effects of fibre spacing. 
14 . 

In 1965 and 1969, two papers were published by Romualdi ,ROMUaldi 

Ramey and Sanda~5which contained a repetition of that shown in the 

earli.er papers. 

In 1967 a further patent was taken out by the "Batelle 

. 16 
Development Corporation" for fibre reinforced concrete. The claims 

were for a composite construction for covering substratum compr-

ising of alternative layers of unreinforced ~~d fibre reinforced 

concrete. The intention of this was to reduce the cost of layering 

a pavement. 

Another patent for fibre reinforced concrete was taken out 

by the "Batelle Development Corporation" in 19691
•
7 

The first published objections were made to Romualdi's spacing 

concept in 1969. Romualdi's original work appeared to sUbstantiate 

18 
his theory but work by Shah and Rangan has shown that fibre spacing 

alone has little effect on tensile strength. They observed improve-

ment in ductility for fibre concrete but the effect of wire 

spacing was considerably less than predicted by Romualdi and 
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In 1970 and 1971 two further papers were published by Shah 

19,20 
and Rancan but they contained conclusions dra,m from their original 

18 
report in 1969. 

The reinforcing action of fibres was analytically prenicted 

20 21 
by Shah and ManGat and others hy using the composite materials 

approach. 'rhe effective wire spacine in fibre reinforcen concrete 

is very important, in view of the strong dependance of tensile 

22 
strength on wire spacing. Kar and Pal calculated the effective 

" 

fibre spacing as follows: 

Se _ 8.85 d, 1 

L L 
l:d ( 1 - 3Kd ) 

where Pn Bond efficiency in which P == fibre percentage (by 

volume); 

L Half the length of fibre; 

d "Diameter" of fibre; 

K As shown in Fig. 2.1. 

There are many other papers written about the fibre reinforced , 

concrete since the 1960's. One of the major publications was a 

Ph.D. thesis by John Edgington~3 

He has found that the onset of cracking, the elastic moduli, 

oreep and shrinkage remain, for practical purposes, unchanged by 

fibre addition. He claims that the addition of fibres gives only 

marginal increases in compressive, torsional and tensile strength 

whereas the largest increases in excess of 200 per cent were 

attained in flexural strength. He has shown that the effect of 
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Fig. 2.1: Idealized bond stress distribution along the length 

of the fibres. 
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fibre spacir;g is neglie-ible in direct tensile strene"th which is 

the contrary of early authors. ~e has found that the ereat~st 

benefits produced by fibre addition were those of increased 

toughness and ductility. Five fold increases in impact toughness 

could he obtained using selected fibre types in volume concentra-

tions of less than t.wo per cent. 

2.4 Spacing concept 

12 
A brief description. is given here of Romualdi and Batson's 

fibre spacing theory, its disadvantages, and Swany and !-langat' s 

21 
theory. 

12 
2.41 Romualdi and Batson's theory 

They suggested that fibres act as crack arrestors by prod-

ucing plucking forces which tend to close the crack. 
_ 12 _ 

The mechanism proposed by Romuald1 and Eatson 1S primarily 

based on a geometrical fibre spacing concept -"hich establishes a 

relationship between the first crack tensile etrength of the 

composite and fibre spacing. This mechanism predicts that the 

first crack strength is inversly proportional to fibre spacing 

for a given percentage of fibres. 

The basis of this theoretical development is illustrated in 

Fig. 2.2. A side view of an internal crack is shown located 

between two fibres. Under conditions of gross stress the external 

strains in the vicinity of the crack tip, due the stress concen-

tration, are larger than average strains. These Rtrains ,however, 

are resisted by the stiffer fibres and a set of bond forces is 

created that act to reduce the magnitude of stresses at the crack 
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tip. Under proper conditions of fibre spacinG and diameter, we can 

then allow the material to experience a larger section stresses, 

before crack propn.gation comm-enccs at a 10ca 1 ir.ternal ] evel. 

In Fig. 2.3 the theoretical r~Ault linking first crack propagation 

stress and fibre spacing is shown. .c:;;. 

~.:PCj 'lil. ----
__ . .... asc ":. ::i ~ ... : ,-.j..... - :: 

The basic assumptions of spacing concept are: 

i) The shear forces at the fibres-matrix interface are absent until 
'-

the occurru;ce of a crack when the additional concrete displacements 

caused by the extentional strains in the neighbourhood of the c!.'ack 

cause a distribution of shear forces along the wires that act close 

to the crack. 

ii) The bond between the fibres and the matrix is intact. 

The disadvantages of this theory are: 

i) The first assumption is valid only for long continuous fibres 

where t!1e shear ctress distribution in the absence of a c:tack" 

extends only up to half the critical length (~,c): from each end of 

the' fibre thus leaving a major proportion of the fibre length free 

from any shear stresses. The value of Le depends on, and , if bond 

failure occurs, will then represent the frictional force per unit 

area between matrix and fibre. This assumption is not valid for 

short fibres of length small than the critical .Le·.; 

ii) The second assumption is not necessarily true lor discrete libres; 

this does not take into account the inlluence of the geometry 01 the 

libre • Further , the application 01 linear elastic lracture mechan-
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.iCe tn f''.:'llIe:-:t, mortar and CO:lcrete is qucstio~ab]e; 

iii) Probably the major drawback of the rreometrical fibre spacinG 

concept is that it is based on a direct tensile stress field, 

whereas the results used t.o prove the concept are based on flex-

ural tests. 

21 
2.42 Swamy and !'langat's theory 

In the case of short, discontinuous fibres r~~domly orientated 

and uniformly dispersed in the matrix, there are three basic 

considerations related to the tr~~sfer of stress from matrix to 

fibre: 

i) Critical fibre length on fibre transfer leneth; 

ii) The fibre matrix interfacial bond; and 
, " 

iii) The orientation factor for random fibres. 

In this theory, new effective fibre spacing equations were 

derived. Bond deficiency was taken into accoQ~t by introducing 

bond deficiency factors for both leneth and di~neter of the fibres. 

An orientation factor .'as also introduced to take into account the 

randomness of the fibres. 

The interfacial bond stresses of a steel fibre in a concrete 

matrix can be considered to consist of the following two parts: 

i) The interfacial bond stress due to load transfer from matrix to 

fibres; and 

ii) The interfacial bond due to the presence of a crack. 

12 
Romualdi and Batson did not take into account the first bond 

stress; Kar and Pal did not either, although they considered a bond 

. ~ 
deficiency factor to fibre length alone. Swamy and Mangat proposed 
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a combined crack control composite materials a,·,proach to predict 

the first crack modulus of rupt,jre aDd the ultimate modulus of 

rupture of fibre concrete. Cracks in the matrix occur when the com­

posi te strain exceeds the cracking strain of the matrix. 0,., 

further loading the stiffer fibres act as crack arrestors ,analo­

gous to coarse ageregates in plain concrete and a period of slow 

crack propagation with probTessive debonding of fibres occurs. 

Finally, close to ultimate load, failure by fibre pell-out occurs 

with unstable crack propagation and interfacial bond attained the 

ultimate bond strength. Equations for first crack composite stren­

gth and for ultimate composite flexural strength were derived. 

This mechanism of failure considered was justified from the 

excellent correlation of data from various sources. 

2.5 Economics 

The potential applications of fibre composites are in areas 

where the use of conventional concrete has severe limitations 

and in new areas where other materials give less tha'1 adequate 

performance. 

The cost of fibres has now been drastically cut by the intro­

duction of fibres such as melt extract steel.fibres and D-form 

fibres. Even though, the comparison must not be drawn with plain or 

reinfQrced concrete on cost of materials alone. Fabrication and 

manufacturing ·costs must be ta'<:en into account. In thi s case mater­

ial costs become a smaller part of the overall cost. Taking into 

account that the increasing demands on fibres will mean increasing 

production with possible cost decreases, fibre-concrete appears to 
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be the material for the future. 

2.6 Pronerties of steel fibre reinforced mortar and concrete in the 

fresh state 

The addition of what amounts to an unusually high proportion 

of extremely ~longated particles in the fresh state causes a 

stiffening of the mixture and a loss of workability. This loss of 

workability can be reversed to some extent by increasing the a~ount 

of mortar presen t in the concrete, reducing the maximum agt,'TeF,a te 

size, and increasing the water/cement ratio. However, if the perc-

entage of fibres and their aspect ratlo (length/"diameter"), ,exceed 

certain limits, it becomes impoflsible to achieve a level of work-

ability adequate for placement by normal techniques. In addition, 

high aspect ratio fibres tend to form balls during the mixing 

process. The' . relatively cheap melt extract steel fibres 

ensure an ad~quate workability on the one hand and adequate streng-

thening on the other. An admixture (Conpl~st 337) was added to inc­

rease the strength by reducing the water/cement ratio wi thou·t 

loss of workability. Since at the present time there is .ve'Y 

limited information on the design of fibre reinforced concrete, an 

attempt was made in this investigation. 

2.7 Properties in compression 

Since the matrix is relatively strong in compression, and 

failure is initially due larg~ly to breakdown at the aggregate 

paste interface, fibres have little effect on compressive strength • .. 
24,25,26 

Documented increases ·ore. . __ . negligible in most cases.Moreover, 

results for cubes and cylinders may be expected to differ because 
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vibration tends to alien th~ fibre" perpenriicular to tll(> axis of 

loadine: for cyii:1ders, where they could help to inhibit the lateral 

bursting which procedes failure, while tendi~g to align them 

parallel to the axis of loading for cubes. Nevertheless, the touGh­

ness imparted by fibres in compression is useful in preventing 

sudden and explosive failure under normal static loadinc. 

2.8 Properties in flexure 

In contrast to the rather modest impro-;ements in compressi on, 

improvements in flexure are more substantiol. Researchers have 

sought to describe the behaviour of steel fibre reinforced concrete 

under static flexural loading using various parameters. ~;ost clear­

ly defined is the ultimate flexural strength or modulus of rupture. 

Flexural strength increases in relation to the product of fibre 

concentration and aspect ratio. !:owever, very low fibre co"ceDt.r­

ations (less than 0.5 % by volume) and low aspect ratios (less than 

50) are of negligible benefit. Toughness is a characteristic for 

which .steel fibre' 'reinforced concrete '.is particularly nefed. - Under 

static flexural loading, it may be defined as the ~rea under the 

load-deflection curve or some portion thereof, that is as the work 

to cause complete failure or to reach a specified deflection. 

2.9 Properties and uses of fibres in thin sheets 

In 190~ asbestos was successfully added to cement to produce 

items such as industrial roofing. This was fairly cheap, sufficien­

tly strong for practical uses, but possessed little impact resist~ 

ance.Also , over the last ten years there has been increasing 

concern regarding the health hazards of handling asbestos. 
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GJass fibre reinforced cement in thin panels Wil8 first 

produced in the Soviet Union in the 1940's but the hiGhly alkaline 

ordinary Portland cement (O.P.C.) had the tendancy to corrode the 

glass fibres. However, in 1970 Pilkington developed on alkali 

resistant fibre, knowm as Cem-Fil, by incorporating Zirconium 

Oxide into the conventional S-class. Despite the inherently hiGh 

alkali resistance of Cem-Fil glassfibre, some change in mechanical 
~, n-

properties takes place,with time as a result of both chemical 

and physical actions. 

Hence, the ihvestigation c?~ried out on the melt extract steel 

fihres in thin sheets (6,8 8.!1d 12mm in thicJmess) was intended to 

replace asbestos and glassfibres. 

So far little progress has been made in the use of steel 

fibres in thin sheets. 

2.10 Crack control 

One of the major problems with brittle cement matrices.has 

always been the appeara~ce of cracks, on the tensile side of the 

beams due to external loading. 

Many investigators have demonstrated that glassfibres and 

asbestos could achieve a very smooth post-cracking tensile stress-

strain curves. 

Thus for the same reasons outlined in 2.9, melt extract steel 

fibres and mil6 D-form fibres were tried as crack arrestors. Thus 

as would be expected intuitively, high volumes of uniformly 

distributed fibres with high bond strength as in the case in the 

melt extract and D-form fibres are desirable. 
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SECTION ONE HOOlKABILITY AND 'rSSTING Of' t·ELT SY.1'RAC'r STS;lL 

}'IBRE REI1'!FORCED CO!JCRETB 

GJiAPTER THREE : PRODUCTION AND 'fESTI:!G OF FTBOlS 

REDH'ORCED C01WRETE 

3.1 Introduction 

Fibre reinforced concrete is a composite material made from 

at least five constituents, that is, fibre, cement, water, fine 

and coarse aegre[ate. The nature and proportions of each will 

constitute a variable which affects the strength and workability 

of the mix. It was for this reason that a certain number of mixes 

were chosen and ·a study was made to give information on the effect 

of melt extract steel fibres on workability and strength. 

In this chapter a brief description is given of materials used 

for each mix, details of mix proportions, mixing procedure, 

workability testing and compressive and flexural testing. 

3.2 Materials used for mix design 

3.21 'Fibres 

In this investigation stainless melt extract steel fibres 

were used. They were the medium coarse, grade 410 and 25mm in 

length which were originally introduced by the "Batelle Corporat-

ion"of Ohio in 1974 (See plate !2. ). 

3.22 Ageregates 

The coarse aggregate,used consisted of 10mm and 20mm natural 

river gravel. The fine aggregate was the natural river sand. All 

the aggregates were passed through the spiral elevator drier before 

being used. 



-24-

3.23 Ar.mixtures 
/ 

Three admixtures were tried with the mix design·l:?:2 (eement: 

sand:10mm coarse aggregate) in order to determine t(je most 

suited to increase the strength without loss of workability (by 

reducing the water/cement ratio). The three admixtures were Conpl­

ast 211, Conjilast 337 and Flocrete"N". 

i) Conplast 211 

Conplast 211 is a water reducing concrete admixture which 

complies with BS 5075:Part one:1974. It is based on selected st~b­

ilized, sugar reduced lignosulphates, and is supplied as a brown 

liquid instantly dispersable in water. When added to concrete ~ixes 

it enables the water content to perform more efficiently by causing 

the cement p~rticles , which tend to agglomerate, to disperse and 

expose a larger ;surface area. The hydration reaction can then be 

produced more efficiently with less water. This effect is used to 

either improve workability, increase strength or reduce cement 

content of concrete. 

ii) Conplast 337 

Conplast 337 is a high performance plasticiser for concrete 

which complies with ASTM C-494 type A. It is based on a blend of 

specially selected organic polymers and supplied as a brown liquid 

which disperses instantly in water. It may be used to produce high 

worka~ility concrete or to increase strength by enabling the water 

content to be substantially reduced. 

iii) FJ ocrete "N" 

Flocrete "N" is a water reducing admixture for concrete, con-
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forming to R.S. 5075: 1974. It is a brown liqui d based on processed 

calcium lignosulphate. It does not contain calcium chloride which 

could be harmful to the durability of reinforced concrete. 

Before deciding on the type of admixtures to be u'sed for the 

investigations, all three admixtures were tried with 7 % hy weight 

of fibre (percentage by weight = weight of fibres x 100 ) in a 
weieht of matrix 1 

1 :2 : 2 mix. Thus the effect of the water cement ratio on V-B" 

time and slump was investigated. It was found that for a V-B time 

just over one second and a slump pf 75mm the value of the 'water 

cement ratio was 0.47 when using Conplast 211 or Flocrete "N" 

whereas it was only 0.414 in the case of Conplast 337. For the 

dosage of admixtures taken refer to Table 3.1 . 

. Then from the table Conplast 337 is the most effective for 

the same degree of workability, the water cement ratio was the 

lowest, thus giving the highest strength. 

The commercial viability of fibre composites is 'critically 

dependent on the cost of the fibre. The admixture to be used also 

excercises a controlling influence on the cost of the product bec-

ause the matrix is cheap. 

'rhus, in order to choose the admixture to be used in relation 

to the price to be paid for the strength gained, the mix design 

1 : 2 : 2 was tried with the w/c ratios ani t::,e prorcrtio;'ls of 

admixtures of Table 3.1. Three cubes (100mm by 100mm by 100mm ) and 

three beams (50Omm by 100mm by 100mm ) were cast and tested after 



-26-

rf'urteen days ( Ta bl e 3.2). 

According to the results in Table 3.2, the use of F10crete 

"N" or Conp1ast 211 give the same strength whereas the use of 

Conplast 337 increases the M.O.R. by 12.5 % and the compressive 

strength by 31 % over the use of the two other admixtures. However, 

the cost of Conplast 337 is higher than the other two admixtures. 

(Table 3.3). 

- Hi th the mix design 1 : 2 : 2, one cubic metre of concrete 

contains around nine bags of cement (50 kg per bag ). Therefore, 
'. 

for one cubic metre of concrete we need 0.7 times nine litres of 

Conplast 337 or 0.14 times nine 1i tres of Flocrete ''N'' ( the use 

of Flocrete -"N" is cheaper than the use of Conplast 211 ). Thus 

for each cubic metre of concrete we should pay an increase of 

£3.32 for using Conplast 337 instead of Flocrete "N" (it is one 

tenth 01 the price 01 the cement used). It is apparent lrom these 

calculations that for the strength gained, the use of Conplast 337 

is better than the use 01 the two others. ., 

In order to see the strengths gained by using Conplast 337 and 

reducing the H/c ratios, tests were carried o~t at twenty eight 

days and the results are shown in Table 3.4. 

Table 3.4 shows that it is worth using Conplast 337 for the 

strengths gained, particularly for the concrete mixes. (Conplast 

337 was used at 0.85 1/50 kg cement which is the mean of the 

recommended values by the manufacturer). 

However, the strengths can also be increased by the addition 
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Table 3.1 Effect of admixture type on workability 

SLUMP V-B TlME(Sec) W/C 
, 

FLOCRETE "N" 3" 1.2 0.470 
0.14 L/50kg.of cement*~ (1'5 ......... .-) 

CONPLAST 211 3" 1.4 0.470 
0.14 L/50kg of cement"'''' (1- '5 """"") 

CONPLAST 377 3" 1.4 0.414 
0.7 L/50kg of cement'" jo{ (fS-) 

** The minimum' dosage level recommended by the manufacturers. 

Table 3.2 . 'Effect of admixture type on strength 

7 % by weight of fibres FLCCRETE "Nit CONPLAST 221 CONPLAST 337 

. 2 
Mean M.O.R. (N/mm ) 5.94 5.96 6.69 

Mean compressive stress . 52.01 52.53 68.63 . , 
(I'Vmm2 ) 

Table 3.3 . Prices of admixtures 

FLCCRETE "N" CONPLAST 211 CONPLAST 337. 

I Cost . ·£O.23/L * 1+ 
......... ' ... * 

£0.50/L 

* Cost given by the Cementation Chemical Limited (August 1980). 

** Cost given by the FOSROC, CPB (U.K.),(August 1980). 
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of more fibres. Therefore an economic comparison between the additiol 

of more fibres and the use of Conplast 337 was carried out and the 

results are shown below. 

The increase in flexural strength between the beams OB7~and 

7B7~tested at twenty eight days is of 15 % Cno Conplast was used) 

whereas the increase in flexural strength between the beams OB75~ 

with and without 0.85 L/50kg cement of Conplast when tested at twe-

nty eight days was 17 %. A similar calculation as above shows that 

for roughly the same increase in flexural strength we pay £100 to 
'. 

achieve it by adding fibresCmelt extract steel fibres cost £600/ 

ton at the present time) compared with only £3.82 by using Con-

plast 337 in one cubic metre of concrete. These calculations thus 

confirm the advantage of using Conplast 337. 

In the rest of the investigation the Conplast 337 was used at 

0.85 L to every 50kg of cement. The range of mix proportions is givel 

in Table 3.5. 

If we refer to Table 3.5, mix A is a mortar mix, whilst mixes 

B,C and D are 10mm concrete. mixes. D is rich.in cement;whilst C 

contains more coarse aggregates than B and D. Mixes E and· F are 

20mm concrete, whilst E is rich in cement, F is rich in coarse 

aggregates. 

For each mix I used~the W/C ratios which give 75rnin·and.50nun 

slwnps with 0 % fibres ·CSee Table 3.6). Four, seven and ten per cent 

* See Table 3.4. 
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Table 3.4 Use of Conplast 337' to increase strengths 

Mean flexural s~rength Mean compressive s~re- % increase % increase 
of prisms (N/mm ) ngth of cUbes(N/mm ) of flexural of compre-

strength ssive strengt: 

Without With Conp- Without With Con-
Conplast last 337 Conplast plast 337 
337 337 

7.36 7.82 46.56 66.75 6 43 

5.75 7.09 48.79 72.65 23 49 

6.13 7.05 42.87 53.34 15 24 

7.01, 8.28 65.54 87.17 18 33 , 

6.32 7.80 61.55 73.30 23 29 

5.49 6.53 55.33 73.78 19 33 . 

* Percentage of fibres by weight of the matrix/mane of the mix(See Table 
).5)/slump in mm 

Table ).5 Mix proportions used for the investigation 

- '. -

MATRIX TYPE Weight of mix constituents MIX 

Cement Sand lOmm 20mm 
O.P.C a~~r<-a .. te.. "":',)"<'0" te 

Mortar 1 2.4 - A -

1 2 2 - B 
lOmm O}~rL~iitc: 

1 2 3 ) - C 

1 1.5 1.5 - D 

- . 

20mm; ~'l,!J'c~"te, 
I 1.5 0.5 1· E 

1 1.5 - 2.5* F 

~ The proportion of.the 20mm gravel is twice the proportion of the lOmm 

gravel 
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Table 3.6 Values of the water/cement ratios used in the mixes 

../ 
W/C Slump at 0% fibre 

content 

MIX A 0.3763 75mm 

0.36 50mm 

MIXB 0.384 75mm 

0.36 50mm 
, 

MIX C 0.428 75mm 

0.408 50mm 

MIX D 0.2971 75mm 

0.2857 . 'iOmm 

MIXE 
0.30 75mm 

n.;>R86 "Omm 

MIX F 0.3167 75mm 

0.3033 50mm 
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fibres by weight of matrix were then added to each mix. (For the 

mix A twelve per cent fibres by weight of matrix was also mixed.) 

With each percentage added the slump and V-B time were determined. 

(Chapter four). 

Finally ordinary Portland cement was used in all mixes with 

tap water free from any deleterious substances. 

3.3 Mixing procedure 

Before deciding on the type of concrete mixer to use for 

the investigation, initial mixing trials were carried out using 

two types of pan mixer. The first was a liner cumflow mixer type 

o which had a capacity of 0.043 cubic metres, and a power driven 

rotating pan and paddle. The second was a cretangle mixer type 

E123 having a capacity of only 0.028 cubic metres in which the 

centre paddle was not power driven. The performance of the cumflow 

mixer was ,good for achieving uniform fibre distribution, whereas 

the cretangle mixer was virtually useless due to the accumulation 

of fibres around the scraper blades and paddle resulting in event­

'ual seizure of the mixer for the mixes having seven per cent by 

weight of fibres or more. The sequence in which the various const­

ituents of the mix were added into the mixer was irrelevant vis-a­

vis the provision of the best uniform distribution. 

I noticed that until twelve percent for the mortar mix and 

ten,percent for the concrete mixes of fibres by weight of the matrix 

the,melt extract steel fibres (grade 410- medium coarse and 25mm 

long) never ball. Due to the improved mixing characteristire of 

the melt extract fibres over their drawn wire contemporaries, it 

(For the mixer used see plate: 3 ) 

/ 
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Plate : 3 The liner cumflow mixer and the 

equipment used for the V-B and the slump 

teata 
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was found unecessary to use a fibre dispenser when adding the fibreE 

to the mix. 

}.4 Mixing technique 

The mixing technique adopted was as follows: 

i) The agb7egates, the sand, the cement and the fibres were poured 

carefully into the mixer and mixed for two minutes. 

1i) The water and the Conplast 337 were added and mixed for a further 

two minutes. 

3.5 Workability testing 
'. 

To assess the effect of the melt extract steel fibre (grade 

410-coarse-medium and 25mm long ) percentages and aggregate para-

meters on workability, two tests were used: the slump and V_B tests 

( See plate 3 ). The equipment was that described in B.S. 1881 

and the tests were carried out in the same manner described in the 

standard .• 

3.6 Compaction 

The specimens were compacted using a laboratory vibrating table 

which had a vibration frequency of 50 Hzand a variable amplitude. 

The steel moulds were placed unclamped on the vibrating table 

and were filled with fibre reinforced concrete until just level 

with the top of the mould. Additional material was being added cont~ 

inuoualy into the mould during compaction. The time needed for 

compaction was around four minutes. 

3.7 Stripping and curing 

The specimins were kept in their moulds for twenty four hours 

covered with polythene sheets. They were then demoulded and stored 
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for twenty eight days in water tanks kept at 200 c. 

3.8 Compressive and flexural testing 

}.81 Compressive tests 

These were carried out in a Denison T60c (See plate 4 ) at a 

loading range of 120 tons and at twelve per cent rate on lOOmm by 

lOOmm by 100mm -c.ube:;'as described in B.S. 1881. 

3.82 Flexural tests 

These were carried out in the same machine, the Denison T60c 

on 500mm by 100mm by 100mm long specimens at the third load points 

on a span of 400mm. The rate and range chosen were specifically 

thirteen per cent and 3 tons, (B.S. 1881). 
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Plate:4 Denison T60c (For the flexural and compressive tests) 
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CHAPTER FOUR RESULTS OF THE WORKABILITY INVESTIGATION 

The workability, compressive and flexural strengths of fibre 

composites are difficult to predict because of the large number of 

parameters involved. Apart from the water content, the major factors 

which influence significantly the workability are the aggregate 

content, the fibre geometry and the percentage of fibre content.If 

the concentration of fibres and their aspect ratio exceed certain 

limits, it becomes impossible to achieve a level of workability 

adequate for placement b;;: normal techniques. In the hardened state, 

the application of load causes a transfer of stress from the matrix 

to the fibre by interfacial shear. This transfer of stress takes 

place before and after cracking of the matrix. Before cracking has 

started they modify the inherently brittle behaviour of the matrix. 

Hence, the bond strength is a critical factor. It was anticipated 

that the ragged shape of the melt extract steel fibres would give 

a good bond ar,d that the problem associated with the workability 

would be overcome due to their aclaimed good workability, as was 

put forward by the manufacturer. 

4.1 Slump and V-B time values 

The values of the slump and V-B time related to fibre content 

are shown in Figures 4.1 - 4.12. Each curve is identified by the 

water/cement ratio used in the mix. The zero slump values are also 

plotted with their related fibre contents. 

4.2 Compressive and flexural strengths 

The relationships between composite strength and fibre 

concentration for each mix design and its water/cement ratio are 
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shown in :"'igures 4 .13 - 4.24 for compressi ve s trene-th, and in Fig-

ures 4.25 - 4.36 for flexure strength. 

The strength of each composite was determined from three 

nominally identical specimens and the average values were joined_by 

straight lines. The standard deviation, coefficient of variation 

and mean strengths for each composite are shown in Appendix 1. 

4.3 Discussion of workability results 

Analysis of the results on workability yielded ,_ the followin/ 

conclusions : 

i) As it was expected, the melt extract steel fibres (grade 410, 
", 

medium - coarse and 25mm long) were more workable than most of the 

existing 4rawn steel fibres. This fact is demonstrated by Figure 

!~ 
4.37 which contains Figure 4.2 reproduced from J. Edgington's 

Ph.D., (page 38) of the mortar mix 1:2.4 with the V-B time - fibre 
, 

percentage curve of my own mortar mix 1:2.4. From Figure 4.37 it 

seems that the equivalent aspect ratio of the melt extract fibres 

is around 55. Figure 4.37 shows that they are more workable than 

all the other fibres except the 53(B21N) fibres which are 0.38mm 

in diameter, 20mm long, brass coated and of an aspect ratio equal 

to 53. A simple calculation shows that the 25mm melt fibres have 

an equivalent diameter equal to 0.45mm which is small compared to 

the equivalent diameter calculated from the cross sectional area 

, , of the U"'-res.!. It can be concluded then that for a given length 
;:- ~--' -

and cross sectional area a fibre with a' dished cross sec'tlon, is --~~,-

more workable than a fibre with a circular cross section; 

ii) The slump decreases and the V-B time increases with fibre content 
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in every matrix investigated. In the case of t;Je V-B time the 

increase has the shape of an exponential function; 

iii) In the mortar mix the slump and the V-B time_progressively 

-decreases and l~creases respectively, whereas this behaviour is 

more pronounced in the concrete matrices. The slump decreases and 

the V-B time increases when the matrix ehQ,,~e_s from mortar to 20mm-

aggregate concretes; 

iV) The admixture conplast 337 was effective in reducing the water/ 

cement ratios without loss of workability. 
'-

v) There was no unique relationship between fibre content and the 

slump or V-B time; 

vi) Despite the consideration of the V-B time as the most realistic 

+­assessment of workability for fibre reinforced composites. The 
) 

slump test proved with this fibre composites to be sensitive when 

used, therefore it is recommended to be carried out as an easy 

-test on site. 

4.4 D:i:scussion of the flexural test results 

The bond strength between the "fibres and the matrix and the 

orientation of the fibres in the matrix must be understood before 

anticipating how s"teel fibres are likely to affect the properties 

of mortar or concrete. 

i) The application of load causes transfer of stress from the matrix 

to the fibres by interfacial shear. This transfer of stress takes 

-
place before and after cracking of the matrix. Before cracking 

they impart additional strength and after the cracking has started 

they modify the inherently brittle behaviour of the matrix. The 

melt extract fibres developed intimate bonds with the matrix. It 
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was noticed that some of them broke and some of them pulled out 

after the beams broke; 

ii) The arrangement of the fibres in the matrix has an important 

influenee on their strengthening. Fibres orientated parallel to 

the direction of the applied stress have maximum effect. It was 

noticed during the experiment that under table vibration there was 

a tendency for the steel fibres to be aligned in planes at right 

angles to the direction of vibration or gravity. This was beneficial 

in order to increase the flexural strength. 

A study of the flexural test results led to the following 

observations 

'. 

i) The composite strength increases as the fibre content increases; 

ii) The increase in the modulus of rupture of the mortar mix, provided 

by the addition of 12";6 fibre by weight of the matrix, was around 

2~. The addition of 10% fibre by weight of the matrix gives an 

increase between 40 and 50 per cent for mix B and an increase 

between 70 and 80 per cent for mix C. When 1~;6 fibre by weight of 

the matrix is added to matrix D, the increase varies between 30 

and 40 per cent, whereas it is around 27% for matrix E aqd around 

3&;6 for matrix F. It is obvious that the higher the ratio of 

aggregate .to cement, the higher is the increase in the modulus of 

rupture. The presence of 10mm aggregate tend to give a better 

increase than the 2Qrun aggregate (see Table 4.1). 



-77-

4.5 Discussion of the compressive test results 

The inclusion of melt extract steel fibre in the mixes 6ave 

either an insignificant increase and sometimes even a decrease in 

compressive strength. It was realised that as for every inclusion 

of other steel fibres, the compressive strength is affected very 

li ttle. 

4.6 Examples of how to use the results to relate workability, percentage 
of fibres and flexural strentth in the different mixes 

Before giving examples of how to use the previous results, 

Figure 4.38 shows the relation between the slump loss and flexural 

strength gain. The loss in slump was determined by subtracting the 

slump of the mix from the slump at Q% fibre content. The gain in 

flexural strength was obtained by subtracting the strength of the 

composite from the strength of the composite without fibre. These 

values were plotted on the figure and the best fitting curves for 

the points drawn. Each curve is identified by a letter and a number 

between brackets, the letter being the mix name and the number beinl 

the slump in mm at QYo fibre. The nearest point of each curve to the 

origin of the axes corresponds to 4% by weight of fibre and the 

second nearest to the origin of the axes corresponds to 7% by weigh1 

of fibre and so on, for 10'fo and 12";6. 

Figure 4.38 can be used to read the loss of slump by adding a 

certai~ percentage of-fibres and the modulus of rupture gained by 

introducing the latter. 
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In order to give examples of how to use the results of the 

workability strength investigation, Figure 4.39 and 4.40 were drawn. 

Figure 4.39 relates the slump of the mix to the percentage by 

weight of fibre added to it. Each curve is identified by the w/c 

ratio used in the mix. The slump was chosen instead of the V-B time 

because as already mentioned, it is easy to carry out on site and 

gives sensitive results with the melt extract steel fibres. 

The modulus of rupture is plotted against the slump of each mi) 

(Figure 4.40). Each curve is drawn with its mix name and the slum] 
'. 

at O%·of.the fibre of the mix is between brackets. 

Figure 4.39 shows that the slump can vary from 0 to 75mm, and 

the percentage of fibre by weight of the matrix can vary from 0 to 

10% (to l~~ in the case of the mortar) in the mixes. 

In Figure 4.40, the M.O.R. varies from 4.93 N/mm2 to 10.40 ." 

2 
N/mm and the slump varies from 0 to 75mm. 

Then in order to use the workability strength investigation, 

the slump, fibre percentage and M.O.R. must'not exceed the upper 

and lower values of Figures 4.39 and 4.40. 

i) Example 1 

2 Assuming we want an M.O.R. of 9 N/mm • figure 4.40 gives us thE 

different choices (Table 4.2). . 

H) Example 2 

If we want a slump of 25mm, Figure 4.40 gives us the different 
, 

mixes and their corresponding M.O.R.'s. Figure 4.39 gives us the 

corresponding libre percentage and w/c ratios. 

Hi) Example 3 

Suppose we want to know what are the corresponding M.O.R.'s 



O.P.C. Sand 

1 2.4 

1 2 

1 2 

1 1·5 

1 1.5 

1 1.5 
'. -
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Table 4.1 The modulus of rupture percentage 

increases in the different mixes for a fib-

re inclusion of lry/o. 

MIX TYPE - - - agf,rega te/ Percentage 
cement ratio 

10rnm agg- 20rnm agg-
regate regate 

- - 2.4 26* 

2 - 4 40 - 50 

3 - 5 70 - 80 

1.5 - 3 30 - 40 

0·5 1 2 27 

0.83 1.66 4 38 

,.. Increase of 1276 fibre inclusion. 

-Table 4.2 The different choices of mixes 

2 related to an M.O.R. of 9N/rnm • 

increase 

Different mixes that Slump(rnm) obtained % fibre by weight matrix 
can be chosen 

mix A(w/c= 0.36) 15 11 
. 

mix B(w/c=0.36) 0 8.5 

mix C(w/c=0.408) 0 7.5 
. 

mix D(w/c= 0.2857) 11 6 

mix D(w/c-0.2971) 8 9 

mix E(w/c=O.2886) 2 8·5 
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of a particular mix by adding 4 % fibre by weight of the matrix. 

For that , Figure 4.39 gives us the corresponding slump. Knowing 

the slump, Figure 4.40 tells us the M.O.R.'s for the particular 

mix with its w/c ratio. 

By using Figures 4.39 and 4.40 we can obtain other information, 

such as , if we choose the fibre percentage and the M.O.R. we want, 

we can find the mix (or mixes) which gives us this M.O.R. and its 

slump. 

'. 

N.B. 0.851 of Conplast 337 / 50kg of cement is added to every 

mix. 

• 
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SECTION TWO Melt extract and D-form fibres in thin sheet cement composites 

CHAPTER FIVE : MELT EXTRACT STEEL FIBRES 

IN THIN SHEET COMPOSITES 

Although glass fibre reinforced cement (G.R.C.) is relatively 
----------------------
new construction material its application is limited due to the 

reduction of its strength with time and its relatively high price. 

In this chapter an attempt is made by using melt extract steel 

fibres in thin sheets aiming to replace the glass thin sheet compo-

sites. To do so, the investigation is carried out to determine,the 

effect of the fibre content on rich cement matrices such as those 

used in G.R.C. mixes. High fibre' percentage by weight of matrix 

were added into the mixes due to the good workability of the melt 

extract steel fibres. Long term strength is expected due to their 

stainless composition. 

5.1 Theoretical behaviour of fibre reinforced cement in bending 

It is likely that any structural element would be designed to 

act in flexure. Hence, a knowledge of how it would behave-is vital 

before the behaviour in flexure can be understood. 

Although fibre reinforced composites can be considered to be a 
-

fairly homogenous material in many respects, "any attempt to analyse 

a beam in bending using elastic theory will show poor agreement 

with experimental results. 

__ =5.11 Analysis based on the tensile zone being simplified to a 
rectangular stress block 

This simplification cannot be rigorousl~ justified but conside 

ring the other indeterminate factors affecting the behaviour, the 

assumption will not cause much loss of accuracy. 
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The simple bending case is shown in }'igur.e 5.1(A) where bctweer 

the point loads there exists a constant bending moment of FL 
6· 

Diagram B shows the stress and strain distributions down the depth 

of the beam, such that: 
-- - -- -----

Tension ( co) e Compression (e) v T - '. c 

Tension ( (IT) - o-Compression ( 0) c 

For the special case where the beam has a rectangular cross 

section of width B and depth D the extreme fibre stress or modulus 

of rupture is:' 

FL 
M.O.R. = -2 - (IT = OComp 

BD 

. '-

(1) 

However, it has been found experimentally that the neutral axiE 

rises up approximately to D/4 from the compression face (See 

5.41 ).This results in a strain distribution like the one in Diagram 

C, and consequently the modulus of rupture as calculated above does 

not represent the extreme fibre stress in this case. 

An analysis can still be carried out by· assuming the stress 

distribution is as shown and cr.: is the ultimate post cracking cu 

tensile strengths of the composites. 

Refering to Figure 5.1(C): 

For equilibrium T=C 

3D 
T=ocu X 4:" 

The lever arm L = -2
1 

• ~ D+ 3. • -4D = .!2. D _ 'to _ 3 24 

, . 
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iF 
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I: t at 
strain stress 

c 

Strain Stress 

Figure:5.l The stress and strain distribution for both elastic 

and non-elastic beams in flexure 
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Therefore the moment of resistance: 

=0: .2 D ~ 
cu 4 24 

=OCu llJ!.2 (2) 
32 

Using the same argument for the strain distribution of Figure 5.l(B: 

T = C 

L - 2 D 
3 

The moment of resistence = a;; n2 
T' 6 '. 

Equating equations (2) and (3) so that the two beams should 

have the same strength. 
I 

n2 
1" n2 

efT - = acu .=.L. 
6 32 
:. <rcu = 0.41 OT 

This means that for so long as the post cracking flexural stre-

ngth of melt extract fibre composite is greater than 0.41 6T then 

flexural strengthening will take place. 

If ~MR ' the modulus of rupture calculated from elastic theorJ 

is substituted for at ' in equation (4). 

CJ.MR = 2.44 0: . eu 

Thus, when the modulus of rupture is calculated for melt extrac1 

fibre composite from a flexural test, it is found to be two to 

three times greater than the strength in direct tension. 

The limiting case is when the neutral axis actually reaches 

the compression face which yields: 

(},MR = 3.0 er: cu 
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However, this could not be achieved exactly in practice, becausl 

the beam would fail in compression first. 

The accuracy of using equation (2) depends on whether the neu-

tral axis is at D from the compression face, and on whether the 
4 

rectangular tensile stress block is a realistic approximation to 

the actual distribution. The work done in 5.4 does suggest that 

both these assumptions are reasonably correct. 

5.2 Preparation and testing of melt co. __ ·. extract steel fibres 
in thin sheet composites 

For the materials used for mix design: Fibres, sand, O.P.C" 

water and mixing procedure, mixing technique, compaction, stripping, 

curing, see Chapter Three. 

No additives were added to the mix and the mix proportions 

used are shown in Table 5.1. 

The test beams were cast in three different moulds of internal 

dimensions: 234mm X 50mm x 12mm, 166mm )( 50mm oK 8mm and 132mm X 50mm 

x 6mm beams. Due to the important differences in flexural strength, 

obtained by changing testing parameters, the width of all specimens 

was kept constant at 50mm and the span/depth ratio was also kept 

constant, equal to 17 (the distance between the external rollers 

of the rig were 30mm less than the beam lengths). 

The specimins were tested at fourteen and twenty-eight days on 

the smooth face in tension and in compression. With each percentage 

of fibres added to the mix five specimens were tested. With the mix 
I 

design 3:1, l~, 14% and l~ fibre by weight of the matrix were 

added whereas with the mix design 2:1 only l~ and 14% were added 

due to the difficulty encountered in the workability by adding l~. 
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Table 5.1 Mix proportions used in the melt extract fibre 

thin sheet composites 

Weight of the mix 
constituents wlc ratios 

Cement (O.P.C.) Sand 

3 1 0.311 

.2 
, 

1 0·.325 

". 
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The water/cement ratios were the ones which gave 75mm slumps withou 

fibres. For each test five beams were cast and tested. 

5.3 Mechanical properties of fibre composites 

5.31 Orientation of the fibres 

This is an extremely important factor controlling the proper-

ties of the material. The fibres may be orientated in anyone of 

three main ways: 

i) Uni-directional. 

11) Random planar. 
'. 

iii) Random three-dimensional. 

These are illustrated in Figure 5.2 

Since the .. ,. sheets are relatively thin and flat with the 

requirement to resist bending in both the major axes the planar 

2-D orientation is used. 

When examples of material properties are quoted in this 

chapter the fibre orientation is a random 2-dimensional array. 

5.4 Behaviour in flexure 

Since the direct tensile test is very difficult to perform 

accurately, the four point bending test has nOw been adopted as 

the standard measure for stre~gth. However, ~ince fibre composites 

are composite materials, the results of such a test require careful 

evaluation. 
27 

.- H.G. Allen of Southampton University did a considerable 

amount of experimental work on the behaviour of glass fibre rein-

forced laminates in 1971. A precis of the work he undertook is givel 

below and some of his conclusions. 
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i) Uni-directional 

'. 

Figure:5.2 The three main fibre 

orientationa. 

ii) Random planar 

iii) Random }-dimentional 
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5.41 Experimental results 

The experiments were carried out tWice, once on beams with the 

smooth side in tension, and secondly with the smooth side in compres-

sion. 

In Figure 5.3, these results have been averaged to produce a si-

ngle set for both the compressive and tensile faces of the beam. Up 

to a strain of approximately 400XIO-6 both the tensile and the comp-

ressive extreme fibre-strains were ~oximately equal to linear. At 

this point, presumably cracking started on the tensile face and the 

curves began to flatten out. 

The compressive curve rises more quickly, suggesting that the n-

eutral axis is shifting towards the compressive face. This is of cru-

cial importance in the analysis of flexural beams and will be dealt 

with in greater detail later. It implies that the modulus of rupture 

stress as calculated for an elastic beam does not truly represent thE 

extreme fibre stresses. However , this need not detract anything froD 

the value of the modulus of rupture as a convenient means of compari-

ng different composites. 

5.42 Theoretical prediction of resuha of bending tests 

This approach is somewhat similar to the.C.P.IIO method of desi· 

gn for normal reinforced composites, and can be summarised in a seri. 

es of steps: 

i) Obtain the stress strain curves for the material in direct tension 

and compression. For the case of computation, these are best reduced 

to a series of straight lines such as the ones in Figure 5.4(A) and 

(B); 

ii) Select a width and thickness for the specimen in flexure; 

iii) With reference to Figure 5.4(C) it has been found from experience 
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(11 ~te ... III Le 11) 
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I 2 3 4 5 strain x 10-3 

Figure:5.3 The extreme fibre· strain on the compressive and 

tensile faces of the beam against the applied bemding moment. 
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a beam in ·fleiure. 

! . 
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that at small bending moments the neutral axis is ~A from the compr-

ession face, where ~A is approximately ~ 
2 

As the bending moment is 

increased the neutral axis rises to about d , from the compression 

5 Z3 
face. This result has al:;O' been shown by Edgington for steel fibre 

reinforced concrete. The distance ~A provides a useful parameter li­

nking the bending moment to the strain distribution. Hence, select an 

initial value for ~A that is slightly less than d ; 
2 

iV) Assuming a linear distribution of strains through the beam, gives an 

c and hence obtains the strain distributions. Using the stress stra­Cc 
'. 

in distribution down the section, we':'canc,calculate the forces Ft and 

Fc that are acting; 

v) The initial guess for t:c must now be adjusted, ~A being kept const­

ant, until 'Ft equals Fc so that the section is in"a state of pure fl­

exure. The bending moment equals FcL or FtL; 

vi) The steps iii) - v) may then be repeated until an entire ,range of 

bending moments has been covered. 

This iterative process is obviously best suited to putting on a 

computer, and hence printing out values of extreme fibre strains and 

stress distributions through the section for various bending moments. 

When the results of the above calculations w"iere compared with . '. 
those obtained experimentall~Figure 5.3) an excellent agreement was 

obtained considering the natural variability of the material under 

test. 

One point worth noting is how the very sharp discontinuity of 

Figure 5.4(A) has become rounded in Figure 5.3. This means that "the 

bending test is a very insensitive measure of the point where cracki~ 
.18 

ng first occurs". 
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AlIen calculated a bending strength of 21.0 MN/mm2 which 

compared with the values 20.9 - 27.6 MN/mm2 which he obtained 

experimentally. Although these may not be considered as excellent 

results by normal standards, they are about as close as can be exp-

ected with composite materials such as G.R.C. 

This piece of research is based on an assumption about the 

position of the neutral axis at failure, which can be proved exper-

. imen tally. 

5.43 Effect of the fibre percentages on the modulus of·rupture 
'. 

Within the limits of experimental error, the M.O.R. increases 

with increasing fibre content until an optimum is reached, after 

which the M.O.R. should decrease. 

5.5 Experimental work 

With the ratio span/depth kept constant at seventeen, the test 

.rig was capable of breaking the three different beams. 

Using the information gathered from the experiments, the modu-

Ius of rupture (M.O.R.), the limit of proportionality stress (L.O.P. 

the Youngs modulus and the toughness index· were investigated. 

5.51 Description of the test rig used for the investigation 

I used a test rig of the laboratory which I developed for my 

own experiments. 

A side elevation of it is shown in Figure 5.5 and it consisted 

basically of two strong steel channel sections designed to fit on 

the Instron'::T T-B testing machine, with the provision for four 

rollers that act as the loading points for the beams. To ensure that 

no axial thrust developed in the beams, each roller was fitted with 

needle bearings to minimise the friction. They were also .able to 
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Top connection to testing mic 

Dowels for holding the Top loading channel 
--c-----~~------, ____ 

loading rollers in place -I- + + + e -r 

Be=------·I~ __ _z~------------------~----J 

Alternative holes for 

loading rollers 

Load cell and connection 

to test mic 

~L-__ JDading roller with 

needle bearing 

i Bottom loading 

channel 

Figure:5.5 Side elevation of the rig used for the flexural 

tests-
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tilt within their own plane to accomodate uneveness across the 

width of the specimen. 

Plate 5 shows how the rig fitted into the machine and how the 

beams were tested. The total applied load was measured as the react­

ion from the base of the rig via an electrical load cell.The output 

from the cell was amplified by the machine and diaplayed on the 

Y-axis of the plotter. The deflections were measured by a "linear 

variable differential transformer" (L.V.D.T.) with a lOmm travel. 

As the base was extremely rigid, this gave a good indication of the 

deflection of the centre of the beam. 

The rig had been designed so that by pulling out a dowel each. 

roller c'ould be moved to a new position and. f'ixed 

the dowel back through the appropriate hole. 

by inserting 

The output from the L.V.D.T. was passed to the X-axis of the 

plotter via an external amplifier so that load/deflection curves 

could be plotted • 

. 5.52 Conducting the f'lexural testing 

Before any testing could be carried out, the equipment had to 

be calibrated so that both the load and deflection traces an the 

X-Y plotter had convenient scales. 

i) Calibrating the graph plotter for load; 

The testing machine had its own graph plotter capable of dis­

playing load on the X-axis and time on the Y-axis. As a force was 

applied to the load cell so the stylus moved, and this was calibra­

ted using dead weights. 

To calibrate the internal plotter, the machine was set to the 

lowest range and test rig removed from the load cell. The stylUS 
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P1ate:5 The Instron TT-B testing machine with 

the test rig in position 
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could then be zeroed before applying a known weight to the cell. 

Using the calibration control, the pen could be moved so that it 

registered the correct load. 

The machine could then be switched to its operating range, say 

1000 Ibs, and an artificial "load signal" applied to the internal 

plotter to give a full scale deflection. This would then represent 

an output signal equivalent to a load of 1000 lb., and the external 

. . plotter could then be calibrated against this s1gnal to read as 

required. 

The advantage of using the internal plotter as an intermediate 

in the calibration process was that it enabled small dead weights to 

be used to calibrate the machine for large forces. 

ii) Calibrating the graph plotter for deflection; 

A special micrometer jig had been constructed that enabled the 

L.Y.D.T. to be moved by accurately measurable amounts i.e. O.OOlmm 

To calibrate the L.Y.D.T., it was clamped into t~e micrometer 

and the external graph plotter zeroed on the Y-axis. The L.Y.D.T. 
"-

was then deflected by exactly Imm and the stylus of the plotter 

adjusted using the sensitivity control until it was calibrated on 

a convenient scale; 

iii) Controlling the rate of loading; 

The machine was able to carry out the tests at a number of 

different crosshead speeds and I wanted to test each different 

length of beam so that its extreme fibre strain rate was content. 

The deflection of a simply supported beam is 
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3 
o(PLo( ",here P= applied load 

E I 
L = span of the beam 

E = Youngs modulus 

I = second moment of area about the 
bending axis 

B = width of the beam 

D = depth of the beam 

Therefore, the cross head speed for each length of beam ",as 

made to be proportional to its P L3 value. 

BD3 

This resulted in the follo",ing cross head speeds being used, 

"'hich ",ere the ones available on the machine that ",ere nearest to 

the calculated values 

102mm 0.01" per minute 

136mm 0.02" per minute 

204mm 0.05" per minute 

A consequence to thi"s ",as that :the testing time for each beam 

",as kept virtually constant, despite the variation of its span. 

5.6 Results and observations of the tests 

Due to the high number of curves obtained from the tests only 

t",o typical curves have been included(Se~ ~igure 5.6) 

All the reinforced beams have the same initial linear region 

",ith the smooth face in tension or·in compression. In the case of 

the smooth face in tension the linear region is follo",ed by a fla~' 

curved section until failure. Whereas, for the beams tested ",ith thE 

smooth face in compression the linear region is follo",ed by a rela-

tively horizontal section ",ith a lot of peaks until failure. The 
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unreinforced beams (tested for reference) had virtually the same 

initial linear region and broke without showing any ductility when 

tested on either face. 

The beams broke at a right angle to their longest dimension. 

The cracking-aB generally accepted occured when the load deflection 
~ .. 

curve ceases to linear. 

It was obvious that most of the fibres pulled out but some had 

broken. From examining the broken ends of the beams, it was noticed 

that those fibres which had only a short length embedded on one sid. 
" 

of the niajor crack pulled out. Those with a long length embedded on 

both sides sometimes broke. 

Every beam broke in tension with no visible sign of spalling 

on the compression face. 

5.61 Calculation of the modulus of rupture for a beam (M.O.R.) 

For a uniform elastic beam of rectangular cross section loaded 

at the third point, the extreme stress, or modulus of rupture is 

given by: 

M.O.R. P L 

B n2 

where P::: total load applied to the beam 

L ::: total span of the beam 

B = breadth of the beam 

n :: depth of the beam 

5.62 Calculation of -the limit of proportionality stress (L.O.P.) 

This is similar to the M.O.R. in that it is again the extreme 

fibre stress, but this time the load, P, used in the formula is thE 

force at which the curve ceases to be linear. The method of determi-

ning this point is given in the section on toughness. 
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5.63 Calculation of Ioungs modulus 

In the steel designers' manual, the deflection at mid span for 

uniform beam loaded at the third point is given by: 

d _ 
max -

Youngs 

23 P L3 
1296 E I 
modulus _ 

which can be rearranged to: 

23 P L3 
1296 I d 

where 

P = load applied at L.O.P. 
L = total span of beam 
I = second moment of area 
d : deflection at L.O.P. 

5.64 Calculation of the toughness index 

Figure 5.7 shows a typical load deflection curve and the arbitl 

ary method chosen in order to locate the limit of proportion-

ality. This point is not normally well defined because even the ini1 

ial "linear region" is sometimes curved. 

First the two points A and B were located at 0.1 ~ and 0.4 P re 

spectively. Then, the line AB was produced forward and the limit of 

proportionality is defined as point C where the curve has deviated 
o. ... &.i tt"'a,..y 

0.16'from AB. ThisVtechnique seems to work quite well. 

The measure of toughness was arbitrary and was intended as a me 

asure of the energy required to deflect the beam, compared with the 

energy required to.bping:it to the point of first crack. 

Point D was defined as the point where the load is at a maximun 

and Point E was defined as the point where the load had been reduced 

to 8~ of its maximum. Using a planimeter, the area of every curve 

was measured between the origin and Point C which is marked as area 

1 and between the origin and Point D and E which is marked as area 

2 • The toughness index was then measured using the 
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maximum load criterion and 8a.Yo of the maximum load criterion. It 

was decided to use the two criteria in order to choose the one which 

gave the best results. 

Toughness index = area 2 
area 1 

5.65 Results of the experiment 

The mean results for every beam tested were included in 

'Appendix 3. 9a.Yo confidence limit on the mean value were calculated 

assuming that the results were normally distributed. Figure 5.8 

gives the curve results of the tests. 
" 

5.7 Discussion of the results 

5.71 Effect of fibre content on the M.O.R. and L.O.P. 

Figure 5.8 shows the values of M.O.R. and L.O.P. plotted' 

against the fibre c;r~.t~nt. 

i) Smooth face in tension-matrix with ratio O.p.C./sand = 3; 

The addition of 16% fibre by weight of the matrix more than 

doubles the M.O.R. and L.O.P. of the beams; 

ii) Smooth face in tension~ O.p.C./sand = 2; 
, , , , / 

The M.O.R. 'and the L.O.P. is increased by roughly 5a.Yo for the 

six.:.and eight mm thick beams and, cmly by lCJ',A: for the twelve mm thick 

beams when tested at fourteen days with an adaition of 14~ fibre by 

weight of the matrix. 

At twenty eight days, the M.O.R. and the L.O.P. is increased 

by an average of 40% for the six and eight mm thick beams by adding 

14% fibres by weight of the matrix. The former strength was only 

increased by la.Yo in the case of the twelve mm thick beams with the 

above percentage of fibre; 
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/28/T H.O.R. 

/14/T M.O.R. 
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~~ __ ---__ -~,/28/C M.O.R. 
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~~/l4/C M.O.R. 

~--4;/14/C L.O.P. 

=-~~-

Figure:5.8~(a) CUrve results for the flexural tests~ 

HThickness beam (mm)/age(days)/T for smooth face in tension 

and C smooth face in compression. 
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iii) Smooth face in compression; 

The M.O.R. and L.O.P. are increased by an average which varies 

from lry/o to 5qYo with both matrices, that is O.P.C./sand ~ 3~or 2 

5.72 Effect of fibre content on Youngs modulus 

The percentage of fibres in a mix have little effect on the 

Youngs modulus (see Table 2.1 of Appendix ~), 

5.73 Effect of fibre content on the Toughness Index 

Both the toughness 'indexes calculated by the maximum load 

criterion or by SqYo of the maximum load criterion gave variable 

results so that it is difficult to deduce what the trends are. 

5.S Conclusions 

i) The 9qYo confidence interval was quite high and variable. This means 

that the melt extract fibre composite is a variable material; 

ii) The more fibre that was added the higher the modulus· of rupture 

was obtained; 

iii) The specimens gave higher strengths when tested on the smooth 

face in tension than when tested with it in compression. This was 

due to the relatively close presence of the fibres to the smooth 

face; the fibres tend to go down in the moul~ due to gravity; 

iv) The richer the mix, the higher the strength aChieved; 

v) The thinner the beam, the higher were the M.O.R. and L.O.P.; 

vi) ,El M, O.R. ~ or ':Ove.r 26 N/mm2 .~ was reached with the 

six mm thick beam by adding l&~ fibre percentage by weight of the 

matrix when tested at twenty eight days (O.P.C./sand ~ 3); 

Vii) Due to the stainless steel melt fibre and the strengths reached 
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with the thin beams, it is possible to use it as a substitute to 

the G.R.C. components; 

viii).The presence of melt fibres has increased the limit of propor­

tionality significantly; . 

. ix) The melt-fibres have little effect on the Youngs modulus; 

x) The flexure failure appears to occur by a combination of fibre bre­

akage ~"d ru/f.o"t,alt~ou~h \tb.t;,·I,~sc>;/{a~e.-=does see,., to occur .. t 

!: 1. ., •• ". J 0 '" c. r Q d<. 

'. 
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CHAPTER SIX : D ~ FORM FIBRES FOR CONCRETE COMPOSITES 

As a result of great advances taking place in steel fibre 

technology a new fibre, known as D-forll! fibre , .. was developed in the 

United States. Whilst I was carrying out my research, I was lucky 

enough to receive a small amount of these fibres. I decided to 

include some investigations of these fibres in my research in order 

to study their characteristics and to draw some comparisons· with 

the melt extract fibres. 

6.1 Type of fibre ". 

They have a cross sectional shape which resembles the capital 

letter "D" from which their name was derived. 

If we assume that they were placed with the "D" end surfaces 

positioned as a written "D" they were crimped along a horizontal 

axis in a zig-zag form with rounded bends due to their thickness 

(see Plate 6 ). 

As for most other fibres they were produced in different 

lengths. Each bit of the zig-zag measures around three mm in length 

and the angles of the bends are around 150°. They are mild steel 

fibres made of scrap material which gives them a lower cost over 

their contemporary fibres . 

. 6.2 Tests carried out on D-form fibres 

Since I only received a very small amount of D-form fibres, it 

was only possible to carry out a few tests. I used the fibres twent) 

five mm in length as crack arrestors (see Chapter 1), the thirty 

eight mm fibres in thin sheet composite and the fifty mm in the 

workability strength investigation. 



-118-

Plate:6 The D-form fibres 
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6.21 Workability strength investigation 

For mixing procedure, mixing technique, compaction, stripping, 

curing and testing see Chapter ,. 

To assess the effect of the D-form fibres on workability the 

V-B and slump tests were carried out as for the melt extract fibres 

on the mix designs 1:2.4 and 1:2 2. The water/cement ratios were 

those which gave seventy five mm slump without the inclusion of 

fibres with 0.85 1/50 kg cement of conplast ,37. Three beams were 

cast and tested at twenty eight days with the percentages 4%, ~~, 
-. 

and lQ% by weight of the matrix for each mix (an extra 12% for the 

mortar mix as well). 

As already mentioned the fifty mm length fibres were used in 

this investigation. 

6.22 Results and discussion of the workability strength investigation 

Since the same mix designs as for the melt extract fibres were 

used, it was possible to compare their workabilities and strengths 

in the mixes. 

Figures 4.1 to 4.4 (slump and V-K:tests of the melt extract 

fibres) compared with Figures 6.1 to 6.4 (of the fifty mm D-form 

fibres) show that the latter is more workable. than the twenty five 

mm melt extract fibres. This is due to the lower aspect ratio of the 

D-form fibres. Figure 6.2 of the mortar mix if plotted with the 

Figure ,.7 obtained from J. Edgington's Ph.D thesis will give 

an aspect ratio of around fifty for the fifty mm D-form fibres. 

The aspect ratio equals length over "diameter" of the fibre. Hence, 

the equivalent diameter for the fifty mm D-form fibre will be equal 
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to one mm. 

As ,on' the strength investigations from Chapter 4, the compre-

ssive strengths were not greatly altered by the inclusion of fibres, 

it was decided to do only the flexural test. The results with the 

same mixes as for the workability are plotted on Figures 6.5 and 6.6 

A simple comparison with Figures 4.25 and 4.27 shows that the 

fifty mm D-form fibres give hieher flexural strengths than the 

twenty five mm melt extract fibres. Thios is probably due to their 

length, their good bonding to matrix and their relatively high cross 
'0 

sectional area. It was noticed that they never broke but pulled out 

of the matrix. At l~ fibres by weight of the matrix they gave a 

flexural strength increase of ~~ and 2~ for the 1:2.4 and 1:2 2 

mixes respectively over the twenty five mm me+textract fibres. 

6.23 Thin sheet composites 

Here also a very limited investigation was carried out using 

thirty eight mm D-form fibres, 

The 166mm x 50mm x 6' mm specimens were taken,o prepared and teste 

in the same way as described in Chapter 5. Due to the relatively 

little gain in strengths by using the 3:1 mix design instead of the 

2:1 mix design (see Chapter 5), it was decided to use the latter mix 

design with the same water/cement ratio 0.325 as the melt extract 

fibres. 

The tests were carried out ,oat fourteen days after being cured 

with the smooth face in tension only. 

The results were calculated in the same manner as those of the 

melt extract fibres (see Table 6.1). 
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Table 6.1 Flexural results of 38mm D-form 

fibres in thin sheets. 

BEAM TYPE" Modulus of Limit of propo- Youngs modulus Toughness index mean 
rupture mean rtionality mean mean value value 90)6 by 
value 90)6 value 90)6 90}6 Max load 0.8 !-lax 

(N/mm2
) (N/mm2

) (N/mm2) 
criterion load criterion 

6/12 9.3 3.2 8.7 2.7 18D5·2 1.5fi 0.6 3.75 1.3 
lOO~2.7 

6/14 10.7 2.1 9.4 1.9 19837.2 1.98 0.5 4.53 1.2 
11 ~'i4.8 

fl'Thiclmess beam (mm)/.% fibre by weight of matrix. 
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The toughness indexes and the Youngs modulus are roughly the 

same as in the melt extract fibres but the modulus of rupture and 

the 1 imi t of proportionality are .b 0 t 1" " ... ,,< "-~-12 r 30)6 less than 

those of melt fibres. 

Then in conclusion the twenty five mm melt extract fibres give 

stronger thin composite sheets than the thirty eight mm D-form 

fibres. This might be due to the fact that they travel less during 

compact ion towards the smooth rather than melt ones because of 

their higher surface area. Being relatively big they are not densely 
, 

dispersed in the specimins as are the melt fibres. 
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SECTION THREE D-form steel fibres for crack control and the comparison of 

their results with the melt extract fibres 

CHAPl'ER SEVEN : D-FORM 'STEEL FIBRES FOR CRACK CONTROL 

IN REINFORCED BEAMS 

Cracking in, concrete members, whether caused by self imposed 

strains due to restrained shrinkage, thermal movements or due to 

external loading is one of the major problems in the construction of 
::truc.tu re'" 

concrete~For \... '~_-p-:.::~- ~ 

control the crack width produced 

serviceability it is necessary to 
19 

" by working loads.CP 110 gives 

a maximum "crack width of 0.3mm for design of concrete members 

not exposed to hostile environments. The design of concrete members 

is governed by deflections §Pd crack size and thus full exploitation 

of the structural strength of the members is not possible. In this 

investigation the 25mm long D-form steel fibres were used to control 

the flexural cracking and a comparison was possible with the use of 

the 25mm- grade 410 melt extract steel fibres. These fibres ·were usa 
30 

by another student in the Civil Engineering Dep~tment. The scope 

of the investigation was as follows: 

i) To investigate the 'effect of D-form fibre boards on the tensile 

faces of normally reinforced beams in flexu-re;.; 

ii) To investigate the effect of fibre concentrations and board thick-

nesses; 

iii) ,To compare results obtained with similar work on the 25mm- grade 

410- melt extract steel fibres. 

7.1 Type of fibres used in the tests 

The fibres used in this investigation were very new. For their 
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appearance and how they were obtained see Chapter six. 

7.2 Theories of cracking 

Since the fibre reinforced layers are relatively thin in comp-

arison with the height of the beams, they can be assumed to be in 

tension when the beams are tested in flexure. The theories of crack-

ing will th~n be studied in tension. 

7.21 Cracking due to tension 

By considering the concrete stress at a distance from a 

crack face and the accompanying steel stresses (see Figure 7.1~, 

31 
the uniform concrete stress theory shows that the tensile stress 

, jLft. 
F t = re D U x d x 

Ac 0 

(7.1) 

where A = cross sectional area of concrete 
c 

D diameter of the steel bar 

L minimum distance between cracks 

u bond stress at a distance X 

If ~ = rjJ and { is a function of p , from equation 7.1 we can 
L 

deduce that: 

F' A 1 
L t c 

(7.2) ----
/V(1')d(J 

u 1tD m 
0 

The distance between the cracks will be variable, but it is 

expected in general to be near L. If the distance between two primar; 

cracks is L, the secondary cracks will form at a distance L • Howeve: 
2 

if the distance is less than L and greater than L the spacing of th, 
2 

new crack will appear between Land L. The average crack width 

j~ . 2 
w =2 l.Sx dx where 

0 

S Itx ttx x-
Es 'E 

c 
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tf~~=steel stress at a distance x from a crack face 

~~concrete stress at a distance x from a crack face 

E :: Youngs modulus for steel 
s 

Ec :: Youngs modulus for .concrete 

31 
Broms stated that a concrete section subjected to direct tension 

will develop areas of high stress within a circle of diameter propor-

tional to the ratio of.the distance between the crack faces or ends. 

He suggested a spacing of cracks between c and 2c with an avera-

ge of 1.5c, where c is the concrete cover over the steel. 
'. 

7.3 Approaches to crack control 

The introduction of fibre boards is by no means to stop the 

formation of cracks,which would be impossible, but is to improve the 

ability of concrete to take more stress at which cracks would ~tart, 

to reduce the width of the largest crack, and to reduce the sizes of 

the large cracks by having more smaller cracks. 

The use of fibres can isolate the flows and prevent propagation, 

and'it'also""increases the energy required to drive a crack forward 

in the concrete. 

7.4 Major variables in crack formation 

Broms uses the steel strain as his maJo~ parameter. He found 

the strains he used beyond the proportional limit to be more accurate 

'33 34 
Gergerly and Hognestad suggested the average area of concrete surr-

ounding each reinforcing bar as a ma~or variable. The area is defined 

as the total area of concrete having the same centroid as the steel 

divided by the number of bars (see ~'igure 7.2). 

35 38 
Kaar and Mattock suggested the maximum crack width as 
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Figure:7.1 Uniform concrete stress theory. 
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Figure:7.2 Average area of concrete surrounding each bar 
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4 r jJ -6 
wcmax~O.1l5 VAu-s><lO 

where A = average area of concrete around each bar (in
2

) and 

~s = reinforcing stress (p.s.i.) 

7.5 Geometry of D-form fibres 

The fibres as said before have a D-form cross sectional shape. 

They are crimped fibres (see Figure 7.3). 

It was .expected that their crimped shape would give good bondinE 

characteristics. Their D-form cross section'allowed more surface area 

37 
which had an effect on the crack patterns. Krenchel has shown that 

'. 

the greater the specific surface area of fibres in a mix the closer 

the cracks are together and the smaller their widths. 

7.6 Yse of fibre boards (see Figure 7.4) 

It was expected that the use of fibre boards could control crac-

king to acceptable limits and transform the brittle behaviour of 

concrete to ductile behaviour. 

7.7 Laboratory tests and equipment 

To gain the most efficient use of the fibres they were dispersec 

only in the mortar boards moulded on the bottom face of the beams. 

The maximum thickness of the boards is twelve mm, whereas the fibres 

are twenty five mm long; this allows the fibres to be distributed in 

a plane perpendicular to the crack propagation. 

7.71 Variables.in the tests. 

Six, eight, ten and twelve fibre percehtages by weight of the 

matrix were introduced in the two boards of eight and twelve mm 

thickness. These percentages were chosen because earlier work showed 

that there was little advantage to be gained by using less than six 

per cent. It was possible to use them due to the good workability of 
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Figure;7.3 D-form fibre shape (not to scale). 

Normal reinforcement 
1'n'7"--r-r--;r--,-;-.,...I ---Pi bre board 

Figure:7.4 Fibre board used as crack control. 

~cross sectional 

area of the fibre. 
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,/ ... , I ... 1/-., , , 

t r--------------~[shear force 
-l~----'no__1-inks.--__iI__- '. 

Figure:7.5 Load arrangement for the tests. 
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the D- form fibres (see Chapter Six). For comparison a beam without 

fibres was also tested. 

7·72 Beam design (see Figure 7.6) 

For the purpose of comparison, the dimensions of the beams 
-30 

tested were the same as the ones tested by D.P.Denness. They were 

designed to have an under-reinforced failure and shear reinforcement 

was added. 

i) Reinforcement calculations; 

The tensile steel bars were calculated using the rectangular 

parabolic stress block C.P.IIO and were calculated to give an 

ultimate moment of about eight kNm. The reinforcement was kept low t< 

ensure a ductile under-reinforced failure to have large deflections 

and cracks. 

Shear reinforcement was included in the shear zones to prevent 

a rapid shear failure. 

The cracks measured during the tests were all in the pure bend-

ing-region (which has no shear links); 

ii) Concrete mix design; 

The 1:2:2 mix B (see Table Two of Chapter Three) was chosen for 

the beams with the water/cement ratio 0.468 (75mm slump). The stren· 

gth of the mix was onLJ 30 N/mm2 at fourteen days after stripping thE 
) 

moulds which ensures that the steel yields before the concrete 

crushes. 

7.73 Design of fibre reinforced boards 

The boards used ran_the complete length of the beam. They were 

cast first in the mould of the beams and left for four hours to dry 
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before casting the beams on top of them in order to ensure a mono­

lithic composition. 

i) Mix used for boards; 

The mortar mix used was the 1:2;4'mix A (see Table Two of Chap~ 

ter Three ). The water/cement ratio was 0.376 with 0.85 1 of con­

plast 337/50 kg of cement. 

7.74 Laboratory procedure for making beams 

The beams were allowed to cure for twenty four hours in the 

moulds under polythene sheets. After being stripped they were paintel 

wi th a curing compound because they would not fi t into the curing tan! 

In order to see the cracks easily the beams were whitewashed. 

7.75 Test loading arrangement 

The loading w~s arranged to be at 1/3 spans as shown in Figure 

The loads were applied via rollers and semi-circular bearings 

in order to ensure simple supports with no angular fixity. Steel 

bearinb plates were fixed with plaster to the beams at the loading 

points in order to prevent localised cracking of the concrete under 

the loads and to even 'out small Yndulations in the concrete surface 

so that the load is' evenly applied. 

i) Test rig used (see Figure 7.8 and plate 7) 

The maximum load that the rig can apply is five tons. Using the 

gearing mechanism, the rate of loading was regulated at four mm/min 

which gave a constant variation of the central deflection per unit 

of time for each beam. The central deflections and loads were read 

by using the curves given by a plotter. Deflections were only read 
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Figure:7.7 Load positions on the beam. 
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Plate : 7 Test rig used for the crack control 
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to check that the beams behaved similarly to one another and I did. 

consider it necessary to mount gauges to measure the compression at 

the plaster supports which I then used to deduct their averages from 

the central deflections in order to plot the deflection load of 

Figure 7.9. 

7.76 Measurement of crack widths 

The crack widths were measured by using a microscope. Each· 

division of its scale after calibration was found to be O.Oll4mm. 

Crack widths were measured at the bottom of the beams where they are 

generally the widest. In certain cases I had to measure them where 

their widths were at a maximum and not at the bottom. 

7.8 Testing procedure 

At the beginning small loads were applied until the appearQnce , 

of the first crack, after which a load of around five kN was added 

each time. After each load addition: 

i) The maximum width of each crack was measured; 

ii) The load and central deflection were recorded on the plotter; 

iii) The compressions of the support plasters were measured; 

iv) The length of each crack was measured; 

v) The cracks were numbered in order of their appearance and their 

number recorded; 

Vi) The loads were marked on the upper extremity of the cracks they 

caused. The last loads were the loads after which the beams failed. 

7.9 Results and discussion 

The beams 'were tested fourteen days after stripping the moulds. 

The results of the test measurements are given in Appendix Four. 
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The beams were numbered as follows: 

Beam 1 G'"i fibre 

Beam 2 fi'"i fibre 8mm board 

Beam 3 8)6 fibre 8mm board 

Beam 4 IG'/o fibre 8mm board 

Beam 5 1<."/0 fibre 8mm board 

Beam 6 &76 fibre 12mm board 

Beam 7 8'/0 fibre 12mm board 

Beam 8 10}6 fibre 12mm board 

Beam 9 12% fibre 12mm board 

All the beams,as experienced by D.P.Denness,failed in an under­

reinforced ductile manner and Figure 7.9 (load deflection) shows 

that the curve of each beam Can be divided in the three known beha­

vioUlS of concrete in flexure: 

i) O-A Elastic behaviour before the first crack occured at point A 

(first crack load); 

ii) A-B Elastic behaviour with appearance of other cracks; 

Hi) B-C lhelastic behaviour to failure. Occurence of more cracks and 

an increase in their widths. 

7.~1 Crack propagation patterns 

Figure 7.10 shows the cracks on the beams and their 

positions. The first cracks to appear were primary cr~cks followed 

by the occurence of cracks between them'known as secondary cracks. 

There were no cracks developing along the interface of fibre layer 

and the rest of the beam as witnessed by D.P.Denness and this was dUI 

to the good monolithism obtained by allowing the boards to dry only 

four hours before the concrete of the beams was poured on top of 

".' 
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them. 

In· order··to draw' a comparison between the use of the twenty fivE 

mm melt extract steel fibres and the twenty five mm D-form fibres 

the Growth of the widest crack (which is in practice of great impor­

tance) will be plotted against a load ratio as done by D.P.Denness 

(Figure7.11 and 7.12). The load ratio was defined as the load being 

applied divided by the failure load of the beam. By doing so, the 

effects on cracking of concrete strength variations will be reduced. 

, , 

" . 

- The D-form fibres showed improvements as crack controls for 

all the different percentages of fibres used except the 12% fibres 

in the eight mm. board after roughly 50% of the failure load was 

reached. This could be due to the fact that the l~fofibres in eight mm 

board is too high for this thickness to be evenly distributed and 

compacted. 

For both the eight and twelve mm boards it was noted (see Fi~ 

es7.11 and 7.12) that maximum crack widths were le~st with 10% fibres 

In the eight mm board, beam 2 (~ fibres) shows no improvements 

in controlling the crack over beam 1 which is a control beam. Beam ~ 

(B,Vo fibres) and beam 4 (l~/o fibre) show a clear improvement. 

All the beams with twelve mm boards show improvements over beam 

1 and their results are closer to each other than the eight mm 
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board beams. 

The D-form fibre eight mm and twelve mm boards gave similar 

results as crack controllers. However , if we take into account the 

price of the fibres and the matrix , the 10 ~~ fibres eight mm board 

-must be the best board to" us"e." 

In order to compare the results with the twenty five mm melt 

steel fibres ,the results of the optimum fibre percentages for contr 

oIling cracks were drawn on Figure 7.13 from D.P.Denness's results 

with results of beam 4 and beam 8 of Figures 7.11 and 7.12. It shows 

that for the same load ratios the cracks are significantly smailer 

in the case of theD-form fi bres than in the case of the melt fibres. 

This results shows that the D-form fibres are better crack arrestors 

than the melt fibres. This may be due to their crimped form and the 

larger surface area. 

As it was expected the inclusion of fibres increased the numbeI 

of cracks which led to a decrease in maximum crack widths at differ­

ent loads. This also led to a decrease in average crack spacing. 

It is difficult to see whether or not the crack lengths (FigurE 

7.10) have been affected by the inclusion of fibre boards.This is 

of less importance than the maximum crack widths. 

7.10 Conclusion 

The presence of- high D-form fibre percentages in thin boards 

at the tensile sides of the beams can have the following effects: 

i) Reduce the maximum crack widths; 
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ii) Ten per cent fibres by -weight of the matrix in the eight mm thick 

board gave tqe best results as crack arrestors; 

iii) Increase the number of cracks; 

iv) Have no effects on the lengths of the cracks; 

v} Thetwenty·-five-mm-D-form- fibres -have better crack controlling effectl 

than the twenty five mm melt extract fibres. 

'-
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CHAPTER EIGHT : CONCLUSIONS 

8.1 Concrete production 

8.11 Mixing and £ibre distribution 

i) A mixer with a power driven pan was a good mixer for the production 

of 25mm coarse medium (grade 410 ) melt extract and 50mm D-form 

steel fibre cement composites; 

ii) For these fibres, it was unecessary to use a fibre dispenser due 

to the fact that until 10 % by weight of the matrix (12 % in the 

case of mortar mix ) they did not ball. '. 

8.12 Workability and compaction 

i) The slump test was found .to be suitable to be carried out on site; 

ii) The workability of a composite decreases as the fibre content 

increases; 

iii) The workability' also decreases as the coarse aggregate.,content ., 

increases; 

iv) The melt extract and D~form fibres were found. to be more workable 

than a wide range of drawn steel wire fibres. 

8.2 Flexural and compressive strength 

i) The increases in compressive strength by the introduction of the 

melt extract and D-form steel fibres were small when compared to 

their unreinforced counterparts, whereas, increases in excess of 

75 per cent were achieved in the flexural strengths; 

ii) The admixture. Conplast 337 was found to give an increase in 

flexural strength in a cheaper manner than by the addition of fibres 

without loss of workability; 

iii) The flexural strength. increases wi th the increase of fibre content) 

iv) The 50mm D-form fibres gave higher flexural strengths than the 25 
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mm melt extract fibres. 

8.3 Results of the melt extract and D-form fibres in thin cement 

composite sheets 

i) The modulus of rupture and the limit of proportionality were found 

to increase significantly with fibre content; 

i1 ) The thinner the dep~ of the beam, the higher were the modulus of 

rupture and the limit of proportionality; 

iii) The beams tested with the smooth face in tension gave better 

results than when tested with the latter in compression; 

iv) The 25mm melt extract gave higher modulus of rupture and L.O.P,; 

than the 38mm D-form fibres; 

v) A modulus of rupture of over 26N/mm2 was obtained with 6mm thick 

beams. 

8.4 Crack control 

The 25mm melt and D-form fibres gave rise to:a" significant 

"f-reduction in the maximum width-crack. 

The best resul~ in controlling crack was achieved by the use· 

of 10 % by weight of the matrix of D-form fibres in 8mm thick 

board. 
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CHAPTER NINE FUR'nHER WORK 

This investigation was only an introduction to the use of 

melt extract and D-form steel fibres in cement composites. 

_ ______________ ___________ I have shown that improvements can be achieved and that the 
----.-. - ----- ._-.-- - .. - - .. "--- ---.-._-- --------. -.-.------ ----

use of these relatively workable fibres increases the flexural 

strengths. The research also shows that it is possible to replace 

the time dependant glass fibres in thin sheets. 

The experimental work and investigation has shown that there 

are significant improvements in crack control due to the introductio 

of these two different fibres. 

I would therefore consider the subject area worthy of further 

research to be focussed on improving and exploiting the above 

benefits and to: 

i) Generalise my design information on workability strength; 

ii) To carry out my tests for a longer period of time; 

iii) To study also the other properties such as durability, creep, 

fatigue, shrinkage, impact tests of the melt extract and D-form 
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Table 1.1 Compressive andflexural strength results of the melt 

extract steel fibre composites 

COMPRESSIVE STRENGTHS FLEXURAL STRENGHTS 
MIXlt" 

Av. compressi~e Standard Coefficient, Av. M.2.R. Standard Coefficient 
. -. ---- - strength{N/mm ) -deviat~on " 6f-'varia tion . . (N/mm -). -- deviat~on of -variation, 

(N/mm ) (N/lrim ) 

OA75 70.29 3.81 5.42 6.65 0~19 2.86 

4A75 61095 5.02 8.1 7 0.17 2.43 

7A75 65.24 3.95 6.05 7.48 0.24 3.21 

10A75 66.75 1.62 2.~n 7.82 0.24 3.01. 

12A75 56.50 3.24 5.7, 8.39 0.25 2.98 

OA50 79.06 2.27 ,2.1;31 7.37 0.11 , 1.49 

4A50 62.71 3.63 5.fl9 7.60 0.26 3.42 

7A50 68.16 4.82 7.07 8.06 0.67 8.31 

10A50 72.05 3.16 4.:39 8.43 0.17 g.02 

12A50 59.26 2.88 4.B6 9.30 0.44 4.73 

OB75 67.66 2.16 3.19 5.83 0.20 3.43 

4B75 68.53 2.23 3.25 5.95 0.52 8.74 

7B75 72.65 5.68 '1.~ 7.09 0.28 3.95 
10B75 72.61 2.44 ~.36 8.20 0.17 2.07 

PB50 . 
71.55 0.93 1 .. 3': 5.94 0.23 3.87 

4B50 79.26 1.97 2049 6.50 0.22 3.38 

7B5o. 75.37 2.49 3.·3:' 8.22 0.16 1.95 
10B50 78.86 2.38 :3o~2 9.08 0.30 3.3 

OC75 62.98 1.5 '2.,8 4.93 0.15 3.04 

4075 62.58 3.4 5.4'~ 5.82 0.55 9.45 

7C75 53.34 0.57 L.07' 7.05 0.18 2.55 

lOC75 63.08, 7.4 11.13 8.80 0.26 2.95 
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Table 1.1 (Continued) 

OC50 64.37 2.20 3.42 5.38 0.07 1.3 

4c50 63.44 1.36 2.14 6.22 0.17 2.73 
-. 

- ·7C50 . . --~ ·-57.8L .. .1.1.1 ... 2.02 7.30 0.25 3.42 -. -- . . .. . .. 
-. -- .. 

lOC50 65.64 1.62 2.47 9.41 0.28 2.98 

OD75 83.22 3.82 4.59 6.94 0.15 2.16 

4D75 86.91 0.88 1.01 7.79 0.25 3.21 

7D75 87.17 1.94 2.23 8.28 0,11 1.33 

,c ;.10D75 100.07 0.71 0.71 9.84 0.16 1.63, 

0D50 85.5 4.44 5.19 7.70 0.17 2.21 

4D50 83.5 4.82 5.77 8.65 0.22 2.54 

7D50 81.00 3.04 3.75 9.20 0.10 1.09 

10D50 89.00 6.08 6.83 10.40 0.26 2.5 

OE75 83.39 2.86 3.43 6.80 0.17 2.5 

4E75 78.63 2.58 3.28 7.21 0.28 3.88 

7E75 79.30 0.97 1.22 7.80 0.44 5.64 

10E75 85.11 2.94 3.45 8.63 0.16 1.85 

OE50 88.5 5.1 5.76 7.30 0.23 3.15 

4E50 86.25 7.4 8.58 7.79 0..34 4.36 

7E50 86.25 3.75 7.83 8.49 
. 

0.25 2.94 

lOE50 87.5 6.25 7.14 9.30 0.25 2.69 

0Y75 , 72.32 1.38 1.91 5.87 0.15 2.56 

4Y75 69.89 2.29 3.28 6.29 0.18 2.86 

7Y75 73.78 2.06 2.79 6.53 0.21 3.22 

1OY75 80.36 2.94 3.66 8.10 0.17 2.1 
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Table 1.1 (Continued) 

OFjO 76.00 1 1.32 6.04 0.14 2.32 .. 

4FjO 77.77 4.75 6.11 7.07 0.11 1.56 

7FjO' - . - 75.44- .- .--1.22 ._ 1.62 7.37 0.15 2,·04 
- . - .. . .. .. -- . - - . 

10FjO 91.39 2.35 2,57 8.36 0.46 5.5 

• % by weight of fibres / mix mane / slump in mm at 0 % fibres 
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Table 2.1 Summary of the results for the flexural tests~ 

M.O.R. Mean Limit of lounga Toughness index. Mean value ::!: 9C1}6 
value2::!: 9C1}6 pro port- modulus by: 
(N/mm ) ionality Mean "!':al!!e Max load cri t.;. 0.8 Max load cri 

BEAM TYPE .... * :t 9~(N/ :!:~~(N/Dun ) erion terion 
mm) 

6/12/14/T 17.2±4.3 14 ± 2.7 19868.5 :! 1.1 :to.9 2.06:!"1.1 
--- -- -~ -- ~ - -~ -~- - - - -- -~ . -_. - - -- 10832 •. 6 

~ -
~-

6/14/14/T 23.1±5.2 20.8 ± 3.1 28313.7 'j; 1.3:!: 0.8 2±0.9 
11344.8 

6jl6/14/T 25.7"'3.1 24.6± 4.7 25928.8:r 3.1:t 1.2 3.13±0.9 
9345.2 

6/0/14/T 10.61:.1.5 9.1±3.2 15637.1 :!: 1.0±0.9 1.06::!: 0.8 
7838.2 

8/12/14/T 13.3 ±4.6 12.3±2.7 201bb.8± , 1.4±0.7 3.64± 1.3 
9234.9 

8/14/14/T 15.9:t:3.7 14.4 ± 1.9 19649.7 :t 2.1 '± 1.1 4.73±1.7 
11184.5 

8/16/14/T 16.8 + 6.2 15.1 :1:0.9 18615.5 :I: 3.73 ±1.2 4.83 ± 1.2 
10023.4 

8/0/14/T 7.6±2.6 7.6±2.3 15637.1-+- 1.03±0.1 1.06 z 0.5 
7843.4 

12/12/14/T 14.5 ±4.5 10.5:t 2.5 la.::lJ? t ± 3.1~1.7 4.ct:S zU • ., 
12001.3 

12/14/14/T 18.3 ::!:2.9 1409':1: 1.8 26901.7 -:r 2.37 :1:0.8 3.94 ±1. 7 
11235.7 

12/16/14/T 20.7:t: 1.7 19.1 ±0.8 30654.9 ± 3.6±0.2 4.67 ±1.4 
9853.8 

12/0/14/T 7,.2:!: 2.1 6.2:1:0.4 14712.3± 1.05 ::tl.0 1.75±0.5 
8740.1 

6/12/28/T 20.1± 3.7 18± 1.8 26657.4± 2023 ±1.3 4.33±0.3 
13451.8 

6/14/28/T 23.8:1:5.1 - r 21.6±3.1 26527.1± 2096::!:l.9 4054±0.9 .. '::" -
14013.8 

6/16/28/T 26.8±6.3 24.8:r 404 25467.1 :!: 1.98 ±102 2.66 ±1.2 
13980~8 

6/0/28/T 11.6±4.1 n.6± 1.4 21407.9:1: 1.3:!:1.1 2.32±103 
10371.8 

8/12/28/T 17.3± 5.3 1502 :!: 1.3 24170.2~ 2.81:t 1.1 3.43±1.3 
li317.2 . 

8/14/28/T 18.1:t 3.8 16.31:2.8 20144.6± 1.71:!:1.1 2.7±1.7 
9943.5 

8/16/2~/T 18.4±9.1 16.6 ± 1.9 15096.7± 3.01±1.0 4.29 ±102 
7834.6 

8/0/28/T 8.8 ± 4.2 8.2 ± ;3.2 17452.0:1: 1.84 -:r0.8 1.69 ±006 
12001.8 

I 12/12/28/T 15.5 ± 5.3 11.8 ± 1.5 24303.6± 2.31::!:1.2 3.18±1.7 
I 
! 13107~4 

12/14/28/T 20.2±6.1 17.8±1.1 32809.9± 2.15:t 1.5 2.96± 2.1 
11314.4 

12/16/28/T 2l.9± 5.4 18 :!:'l. 7 29578.0:1:. 2.95±0.9 3.68±1.4 
10451.7 
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Table 2.1 (Continued) 

12/0/28/T 8S!: 1.2 8.3! 1.1 20399.5 :!: 1.0t O.l. 1.23~ 1.2 
884~. ~-

6/12/14/C 12.25:!. 2.8 11.1-: 1.7 20477.0 "! 1.7-:!:0.8 1.951: 1.5 
97">2.2 

6/14/14/C 13.6!: 3.7 13.9!"1.3 18936.5 :r 1.32~0.6 1.54 _ 1.4 
~A7" _ '7 

,6116/1-4/C- - 1'4-;5-: 4.8 - 13';r~-2~4 -- 21330.j-:!:- -3.2l-:t-l.l-- -----};2-!-1.4----- -
10456.6 

8/12/14/C 11.1-: 5.9 12.2:!: 3.1 20942.4 :!: T.,:ru.~ .L!,U.~ 

11939.1 
8/14/14/C 12.8:': 4.3 11.2 ± 3.0 17064.2 :!: 

8~qq. , 
1.22t 0.5 3.86!0.1 

8/16/14/C 13.8 ± 3.8 12.1 '!:1.1 16592.1 l' 2.3:t0.2 3.5! 0.3 
7710.4 

12/12/14/C 10.21: 4.2 9.2'!;:2.3 15099.3 :! 
89'39~ '3-

1.03± 0.3 5.9tO.5 

12/14/14/c 10.9~3.7 10.2'!: 1.7 18567.5 ± 
69~d. 7' 

5.01-t 0.1 2.3 :!:0.3 

12/16/14/0 11.7±4.7 11.3 ± 2.1 208?6.1 '.!: 5.64:!' 0.6 1.05:!: 0.8 
5466.7 

6/12/28/0 14.5'± 5.1 13.1"! 1.5 24494.1 ± 1.9:!: 1.1 1.8:!: 1.5 
10967.6 

6/14/28/0 15.6:!:4.2 14.2!2.3 21407.8 :r 1.71 !:1.2 2.87:t1.8 
10873.4 

6/16/28/0 16.1:!: 4.1 15.2'!:" 1.9 16288.6 1:: 1.96:t 1.6 1.33:!,0.3 
10717.1 

8/12/28/0 12.2:!:" 3.1 1O.7±2.4 21035.5 t 1.34 :!:'1.3 1.59 :':'0.6 
11714.8 

8/14/28/0 12.25:!:'1.9 11.3 :-0.8 20025.1 t 1.2 t:O.l 3.5 -:: 0.5 
11213.7 

8/16/28/0 14.2 :!: 2.8 13.5 ! 0.7 19014.4 4- 1.35!: 0.8 4.37:!: 0.2 
9784.4 

12/12/28/0 10.3 t: 3.7 9.5:tl.7 32835.5 :!:' 
1'1d~6.1 

2.52 tl.2 2.39:!: 1.9 

12/14/28/0 11.6:t4.5 10.4 !:2.4 31766.8 1: 
i"~12.1 

3.01:::1.3 3.4!: 1.7 

12/16/28/0 12.4 !5.2 11.5 !'3.5 27532.7 :l: 2.97t 2.1 3.2 !:1. 3 
4215.5 

"'o.P.C. / Sand = 3. , ** Thickness beam (mm) / % fibre by weight / Age (days) / T for smooth face in tension 

and 0 for smooth face in compression. 
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• e Table 2 2 Summary of the results for th fl exura 1 t t *' es s 

M.O.R. Mean Limit of Youngs Toughness index Mean value ±90% 

BEAM TypE ... • 
value2 :t:90}6 proport- modulus bv: 
(N/mm ) ionality Mean val~e Max load crit- 0.8 Max load cri· 

± ~0}6(N/ ±90}6(N/mm ) erion terion 
mm) 

-6/12/14/T - - --15.1.!'5.~--- _14.7:tl.5 24~25.2~ 1.84 !0.4 2.05!1.2 
9128'-4-- - - -- - .-<+-- : -- ---- - -- - -- . -- - - - - - - -- --

6/14/14/T 16! 4.1 15.2±~.~ 24944.7:I: 1.~8!1.2 1.98!"0.4 
0;'7 A 

6/0/14/T 9.9.!:4.7 9.9 !2.1 17600.1!: 1.08t O.9 <i. Hl:t 0.8 
,;.,'" '7 

8/12/14/T 12.25! 5.2 11.1±2.2 20~~5.lt-
1.27tl.7 <i.J.<i_0.3 

':;'1~4 a -
8/14/14/T 14.~! 5.1 1~.1;!""1.2 2192~.4 + <i.07±0.7 :>.4:>:!" .1. 'j 

8/0/14/T 9.8 :!3.2 9.5r2.~ 
'7~31.1 -

1.68 !.0.9 1.44 tl.3 '. 
1493~.1+ 
n';:' 1 -

12/12/14/T 1O.6t 4.5 10±2.1 21789.0 +- 2.~~ ±1.~ .5.-(2 '! 1. 7 . 
n'7"~' 7 -

12/14/14/T 11.2:!:, 4.6 10.~:t 1.7 ~~~~1;1 t 
2.~9!1.4 4.25:!: 1.4 

12/0/14/T 9.6t2.7 9.5±"1.6 :~775.5+ 
1.18 to.5 <i.'j:J. ":1.'j 

" 0 -

6/12/2e/T 21.25'! 4.5 18.5±' 2.1 ~~~~1·~r 2.~7~0.~ 5.1b!1.3 

6/14/28/T 24.2! 4.1 20.5!: 2.8 2~10~.2 + :>.lb!"1.7 8. 72:!: 2.5 
l;'m? A--_. 

6/0/28/T 1O.9!5.1 10.9:t ~.1 20408.8+- .l. 1O:t 0•2 .L.u,! U •. 4 

--l~A-

8/12/28/'l! 16.2.!:5.1 14.91: ~.4 23457.~± 
1.34±0.4 1.tl5~1.~ 

- nnn '., 

8/14/28/T 19.1!' 6.2 18t2.6 
-, - 1.95 ±,0.9 2.J.~!.1.3 

22517.8 ± 
~a" 7 

8/0/28/T . 1O.9t 2.9 1O.7:t 1.8 ;Z~~7 ~O ± 
1.~5tl.3 .l.u'j :!:Y.4 

12/12/28/T 14.2i:' 1.9 1~.6:t 0.4 ~~~02.9± 
2.24! 1.2 .l.'j(!" .l.<i 

. 
12/14/28/T . 16.8't7.1 15.7:t~.9 

I .TJ. 2.15 !1.5 3.06'!..0.6 
~~~55.1± 

12/0/28/T 1O.9t4.4 
I • 1.18! 1.1 1.05 ,!:O.4 10.9+2.1 ~~~?5~~± 

6/12/14/C 12.!3.4 11.1 :t'1.4 ~~~?7.~ t 1.5:!:' 1.4 .l.<i(-t'I.1 

6/14/14/C 12.6:t4.~ 1O.9.:t 1.7 ~~Z53.4!:: .l.41:t1;7 .l.:>:> tJ..<i 

8/12/14/C 11-::2.8 10.51: 0.5 
.~. 1.34tl.1 1.371:"1.3 

19321.4! 
~-.~ 0 -

8/14/14/C 11.6!:3.5 11.2 :t2.4 
I 1.57t 1.4 <i.tl5 !'1.2 
1992~.2t 

, 63~7.6 
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Table 2.2 (Continued) 
.-

12/12/14/C 10.2! 4.1 9.8±.' 1.4 16763.2 :r 3.44±.'1.7 3.1311.3 
4021.9 

12/14/14/C 10.7,! 5.2 9.9±: 3.5 19375.3 :t 4.38!0.2 5.01!.0.5 
2102.8 

--6/12/28/.C .. _. 13.9 r 4.8 11.3~1.8 23474.7 ±: 1.63~0.8 1.65-1- 0.5 
- - -.. -------- -~- ~ -_. --- - -- '.- -- ·'1021.1\ ... . . . 

6/14/28/C 15.6!"4.9 12.7 :!:2.7 22371.3 ;-
4373.5 -

2.11 t1.1 2.05i:l".2 .. - -

8/12/28/C 13.3 :t3.6 12.6 i:2.2 21786.7 t 1.55 '::1.4 1.83+-1.5 
10913.2 

8/14/28/C 15.1j::3~3 13.7 ±"2.1 22365.5 -r 1.47j::1.2 2.15 :!:1.2 
5541.6 -

12/12/28/C 11.8 i:4.5 15.5~3.2 31539.9 ± 2.15:!:0.7 1.98~1.1 
10818.8 

12/14/28/C 12.4:!:3.7 11.8+2.1 30935.1 -± 1.63 -!:0.8 2.07T1.2 
3194.4 '. 

*" O.P.C./ Sand =2' 
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'. 

APPENDIX THREE : Tables showing the results of crack control 
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BEAM ONE- 0 % fibre (Reference beam) -
LOAD (KN) Number of cracks Crack number Length (mm) Width (mm) 

0 0 - - -
6.5 1 1 25 0.043 

1 44 0.115 
-- ----- --------- ---------.---- - .. --------- -- ------------- - ---- -- -- - -

37~5 
- - - --13 3 2 --0;105 -

3 31 0.087 

1 69 0.186 

2 37.5 0.137 

17.5 5 3 50 0.152 
'. 

4 44 0.187 

5 50 0.112 

1 88 0.192 

2 56 0.145 

22.5 5 3 69 0.167 

4 62 0.216 

5 50 0.198 

1 81 0.201 

2 72 0.166 

3 81 0.172 

27.5 6 4 75 0.230 
, 

5 69 0.201 

, 6 56 0.211 



32.5 
- ----- - - . 

33.5 
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BEAM ONE (Continued) 

1 

---------

1 .. 

2 

3 

4 

-------- _. -- ._- ·--5 - ---.----

6 

7 

1 

2 

3 

1 4 

5 

6 

7 

106 0.224 

72 0.182 

94 0.198 

75 0.274 

- -------.8L. ___ ._ .0.213 .. - ... 

75 0.256 

31 0.056 

106 0.231 

100 0.201 

94 0.215 --

106 0.377 

81 0.223 

94 0.262 

56 0.114 
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BEAM TWO 6 % fibre, 8mm board 

LOAD (KN) Number of ;cracks Crack number Length (mm) Width (mm) 

0 0 - - -
1 44 0.043 

8.05 2 
2 31 0.033 

- ---- ---------- - ----- ----<- .. - -- -- - -- - ---------1- -------- --- -- -- -62 - - -- 0.086--

14 3 2 68 0.144 

3 38 0.153 

1 82 0.098 

2 82 0.216 
21 4 '. 

3 69 0.184 

4 44 0.056 

1 94 0.114 

2 94 0.245 

27.65 5 3 81 0.195 

4 68 0.088 

5 62 0.046 

1 100 0.124 

2 106 0.288 

28 5 3 94 0.208 

4 81 . 0.156 

5 81 0.105 



-174-

BEAM THREE 8 % fibre, 8mm board 

LOAD (KN) Number of cracks Crack number Length (mm) Width (nun) 

0 0 0 - -
1 ,1 _ 0.029 

7 2 
2 25 0.02, 

-- ---- ------- -- '-" ---56- ---- 0.0,3-------r------- -----

2 50 0.047 
10.75 4 , 25 0.072 

4 25 0.011 

1 56 0.047 
'-

2 62 0.056 
15 4 , 44 0.086 

4 56 0.080 

1 76 0.087 

2 82 0.066 

20.5 5 , 69 0.101 

4 74 -0.098 

5 45 0.057 

1 95 0.10, 

2 98 0.098 , 69 0.17) -
25.5 6 . 

4 88 0.12, 

5 87 , 0.125 

6 " 0.0,4 



31.75 
- _. --- - - - ---

33.12 

, 
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BEAM THREE (Continued) 

1 

2 

3 

7 4 
-- - ---- ------- ---- -- -- -- . 5 

6 

7 

1 

2 

3 

7 4 

5 

6 

7 

.. 
102 0.153 

98 0.125 

86 0.230 

99 0.136 

- - - - - -- - - . 90 .. --- - 0.159· 

86 0.068 

61 0.045 

112 0.272 

110 0.346 

105 0.289 '. 

109 0.289 

106 0.245 

102 0.334 

87 0.068 
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BEAM FOUR 10 96 fibre, 8mm board 

LOAD {KN} Nwnber of cracks Crack number Length {mm} Width {mm} 

0 0 - - ".. 

1 24 0.023 
7 2 2 23 0.043 . - -. ~ - -- . -

-- -- -- .. .. -- -- . -. 
1 ------ --42--·--·- . - ·_·0.023 -

2 44 0.047 
12.75 4 

3 26 0.023 

4 30 0.011 

1 42 0.029 
'. 

2 66 0.047 

11.75 5 3 42 0.029 

4 55 0.033 

5 48 0.023 

1 67 0.043 
-. 2 80 0.072 

23 5 3 54 0.086 

4 14 0.042 

5 13 0.056 

1 80 0.087 
-

2 104 0.081 . 
3 68 0.123 

27.75 6 
4 14 0.056 

5 73 0.114 

6 26 0.081 



32.75 

-----------

33.25 
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BEAM FOUR (Continued) 

1 

2 

3 

7 4 

----------- --------5----

6 

7 

1 

2 

3 

4 
8 

5 

6 

7 

8 

80 0.123 

III 0.091 

87 0.123 

74 0.056 

--101:----- - --0;136"---

26 0.098 

38 0.101 

104 0.145 

121 0.201 
'-

87 0.147 

89 0.066 

120 0.984 

,26 0.225 

44 0.223 

83 0.198 



-178-

BEAM FIVE 12 % fibre. 8mm board 

LOAD (KN) Number of cracks Crack number Length (mm) Width (mm) 

0 0 - - -
1 23 0.023 

10.5 2 
- -- - - - 2 36 0.057 

- -- --- - . -. - ~ - ---
- -- -~ - -- - - . _ ... - -- - . - -- - -

1 37 0.045 

15.5 3 2 48 0.072 

3 25 0.023 

1 58 0.045 

2 69 0.130 

20.25 5 3 25 0.091 

4 44 0.045 

5 38 0.023 

1 I 70 0.057 

2 81 0.173 

3 69 0.102 

2~.!) 6 4 44 0.072 

5 57 0.045 

6 51 0.023 

1 88 0.068 

2 94 0.230 . 
3 82 0.245 

30.25 7 4 44 0.172 

5 83 0.068 

6 51 0.045 

7, 49 0.'236 
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BEAM FIVE (Continued) 

-- 1 88 0.072 

2 94 0.259 

~ 101 0.298 

4 44 0.245 
--~5.25 ----8------- ------~----~------ -- - ------ ----------

5 98 ----0:098--- -

6 96 0.145 

7 49 0.336 

8 58 0.023 

1 88 0.102 

2 107 0.390 "-

3 101 0.330 

4 44 0.368 

38.5 9 5 
, 

98 0.135 

6 9~ 0.345 

7 49 0.~98 

8 58 0.023 

9 86 0.102 
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BEAM SIX 6 % fibre, 12mm board 

LOAD (KN) Number of cracks Crack number Length (mm) Width (mm) 

0 0 - - -
9.25 1 1 19 0.014 

·1 }2 0.029 
___ l:L __ 2 ----.. - -------- -- --------- -- - --2-' - - --- --- - '- -18-- - - - - --- 0~029-- -

" 

1 50 0.072 

18 } 2 }1 0.045 

} }2 0.02} 

1 62 0.072 

22.75 } 2 50 0.056 
". 

} 44 0.098 

1 62 0.144 

2 75 0.068 
27.75 4 

} 69 0.102 

4 35 0.068 

1 81 0.187 

2 75 0.105 

}} 5 } 87 0.144 

4 50 0.132 

5 .38 0.072 . 



35.5 

- - -- ------- -- - ---

35.75 

-181-

BEAM SIX (Continued) 

6 

1 

2 

~ 

4 
-_. - - ---------- -- - - - --+ -y 

6 

1 

2 

3 
6 

4 

5 

6 

94 0.216 

75 0.132 

103 0.172 

74 0.156 

- - ----- - --- -52 -- -- -- - ____ 0.145 ____ 

48 0.023 

95 0.288 

75 0.296 

103 0.306 

74 0.230 

52 0.330 

94 0.135 



-182-

BEAM SEVEN : 8 ?6 fibre, 12mm _board 

- -
LOAD (ICN) Number of cracks Crack num.ber Length (mm) Width (mm) 

0 0 - - -
7.25 1 1 18 0.014 

1 38 0.022 ---- - - _ .•. _. -- -- -- -- 2--- ----. -- .. - ... - - - --- --- - - -- - - - --- ------ - ---13.25 -- -- - - -- - -

2 30 0.014 

1 58 0.065 
18.25 2 

2 43 0.045 
• 

1 69 0.101 

23 3 2 62 0.068 

3 44 0.022 

1 81 0.115 

2 69 0.101 
28 4 

3 57 0.068 

-4 38 0.068 

1 94 0.201 

2 69 0.156 

3 7.3 0.108 
32.5 5 

4 63 0.072 

5 46 0.101 

1 110 0.230 . 
2 92 0.187 

3 86 0.230 
33.25 6 

4 80 0.198 

5 102 0.256 

6 59 - - 0.176 . 



-183-

BEAM EIGHT: 10 % fibre, 12mm board 

LOAD (KN) Number of cracks Crack number Length (mm) Width (mm) 

0 0 - - -
7.5 1 1 24 0.022 

1 42 0.022 
),2.75 2 

- 2 ---- ----25---- ---0-;(>14 

1 57 0.029 

18 3 2 42 0.045 

3 38 0.029 
-

1 72 0.068 

2 62 0.098 
23 4 

3 58 0.056 

4 35 0.072 

1 75 0.105 

2 87 0.123 

28 5 3 73 0.085 

4 50 0.098 

5 31 0.056 

1 86 0.156 

2 103 0.145 

3 73 0.098 
31.25 6 . 

, 4 65 0.105 

5 56 0.072 

6 46 0.072 



-164-

BEAM EIGHT (Continued) 

1 .. 66 0.230 

2 105 0.187 

3 73 0.156 

- --. -31.5 ---- - - -_.-1_ 4 68 0.130 - - -._--. - --- - . -- -- -- -. . _----- - - --- - - --- -
5 75---- ._- - - . -0.211- -. 

6 47 0.204 

7 54 0.101 

'. 



-185-

BEAM NINE 12 % fibre, 12mm board 

LOAD (KN) Number of cracks Crack number Length (mm) Width (mm) 

0 0 - - -
1 18 0.014 

10 2 
2 ~2 0.014 "- " . - -- -- --- -- - ------ .. -- - - -" " -- -" ---- -- -- -- - -
1 ~8 

- -- 0.-022- - - " 

2 50 0.045 

16.25 4 
~ 30 0.022 

4 24 0.014 

1 68 0.045 

2 69 0.072 

~ 50 0.045 

" 22.5 6 
4 24 0.056 

5 ~7 0.022 

6 56 0.056 

1 88 0.056 

2 69 0.105 

3 75 0.101 

28.25 7 4 62 0.086 

5 ~7 0.045 

6 75 0.072 . 
1 55 0.023 



-186-

BEAM NINE (Continued) 

1 8B 0.072 

2 98 0.125 

~ 75 0.112 

4 62 0.098 
~2.5 8 - - --- - -- ---- ---- - --- -~--- ---------- - -

0.068 .. - _.-- ---- - - - - - - ---- --
5 56 

6 75 0.092 

7 70 0.068 

8 ~7 0.045 

1 88 0.115 

2 98 0.156 

~ 106 0.144 

4 87 0.12~ 

~7.5 9 5 56 0.101 

6 75 0.115 

7 91 0.098 

8 9~ 0.1~2 

9 86 0.068 


