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Preface 
 
 
Fibre reinforced concrete is becoming an everyday construction material after several decades 
of research. Even if use of natural fibres in clay and earth was an ancient idea to improve 
integrity of bricks and walls, research on mixing fibres to concrete started only in the early 60-
ies. It was considered to be as a challenging material to reduce brittleness of concrete and 
reduce production cost by partially or fully replacing conventional steel bar reinforcement and 
in some cases reduce the construction time. 
 Researchers realized that addition of fibres to concrete does not only mean to have a 
new component in concrete but it considerably influences the technology and behaviour of 
concrete.  
 In addition to steel, various other types of fibre materials can be used in concrete as 
fibre reinforcement like polypropylene, glass, carbon, aramid, ceramics or natural fibres. They 
all lead to different behaviour. Physical and chemical properties of fibres as well as bond 
between fibres and matrix may influence all kinds of concrete properties. Fibres are supposed to 
be randomly oriented in concrete, however, in some practical cases and regions of members it 
can not be reached. 
 Extensive research worldwide and many applications resulted an understanding of 
material behaviour, however, fields of modelling of behaviour and possible applications give 
further areas for research. Other recent interesting areas are e.g. use of fibre reinforcement in 
self compacting and in light weight aggregate concrete.  
 In present book we intended to summarize our experimental and theoretical results on 
steel fibre reinforced concrete obtained during the last ten years. Present results can be classified 
into three groups: 

− material characteristics (compressive strength, splitting strength, shear strength, flexural 
strength), 

− behaviour of elements: beams (non-prestressed or prestressed), slabs, deep beams, 
− modelling in tension and modelling of transfer of prestressing force. 

 These results provided a possibility not only to draw conclusions on a scientific basis, 
but also to solve practical questions and develop new ideas for applications. Some of our results 
were integrated into work of RILEM and fib committees. 
 Authors wish to thank for the financial supports during the last ten years by the 
Hungarian Ministry of Education (Grant MKM 150/94), Hungarian Research Found (OTKA 
Grants F025 621, T032 525 TEMPUS Project (Nr. S JEP 11236/96) on post-graduate studies). 
 
29 October 2004  
 
 

Imre Kovács    György L. Balázs 



Content

5

Content
Preface 3
Content 5
Notations and abbreviations 9

1. Introduction

1.1 General remarks to fibre reinforced concrete 15
1.2 Behaviour in compression 18
1.3 Tensile strength 22
1.4 Toughness properties 27
1.5 Fibre reinforcement in structural elements 30
1.6 Conclusions 34

2. Material compositions and mechanical properties

2.1 Material compositions and test specimens 35
2.1.1 Concrete mix proportions and mixing procedures 36
2.1.2 Type of fibres 37
2.1.3 Formworks and test specimens 38
2.2 Behaviour in compression 44
2.2.1 Test specimens and test procedure 44
2.2.2 Compressive behaviour 45
2.2.3 Stress – strain relationship in compression 47
2.2.4 Comparison to results of other researchers 52
2.3 Splitting strength 53
2.3.1 Test specimens and test procedure 53
2.3.2 Test result and test observations 54
2.3.3 Comparison with literature results 56
2.4 Flextural toughness 63
2.4.1 Experimental variables and test procedure 63
2.4.2 Bending stress vs. mid-point deflection relationships 65
2.5 Conclusions 68



Content

6

3. Modelling of fibre reinforced materials in tension

3.1 Modelling of fibre reinforced materials 71
3.2 Modelling of steel fibre reinforced concrete in tension 96
3.3 Conclusions 99

4. Behaviour of steel fibre reinforced concrete beams in
bending and shear

4.1 Experimental programme 101
4.1.1 Test specimens and reinforcing details 101
4.1.2 Experimental set-up and test procedure 102
4.2 Experimental results 104
4.2.1 Failure loads and failure modes 104
4.2.2 Load vs. mid-point deflection relationships 110
4.2.3 Cracking behaviour 115
4.3 Modelling of bending behaviour 122
4.4 Conclusions 127

5. Behaviour of steel fibre reinforced prestressed
pretensioned concrete beams

5.1 Experimental programme 131
5.1.1 Test specimens and experimental variables 131
5.1.2 Test set-up and experimental procedure 133
5.2 Experimental observation and test results 136
5.2.1 Concrete strains during tension release 136
5.2.2 Draw-in of prestressing strand 139
5.2.2.1 Released prestressing force versus draw-in for series PC-G 139
5.2.2.2 Released prestressing force versus draw-in for series PC-S 145
5.2.3 Camber of PC beams 147
5.2.3.1 Camber of series PC-G 147
5.2.3.2 Camber of series PC-S 149
5.2.4 Determination of transfer length of prestressing strand 150
5.2.4.1 General considerations and governing equations 150
5.2.4.2 Transfer length of prestressing strand for series PC-G 153
5.2.4.3 Proposal 154
5.2.5 Bending test 160
5.2.5.1 Failure loads and failure modes 160
5.2.5.2 Load vs. deflection relationships 162
5.3 Conclusions 163



Content

7

6. Behaviour of steel fibre reinforced concrete deep beams
in shear

6.1 Experimental programme 165
6.1.1 Test specimens and experimental variables 165
6.1.2 Experimental set-up and test procedure 167
6.2 Experimental results 168
6.3 Conclusions 173

7. Behaviour of steel fibre reinforced concrete slabs in
bending

7.1 Experimental programme 175
7.1.1 Test specimens and experimental variables 175
7.1.2 Experimental set-up and testing procedure 176
7.2 Experimental results and test observations 177
7.2.1 Failure loads 177
7.2.2 Load – deflection relationships 179
7.2.3 Crack development and failure line 180
7.2.4 Effect of compressive strength 182
7.3 Conclusions 183

References 175

Appendix 187

Subject Index 231



Notations and Abbreviations

�

Notations and
Abbreviations

Upper case letters

PA cross section area of prestressing tendon mm2

mC elastic tangential modulus (stiffness) of matrix MPa

fC elastic tangential modulus (stiffness) of fibre reinforcement MPa
ep
mC elastic-plastic tangential modulus of matrix MPa
ep
fC elastic-plastic tangential modulus of fibre reinforcement MPa

PE Young’s modulus of prestressing tendon MPa

uF failure load kN

crF cracking load kN

mH hardening/softening modulus of matrix MPa

fH hardening/softening modulus of fibre reinforcement MPa

0K elastic tangential modulus (stiffness) of fibre reinforced material MPa

1K elastic-plastic tangential modulus (stiffness) of fibre reinforced
material after yielding of one of the constituents MPa

2K elastic-plastic tangential modulus (stiffness) of fibre reinforced
material after both constituent yielding MPa

L transfer length of prestressing tendon mm
M coupling modulus MPa

cN  compressive force in the cross-section kN
1
tN partial tension force in the cross-section of beam kN
2
tN partial tension force in the cross-section of beam kN
3
tN partial tension force in the cross-section of beam kN

0P initial prestressing force kN

effP effective prestressing force kN
V steel fibre content in volumetric fraction %
Vu ultimate shear force kN
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Lower case letters

a/d shear span to depth ratio
amid mid-point deflection mm
c cement content kg/m3

e camber of prestressing tendon mm
cf compressive strength MPa

cube,cf compressive strength measured on standard cube MPa

cyl,cf compressive strength measured on standard cylinder MPa

cyl,spf splitting strength measured on standard cylinder MPa

spf splitting strength MPa

fyf yield strength of steel fibres MPa

tf tension strength or yielding strength of matrix MPa

yf tension strength or yielding strength of fibre reinforcement MPa

mf yield function of matrix MPa

ff yield function of fibre reinforcement MPa

tf residual strength of matrix MPa

yf residual strength of fibre reinforcement MPa

cdf design value for the compressive strength of
steel fibre reinforced concrete MPa

tdf design value for the tensile strength of steel fibre reinforced concrete MPa

fydf design value for the yield strength of steel fibre reinforcement MPa
� length of cylinders mm
�f length of steel fibres mm

es draw-in of prestressing tendon mm
w/c water to cement ratio

c
idx length of concrete portion before deformation due to prestressing mm
P
idx length of tendon portion before deformation due to prestressing mm

*c
idx length of concrete portion after deformation due to prestressing mm

*P
idx length of tendon portion after deformation due to prestressing mm

P
ix 1− i-1th cross-section of prestressing tendon before deformation mm
P
ix ith cross-section of prestressing tendon before deformation mm
c
ix 1− i-1th cross-section of concrete before deformation mm
c
ix ith cross-section of concrete before deformation mm

*P
ix 1− i-1th cross-section of prestressing tendon after deformation mm

*P
ix ith cross-section of prestressing tendon after deformation mm
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*c
ix 1− i-1th cross-section of concrete after deformation mm

*c
ix ith cross-section of concrete after deformation mm

P
ix 1−∆ relative displacement of the i-1th section of prestressing tendon mm
P
ix∆ relative displacement of the ith section of prestressing tendon mm
c
ix 1−∆ relative displacement of the i-1th concrete section mm
c
ix∆ relative displacement of the ith concrete section mm

∅ diameter of cylinders mm
nominal diameter of reinforcing bar mm
nominal diameter of prestressing tendon mm

∅f diameter of steel fibres mm

Greek letters

α tt f/f   -

2

0

t

t

ε
εα =   elastic tension limit strain vs. ultimate tension strain ratio   -

β yy f/f   -

2

1

t

t

ε
εβ =   yielding strain vs. ultimate tension strain of fibre reinforced concrete   -

bp� transfer length of prestressing tendon in EC2 mm

bβ parameter to determine the transfer length in EC2
ε strain 0/00

0ε strain at yielding of one constituent (first yielding) 0/00

1ε strain at yelding of other constituent (second yielding) 0/00

0cε elastic limit strain of steel fibre reinforced concrete in compression 0/00

1cε ultimate limit strain of steel fibre reinforced concrete in compression 0/00

0tε elastic limit strain of steel fibre reinforced concrete in tension 0/00

1tε strain at yielding of steel fibre reinforcement 0/00

2tε ultimate limit strain of steel fibre reinforced concrete in tension 0/00
cε concrete strain developed by prestressing force 0/00
Pε strain of prestressing tendon 0/00
c
i 1−ε measured concrete deformations in the i-1th section 0/00
c
iε measured concrete deformations in the ith section 0/00
p

i 1−ε deformation of prestressing tendon in the i-1th section 0/00

p
iε deformation of prestressing tendon in the ith section 0/00

Σ stress of fibre reinforced material MPa
σ normal stress MPa

mσ stress of the matrix MPa
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fσ stress of the fibre reinforcement MPa
res
mσ residual stress of the matrix after cracking MPa
res
fσ residual stress of the fibre reinforcement after yielding MPa
p

mε plastic strain of the matrix 0/00
p
fε plastic strain of the fibre reinforcement 0/00

τ shear stress MPa
τu shear strength MPa

mζ hardening/softening force of the matrix MPa

fζ hardening/softening force of the fibre reinforcement MPa

h
x=ξ position of the neutral axis vs. dept of the cross-section ratio

h
b=ζ width of the cross-section vs. dept of the cross-section ratio

mχ hardening/softening variable for the matrix

fχ hardening/softening variable for the fibre reinforcement

mλ plastic multiplier for the matrix

fλ plastic multiplier for the fibre reinforcement

κ ratio of fm C/C

ρ ratio of mf C/C

Special sub- or superscripts

c concrete
cr crack or cracking
cube the given value is determined on standard cube (150×150×150 mm)
cylinder the given value is determined on standard cube (� = 300, Ø = 150 mm)
eff effective
el elastic
f fibre or fibre reinforcement
i incremental steps in algorithm
m matrix
max maximum or ultimate value
min minimum value
mid midpoint
pl plastic
res residual
sp splitting
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Abbreviations

I and II characteristic fibre directions
A notation of slab formwork
ACI American Concrete Institute
B notation of slab formwork
B-a steel fibre reinforced sawn concrete beams
C notation of slab formwork
C1 prisms of compressive tests
CEB Comité Euro-international du Béton
D notation of formwork for steel fibre reinforced concrete beams
DB deep beam specimens
E notation of formwork for steel fibre reinforced prestressed pretensioned

concrete beams
EC2 Eurocode 2
fib fédération internationale du béton
FIP Fédération Internationale de la Précontrainte
FRC fibre reinforced concrete
JSCE Japan Society of Civil Engineering
LVDT linear voltage differential transductor
PC prestressed concrete
pc portland cement
RILEM the International Union of Testing and Research Laboratories

for Materials and Structures
R random steel fibre orientation
REF reference mix
RC reinforced concrete
T1 prisms of tension tests
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Chapter 1 
 
 

Introduction 
 
 

Steel fibre reinforced concrete is extensively used construction material. In the last 
decades many research studies were directed to determine the material properties 
of steel fibre reinforced concrete. Chapter 1 gives a concise literature review on 
behaviour of steel fibre reinforced concrete in compression, in tension and in 
bending, respectively. 

 
Keywords: concrete, steel fibre, steel fibre reinforced concrete, compressive strength, 

behaviour in compression, splitting strength, flexural toughness properties 
 
 
1.1 General remarks to fibre reinforced concrete 
 
Fibre reinforced concrete is a widely used construction material in civil engineering 
[Balaguru & Shah (1992)]. Fibre reinforced concrete is composed of plain concrete 
made of portland cement, with or without silica fume or fly ash, fine and course 
aggregates, water, additives and randomly distributed or oriented short, discrete fibre 
reinforcement [Hannant (1978), Kausay (1994), Balaguru & Shah (1992)]. 

Fibres are made of several materials such as steel, polypropylene, glass, natural, 
etc. with different configurations. However, in civil engineering applications generally 
steel fibres are used. Fibre shape can be straight, deformed or collocated fibres, hooked, 
crimped, and paddled, undulated etc. (Table 1.1) [ACI Committee 544 (1986), Kiss 
(1996), Victor & Ward & Hamza (1992), Balaguru & Shah (1992), Sorushian & 
Marikunte (1992), Stang & Mobasher & Shah (1990)]. Some fibre types are glued 
together with water soluble glue in order to get much better fibre distribution and 
workable concrete mix [Bekaert (1994), ACI Committee 544 (1986)]. Cross-section of 
fibres can be circular, square, crescent-shaped or irregular [Naaman (1998), Naaman & 
Reinhardt (1998), Balaguru & Shah (1992)]. The common size is among 10 mm…60 
mm (less than 75 mm), diameter 0.1 mm…0.6 mm, fibre content 0.5…2.0 V%, tensile 
strength 345...1380 N/mm2, aspect ratio (fibre length vs. fibre diameter) 30...100 in case 
of steel fibres [ACI Committee 544 (1986), WAJA (1995)]. 

Concrete grades used for fibre reinforced concrete may vary from normal 
strength concrete to high strength, high performance concrete [Goldfein (1965)]. Other 



 
 
 
Chapter 1 

Introduction   

 
 

��

cement based materials such as mortals may also be reinforced by fibres [Gokoz & 
Naaman (1981), Imam & Vandewalle (1996), Reinhardt (1992)]. 

Mechanical properties of fibre reinforced concretes are depend on the 
mechanical properties of concrete mix and the used fibre type [Balaguru & Shah 
(1992)]. Main purpose of fibre application is to increase energy absorption capacity or 
ductility as well as fracture toughness of plain concrete [Groth & Noghabai (1996)]. For 
this reason, many airport runways, tunnels, bridge decks, pipes, industrial floors etc. 
were built in the last two decades applying also fibre reinforcement [Dombi (1993)]. 

Many previous research and publications cover basic research on fibre 
reinforced concrete specially applying steel fibres as special construction material with 
characteristics different from those of conventional concrete.  
 
 

Table 1.1: Mechanical properties of different fibres 
Fibre type Material Diameter Length Density Young 

modulus 
Poisson 

ratio 
Tensile 
strength 

Ultimate 
strain 

Fibre 
content 

  [µm] [mm] [kN/m3] [GN/mm2]  [N/mm2] [%] [V%] 

High strength 100...600 10...60 78.6 200 0.28 700...2000 3.5 0.5...2 
Stainless 

Steel 
10...330 10...60 78.6 160 0.28 2100 3 0.5...2 

Krizotil 0.02...30 <40 25.5 164 0.3 200...1800 2...3 10 
Krocidolit Asbestos 0.1...20 - 33.7 196 - 3500 2...3 - 
Very stiff 8 10 19 380 0.35 1800 0.5 2...12 

High strength 
Carbon 

9 10 19 230 0.35 2600 1 2...12 
A-glass - - 24.6 64.8 - 3103 4.7 - 
E-glass 8...10 10...50 25.4 72 0.25 3500 4.8 2...8 

NEG AR-glass 
Glass 

- - 27.4 78.6 - 2448 2.5 - 
Acrylic 13...104 - 1.17 14.6...19.6 - 207...1000 7.5...5 - 

Aramid I 12 - 1.44 62 - 3620 4.4 - 
Aramid II 10 - 1.44 117 - 3620 2.5 - 

Nylon >4 5...5 1.14 >4 0.4 750...900 13.5 0.1...6 
Polyester - - 1.34...1.39 17.5 - 896...1100 - - 

Polyethylene 25...1020 - 0.96 5 - 200...300 3 - 
Polypropylene 

Polymer 

- - 0.90…0.91 - - 310…760 150 - 
Individual 

fibre 
100...200 5...50 9 >5 - 400 18 0.1...6 

Bundled fibres 
Poly 

propylene 500...4000 20...75 9 >8 0.29...0.
46 

400 8 0.2...1.2 

Coconut 0.1...0.4 50...35
0 

11.2...11.5 19...26 - 120...200 10...25 - 

Sisal - - - 13...26 - 280...568 3...5 - 
Bamboo 0.05...0.4 - 15 33...40 - 350...500 - - 
Cellulose - - 12 10 - 300...500 - 10...20 

Wood 2.5…5.0 15…80 8 - - 700 - - 
Elephant grass 

Natural 

- - - 4.9 - 178 3.6 - 
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Figure 1.1: Application of steel fibre reinforcement in structural engineering after 
Naaman & Reinhardt (1998) 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Examples of different use of steel fibre reinforcement in seismic resistance 

and pre cast structures after Naaman & Reinhardt (1998) 
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Compressive strength, tensile strength [Romualdi & Batson (1963), Stang & 
Rossi (1999)], tensile splitting strength, shear strength [Siao (1994), Sharma (1986)], 
punching shear strength [Theodorakopoulos & Swamy (1999)], flexural toughness of 
concrete [Krstulovic-Opara & Dogan & Uang & Haghayeghi (1997), Erdélyi (1993), 
Banthia & Trottier (1995)] are the main mechanical properties which are examined and 
primarily influenced by steel fibre addition [Balaguru & Shah (1992), Naaman & 
Reinhardt (1998)].  

However, few results are available concerning behaviour of steel fibre reinforced 
concrete in structural reinforced concrete members [Balázs & Kovács (1999), Balázs & 
Kovács (1999)], partially and axially prestressed members [Balázs & Erdélyi & Kovács 
(1997), Narayanan & Kareem-Palanjian (1986), Balaguru & Ezeldin (1987)], deep 
beam specimens [Mansur & Ong (1991)] as well as steel fibre reinforced slabs. 

Steel fibre reinforcement may effectively be used strengthening or retrofitting 
damaged structures such as beams, slabs, columns etc. (Figure 1.1). Other possible 
structural applications of steel fibre reinforced concrete are summarised in Figure 1.1 
and in Figure 1.2. 
Steel fibres in concrete are generally considered to be randomly oriented. However, in 
some special applications fibres may be oriented in the material [Stroeven (1995)] and 
hence, effect the mechanical properties of concrete. 
 
 
1.2 Behaviour in compression 
 
Since the first publication of Romualdi and Batson [Romualdi & Batson (1963)] a lot of 
publications dealt with the compressive behaviour of hardened steel fibre reinforced 
concrete. Many recommendations and standard test methods have been developed 
characterising the compressive strength and compressive behaviour [JSCE-SF5 (1984), 
UNE 83-507-86, UNE 83-504-90, RILEM (1978)]. Test methods are generally based on 
the testing of conventional concrete. Available test results and main conclusions are 
presented in Table 1.2 and in Figure 1.4. 

In the last three decades effect of steel fibre reinforcement on the compressive 
behaviour of concrete were discussed from many aspects. Summary of the main 
experimental observations are discussed in this section hereafter. 

Increment in concrete compressive strength provided by steel fibre 
reinforcement rarely exceeds 25% [Balaguru & Shah (1992)]. With increased use of the 
available fibre types, the applied fibre quantity in concrete members is often limited in 
around 50-60 kg/m3 [Balaguru & Shah (1992), Bekaert (1994), Kausay (1994)]. At this 
volume fraction which is less than 0.75 V% the strength increment can be considered 
negligible for all design purposes [Mansur & Paramasivam (1986), Narayan & Jones & 
Ciam (1993)]. In some special cases where the steel fibre content is more than 100-
120 kg/m3, strength increment may be expected [Sanat & Nyogi & Dwarkaranathan 
(1985), Balaguru & Shah (1992), Naaman & Reinhard (1998)] as can also be seen in 
Figure 1.3. However, some researchers reported decrease in concrete strength applying 
steel fibres which outlines the significance of porosity of concrete, mixing process and 
appropriate design of concrete mix [Falkner & Kubat & Droese (1994)] (Figure 1.4). 

Other main factors to be considered in structural design are the modulus of 
elasticity, the strain at peak load, the post-peak behaviour and the ultimate compressive 
strain. Change in modulus of elasticity can be considered negligible from the point of 
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view of structural design [Balaguru & Shah (1992)]. On the other hand, fibres make a 
considerable contribution in compressive toughness [Balaguru & Shah (1992), Naaman 
& Reinhard (1998), Reinhard & Naaman (1999)]. Addition of steel fibres increases the 
strain at peak load and ultimate strain leading to a less steep and more reproducible 
descending branch of stress-strain diagram (Figure 1.3). Overall, steel fibre reinforced 
concrete can absorb more energy before failure in compression compared to plain 
concrete [Balaguru & Shah (1992), Naaman & Reinhard (1998)]. 

Increase in compressive toughness or ductility provided by steel fibres depend 
on many parameters such as fibre volume fraction, fibre geometry and matrix properties 
[Balaguru & Shah (1992), Naaman & Reinhard (1998), Reinhard & Naaman (1999)]. 
An increase in fibre content results in an increase in energy absorption capacity. 
However, the relative magnitude of energy increase in the 0 V% to 0.7 V% fibre 
volume fraction range is much greater than further energy increase in the 1.0 V% to 2.0 
V% volume fraction range [Balaguru & Shah (1992), Naaman & Reinhard (1998)] as 
can be seen in Figure 1.3. 

With respect to the fibre geometry, the fibre length vs. fibre diameter ratio 
(aspect ratio) is particularly important for the performance of straight steel fibres 
[Romualdi & Batson (1963)]. As the aspect ratio increases, ductility increases as long as 
fibres can properly mixed with the concrete [Craig & Parr & Germain & Mosquera & 
Kamilares (1986), Erdélyi (1993), El-Niema (1991)]. In the case of deformed steel 
fibres (hooked, crimped, etc.), fibres provide better energy absorption capacity. 
However, aspect ratio plays an important role even in the case of deformed steel fibres 
[Erdélyi (1993)]. 
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Figure 1.3: Compressive stress-strain behaviour of normal (a) and high strength (b) 
concrete effected by hooked end steel fibre [Balaguru & Shah (1992)] 
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Table 1.2: Experimental variables and constants for concrete compressive strength 

experimental results as well as their main conclusions 
Sanat & Nyogi & Dwarkaranathan (1985)                                   Cube test: 150×150×150 mm 
Straight steel fibre aspect ratio: �f / Øf = 50 / 1 = 50, Fibre strength: ff = 326-360 MPa 
Fibre contents: 0 V%, 1 V%, 3 V%, Concrete mix proportions: 
A:     1 : 1.2 : 2 = cement : fine aggregates : course aggregates, w/c = 0.50 
B:     1 : 2.4 : 4 = cement : fine aggregates : course aggregates, w/c = 0.55 
Main conclusion: Compressive strength increased by the increase of fibre content independently from 
                               the used concrete mix proportion. 
Mansur & Paramasivam (1986)                                        Cylinder test: Ø =150 mm, � =300 mm 
Hooked-end steel fibre aspect ratios: �f / Øf = 30 / 0.50 =60, Concrete mix proportion: 
A:     1 : 2.80 : 2.60 = cement : fine aggregates : course aggregates, w/c = 0.62 
B:     1 : 3.84 : 3.01 = cement : fine aggregates : course aggregates, w/c = 0.70 
C:     1 : 2.32 : 2.06 = cement : fine aggregates : course aggregates, w/c = 0.48 
Fibre contents: A: 0 V%, 0.5 V%, 0.75 V%, 1 V%, B: 0.75 V%, C: 0.75 V% 
Main conclusion: Slightly increase in compressive strength was observed by the increasing hooked- 
                              end steel fibre content.  
Narayanan & Kareem-P. (1986)                                                 Cube test: 150×150×150 mm 
Steel fibre aspect ratio: �f / Øf = 38 / 0.38 = 100, Fibre strength: ff = 1800-2000 MPa 
Fibre contents: 0 V%, 1 V%, 2 V%, 2.75 V%, Concrete mix proportions: 
1 : 3 = cement : fine aggregate, w/c = 0.50 
Main conclusion: Increment in compressive strength measured on standard cube was proportionally to 
                              the used steel fibre content. 
Craig & Parr & Germain & Mosquera & Kamilares (1986) 
                                                                                                     Cylinder test: Ø =150 mm, � =300 mm 
Hooked- end steel fibres aspect ratios: �f / Øf = 30/0.5 = 60, �f / Øf = 50/0.5 = 100 
Fibre contents: 0 V%, 0.70 V%, 1 V%, 1.5 V%, 2 V% 
Main conclusion: Concrete strength increased by the use of �f / Øf = 100 aspect ratio, while decreased 
                               by the use of �f / Øf = 60 aspect ratio applying more fibre. 
El-Niema (1991)                                                                     Cylinder test: Ø =150 mm, � =300 mm 
Crimped steel fibre aspect ratios: �f / Øf = 127.7, �f / Øf = 95.75, �f / Øf = 63.83 
Fibre contents: 0 V%, 0.4 V%, 0.7 V%, 1 V%, Concrete mix proportion: 
1 : 2.36 : 2.50 = cement : fine aggregate : course aggregate , w/c = 0.50 
Main conclusion: By the increase of steel fibre content higher compressive strength was obtained with 
                               higher fibre aspect ratio. 
Narayan & Jones & Andy & Ciam (1993)                                     Cube test: 150×150×150 mm 
Crimped steel fibre aspect ratio: �f / Øf = 50 / 0.50 = 100, Fibre strength: ff = 1570 MPa 
Fibre contents: 0 V%, 1 V% 
Main conclusion: Increment in compressive strength measured on standard cube was detected by   
                               increasing steel fibre content. 
Erdélyi (1993)                                                                                         Cube test: 150×150×150 mm 
                                                                                         Cylinder test: Ø =150 mm, � =300 mm 
Hooked- end steel fibres aspect ratios: �f / Øf = 40, �f / Øf = 67-76, �f / Øf = 60 
Fibre contents: 0 V%, 0.65 V%, Concrete mix proportion: w/c = 0.38 
Main conclusion: Both cube and cylinder strength was effected by the fibre aspect ratio 
Falkner & Kubat & Droese (1994)                                                  Cube test: 150×150×150 mm 
                                                                                         Cylinder test: Ø =150 mm, � =300 mm 
Hooked-end steel fibre aspect ratios: �f / Øf = 50 / 0.60 = 83.33, Fibre strength: ff = 1250 MPa 
Fibre contents: 0 V%, 0.8 V%, Concrete mix proportion: 
Main conclusion: Slight decrease in compressive strength was observed by the increasing hooked-end steel fibre content  
                              in case of both cube and cylinder tests. 
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Figure 1.4: Summary of literature review on typical test results on compressive strength 
of steel fibre reinforced concrete. Strengths were determined in 28 days of concrete and 
measured on standard cube (150×150×150 mm) and standard cylinder (Ø =150 mm,  
� =300 mm) specimens. 
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Brittleness of the matrix itself plays an important role in the behaviour of steel 
fibre reinforced concrete. High strength concrete tends to be more brittle than normal 
strength [Balaguru & Shah (1992), Naaman & Reinhard (1998)]. Brittleness is even 
more pronounced for concrete containing fly ash and silica fume. Application of silica 
fume in concrete mix tends to provide better bond behaviour between concrete matrix 
and steel fibres and hence, makes them more effective structural material [Balaguru & 
Shah (1992), Naaman & Reinhard (1998)].  

For this reason, higher fibre volume fraction and higher yielding strength of fibre 
is needed for high strength concrete to produce ductile failure. Compressive strength 
seems to govern the brittleness of both plain and steel fibre reinforced concretes. Higher 
compressive strength always results in a brittle mode of failure for both normal weight 
and light weight concrete [Balaguru & Shah (1992), Naaman & Reinhard (1998)]. 
 
 
1.3 Tensile strength 
 
Development and research of fibre reinforced materials spray largely from the 
publication of Griffith in 1921. He studied that the strength of glass reinforced 
composites made with brittle matrix material increased manifold as the diameter of the 
used high strength but brittle fibre decreased. Further, in 1963, Romualdi and Batson 
[Romualdi & Batson (1963)] considered steel fibre reinforced cement based composites. 
In their pioneer research they applied relatively high strength and ductile fibre 
reinforcement in brittle matrix. In civil engineering applications due to the most applied 
structural material (concrete and reinforced concrete), generally ductile steel fibre 
reinforcement are used. Demonstrative stress-strain diagrams for the variation of matrix 
and fibre behaviours are presented in Figure 1.5. In the last three decades development 
of fibre reinforced materials have been developing rapidly from the concrete containing 
relatively low fibre content [Bekaert (1994)] to the high strength high performance 
cement based composites [Reinhardt & Naaman (1992), Naaman & Reinhardt (1998), 
Reinhard & Naaman (1999)]. 

 
 
 
 
 
 
 
 
 
 
 
 

    a)   b) 
 

Figure 1.5: Behaviour of fibre reinforced composite constituents in tension 
a) Brittle fibre and ductile matrix   b) Ductile fibre and brittle matrix 
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Understanding the tensile behaviour of steel fibre reinforced concrete is the 
bases of any further engineering application or appropriate structural modelling. For this 
reason proper determination of tensile strength and tensile characteristics of steel fibre 
reinforced concrete was one of the main objectives in the last decades. 

High number of publications, developments, standardised test methods and 
recommendations have been previously developed on this field. Representative results 
on tensile splitting strength of steel fibre reinforced concrete are summarised in Figure 
1.7. Main conclusions and main experimental parameters of tests and constants are also 
represented in Table 1.3.Summary of the main experimental observations on the 
behaviour in direct tension made in the last decades are treated in this section hereafter. 

One of the primary reasons for using steel fibres in a relatively brittle tensioned 
concrete is to improve ductility of plain concrete [Balaguru & Shah (1992), Naaman & 
Reinhard (1998)]. Though, large dosage of steel fibres gives increase in tensile strength 
as well [Romualdi & Batson (1963)].From structural point of view due to the 
workability problem of the concrete containing high volume fraction of steel fibres it is 
kept in relatively low level (20 kg/m3 – 40 kg/m3) [Bekaert (1994), Kausay (1994), 
Naaman & Shah (1976)], which resulting in a negligible increase in tension strength. 
However, in same special application of steel fibre reinforced concretes where the fibre 
content may be higher than 2.0 V% or more, significant increment in tensile strength 
can be achieved [Balaguru & Shah (1992), Naaman & Reinhard (1998), Krstulovic-
Opara & Malak (1997)]. Tensile response of high performance concretes indicates 
strain hardening behaviour [Naaman & Reinhard (1998), Krstulovic-Opara & Malak 
(1997)]. Representative stress-strain curves for steel fibre reinforced concrete in tension 
are summarised in Figure 1.6. 

Due to the different behaviour of concretes in tension caused by increasing fibre 
content, three different types of concretes can be distinguished [Balaguru & 
Shah (1992)]. 

At low steel fibre contents fibre reinforced concretes suddenly fracture after 
cracking. This category of behaviour is very close to the behaviour of plain concrete and 
hence, does not have any significance on the structural performances (Figure 1.6/a). 

At medium steel fibre contents the load-carrying capacity could drop but the 
specimen could continues to resist further loads which are lower than the cracking load 
after cracking. In this stage of loading the load is transferred from the matrix to the 
fibres at the cracked interface [Maage & Magne (1978), Naaman & Najm (1991)]. 
Further load capacity depends on the transfer mechanism of fibres represented by 
localised fibre yielding, debonding and pull-out of fibres [Naaman & Shah (1976), 
Balaguru & Shah (1992)]. By increasing load, more and more localised fibre yielding, 
debonding and pull-out occur, resulting lower and lower load carrying capacities in 
tension [Gopalaratnam & Abu-Mathkour (1987), Abrishami & Mitchel (1996), Gray & 
Johnston (1978)]. It is also observed in this range of fibres that steel fibres do not 
provide an increase in tensile strength but provide significant ductile behaviour which 
can be represented by the area under the stress-strain diagram (Figure 1.6/b) [Romualid 
& Batson (1964), Balaguru & Shah (1992)]. 

At relatively high steel fibre contents (Figure 1.6/c), fibres will start carrying 
increased load [Reinhardt & Naaman (1999)] after cracking. If there is a sufficient 
amount of fibres in the cracked section they continue to resist higher loads than the 
cracking load. After cracking the stiffness of the stress-strain diagram will drop because 
of the loss of concrete contribution [Naaman & Otte & Najm (1991)]. 
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  a)    b)    c) 
 

Figure 1.6: Steel fibre reinforced concrete behaviour in tension 
after Balaguru & Shah (1992) 

a) Low steel fibre content   b) Medium steel fibre content   c) High steel fibre content 
 
 

Table 1.3: Experimental variables and constants for experimental results on concrete 
splitting strength 

Hughes & Fattuhi (1977)                                      Cylinder splitting test: Ø =150 mm, � =300 mm 
Hooked-end steel fibre �f / Øf = 41 / 0.36 =113, Crimped steel fibre �f / Øf = 49 / 0.51 =96, round steel fibre �f / Øf = 60 / 0.50 
=120 and �f / Øf = 23 / 0.50 =46, Fibre contents: 0 V%, 1.5 V%,  
Main conclusion: Splitting strength of steel fibre reinforced concrete is depend on the aspect ratio of the used steel fibres 
                               considering the same fibre volume fraction. Higher aspect ratio result higher splitting strength 
Ghalib & Mudhafar (1980)                                   Cylinder splitting test: Ø =150 mm, � =300 mm 
Flat crimped steel fibres with different aspect ratios: �f / Øf = 40 / 0.65 = 62, �f / Øf = 18 / 0.25 = 72, �f / Øf = 58 / 0.65 = 89, �f / 
Øf = 40 / 0.40 = 100, Fibre contents: 0 V%, 1.0 V%, 1.5 V% 
Main conclusion: Splitting strength of steel fibre reinforced concrete increased by the use of steel fibre content. Increment in 
                              splitting strength was proportionally to the fibre content. 
Sanat & Nyogi & Dwarkaranathan (1985) 
                                                                                       Cylinder splitting test: Ø =150 mm, � =300 mm 
Straight steel fibre aspect ratio: �f / Øf = 50 / 1 = 50, Fibre strength: ff = 326-360 MPa 
Fibre contents: 0 V%, 1 V%, 3 V%, Concrete mix proportions: 
A:     1 : 1.2 : 2 = cement : fine aggregates : course aggregates, w/c = 0.50 
B:     1 : 2.4 : 4 = cement : fine aggregates : course aggregates, w/c = 0.55 
Main conclusion: Splitting strength increased by the increase of fibre content independently from 
                              the used concrete mix proportion. 
Sharma (1986)                                                          Cylinder splitting test: Ø =150 mm, � =300 mm  
Hooked-end steel fibre aspect ratio: �f / Øf = 50 / 0.6 = 80, Fibre contents: 0V%, 0.96 V%, Concrete mix proportions: 
Plain concrete:     483 : 655 : 980 : 215 = cement : fine aggregates : course aggregates : water, w/c = 0.45 
Fibre concrete:     483 : 655 : 980 : 235 = cement : fine aggregates : course aggregates : water, w/c = 0.49 
Main conclusion: Steel fibres was effective to improve the splitting strength of steel fibre reinforced concrete 
Narayanan & Kareem-P (1986) 
                                                                                       Cylinder splitting test: Ø =150 mm, � =300 mm 
Steel fibre aspect ratio: �f / Øf = 38 / 0.38 = 100, Fibre strength: ff = 1800-2000 MPa 
Fibre contents: 0 V%, 1 V%, 2 V%, 2.75 V%, Concrete mix proportions: 1 : 3 = cement : fine aggregate, w/c = 0.50 
Main conclusion: By the increase of steel fibre content higher splitting strength was obtained 

Victor & Ward & Hanza (1992) 
                                                  Cylinder splitting test on mortar compositions: Ø =77 mm, � =154 mm 
                                                        Cylinder splitting test on mortar concrete: Ø =100 mm, � =200 mm 
Mortar and concrete compositions, Aramid (�f = 6.4 mm), Acrylic (�f = 6.4 mm), Steel (�f = 25 mm and 50 mm) and 
Polyethylene (�f = 12.7 mm) fibres, Fibre contents: 0 V%, 1.0 V%, 2.0 V% 
Main conclusion: Steel fibres are more effective to improve splitting strength than other synthetic fibres 
Wafa & Hasnat & Tarabolsi (1992) 

                                                                                       Cylinder splitting test: Ø =150 mm, � =300 mm 
Hooked-end steel fibres, Fibre contents: 0 V%, 0.5 V%, 1 V%, 1.5 V%, 2 V% 
Main conclusion: significant increment in splitting strength was determined by increasing hooked-end steel fibre content. 

 

 

Tension strain 

T
en

si
on

 lo
ad

 

Tension strain 

T
en

si
on

 lo
ad

 

Tension strain 

T
en

si
on

 lo
ad

 Localised fibre yielding, 
Fibre debonding, 

Fibre pull-out 

Multiple 
cracking 

zone 

Fibre 
pull-out 



 
 
 
Chapter 1 

Introduction   

 
 

� �

The slope of the post cracking behaviour depends on the steel fibre content and 
bond properties of fibres. By increasing the load, more cracks will appear along the 
length of specimens. Finally, when fibres start to pull out from the concrete the load-
carrying capacity will start to drop. This type of failure provides for optimum use of the 
fibre and matrix properties (Figure 1.6/c) even if it usually means workability problem 
[Balaguru & Shah (1992)]. 

According to Figure 1.6 three different branches of tensile stress-strain diagram 
can be distinguished: elastic, inelastic or multiple cracking and post peak. As 
summarised earlier these three parts of stress-strain diagram may not be always obtained 
for all fibre reinforced concrete. Existence of the three branches depends on the concrete 
and steel fibre reinforcement properties such as fibre length, fibre diameter, fibre shape, 
fibre content and the bond characteristic between fibres and concrete. 

First range representing the pre-cracking or elastic behaviour of the material and 
can be defined by the modulus of elasticity of the concrete by neglecting the effect of 
steel fibres [Naaman & Otter & Najm (1991)]. 

Second segment – if exists – can be considered as a strain region where nonlinear 
deformations or plastic deformations occur. This region is well identified between the 
developing of the first crack and the ultimate tensile strength of material [Reinhardt & 
Naaman (1999)]. This strain hardening type behaviour is often observable for the case 
of high performance fibre reinforced cement based composites. Third considerable part 
of the stress-strain diagram represents the post peak behaviour which can be described 
by the fibre pull-out mechanism depending on the fibre geometry, fibre shape 
[Naaman (1998)] and fibre volume fraction. The postcracking strength can vary from 
the negligible (brittle behaviour) to the tensile strength of material (perfectly plastic 
behaviour) [Balaguru & Shah (1992)]. 

However, fibres are usually considered to be random in the material which is 
quite a simplification for thin or 2D structural elements such as slabs, shells or walls 
[Ward & Li (1990), Mansur & Ong (1991)]. Further, in some special application, 
structural performances of steel fibre reinforced pre-cast elements are also effect by the 
fibre orientation due to the casting process or the vibration of concrete. Local or global 
behaviour of structures are also effect the fibre orientation, particularly in the boundary 
regions of specimens [Stroeven (1995)]. Steel fibre reinforced concrete started to be a 
structural material in the last decades but the problems of the fibre orientation is 
permanently under debate, hence, further experimental and theoretical investigations are 
needed. 

Reliable determination and modelling of stress-strain relationship of steel fibre 
reinforced concrete in uniaxial tension is important for structural design [Bekaert 
(1994), Dulácska (1994), Dulácska (1996), Kovács (1998), Kovács (1998), Kovács 
(1999)]. 

From the pioneer study of Romualdi and Batson [Romualdi & Batson (1963), 
Romualdi & Batson (1964)] many experimental and theoretical study were done on the 
behaviour of different steel fibre reinforced concrete in tension [Bolander & Saito 
(1992), Krstulovic-Opara & Malak (1997), Lim & Paramasivam & Lee (1987), 
Naaman & Otter & Najm (1991)]. 

Analytical and theoretical models for modelling of bending behaviour were 
developed taking into consideration the effect of fibre and concrete parameters 
[Dulácska (1994)]. 
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Figure 1.7: Summary of literature review on typical test results on cylinder splitting 
strength of steel fibre reinforced concrete. Strengths were determined in 28 day of 
concrete and measured on cylinder (Ø =150 mm, � =300 mm, Ø =100 mm, � =200 mm, 
Ø =77 mm, � =154 mm) specimens. 



 
 
 
Chapter 1 

Introduction   

 
 

� �

Due to the experimental complications of the direct tensile test [Stang (1998), 
Stang & Rossi (1999)] stress – strain relationships are indirectly determined based on 
bending test [RILEM (1999)]. Generally, tensile stress – crack opening (σ − w method) 
[RILEM (1999)] relationship is measured. Stress – strain relationships of developed 
models are generally based on experimental observations (Table 1.4). 

In the beyond model proposals steel fibre reinforced concrete is considered to be 
a material which can be characterised at the level of the material. However, steel fibre 
reinforced concrete is composed of two phases, the concrete phase (matrix) and the 
phase of steel fibres (reinforcement) which phases define a fibre reinforced material. 
The two phases are connected by a third element which couples the plastic deformations 
of the matrix and the fibres. 
 
 
1.4 Toughness properties 
 
Reinforced concrete members are primarily subjected to bending. In reinforced concrete 
beams the internal compressive and tensile forces in the cross-section are acting in the 
compressed portion of the concrete section and in the steel bars, respectively. 
Application of steel fibre reinforcement in plain concrete may produce residual tension 
forces in the cracked cross-section after cracking and hence, resulting tougher behaviour 
[Naaman & Reinhardt (1998), Naaman & Shah (1976), Reinhardt & Naaman (1992), 
Reinhard & Naaman (1999)]. In addition to, primary objectives of steel fibre addition to 
plain or reinforced concrete is to improve the energy-absorbing capacity [Balaguru & 
Shah (1992), Balaguru & Narahari & Patel (1992), Erdélyi (1993), Gopalartnam 
(1991)], which can be calculated according to the area under the stress–strain diagram 
or the load – deflection behaviour [ASTM C 1018-89 (1990), ASTM C 1018-89 (1990), 
JSCE-SF3 (1984), JSCE-SF4 (1984)]. 

In the case of bending, the area under the load – deflection curve is used to 
estimate the energy-absorbing capacity or toughness of fibre reinforced concrete. 

Toughness also means improved performance and resistance in fatigue, impact 
and explosive loads [Ramakrishnan & Josifek (1987), Ramakrishnan & Oberling & 
Tatnall (1987), ACI Committee 215 (1990), Batson (1972), Kormeling & Reinhardt & 
Shah (1980), Wu & Shivaroj & Ramakrishnan (1989)]. Toughness mechanism yields to 
ductile behaviour. Toughness or ductile performances of steel fibre reinforced concrete 
are often characterized by the use of different toughness indexes [ASTM C 1018-89 
(1990), Banthia & Trottier (1995), JSCE-SF3 (1984)]. 

Generally, toughness properties of steel fibre reinforced concrete are determined 
by the load-deflection relationships. Determination process of toughness are effected by 
the following main parameters: fibre type, fibre geometry, fibre volume fraction, 
concrete composition, geometry of specimen, loading configuration, loading rate, 
deflection measuring system, type of test control (force or displacement controlled) and 
the stiffness of testing machine compared to stiffness of specimen [Balaguru & 
Shah (1992), Erdélyi (1993)]. However, appropriate determination and accurate 
expression as well as design purpose of toughness properties are still under discussion 
[Balaguru & Shah (1992)] 

Presently available methods for evaluating toughness of steel fibre reinforced 
concrete on different way are the followings: ASTM C 1018 Standard test method of 
FRC toughness characterisation [ASTM C 1018-89 (1990)], (see Figure 1.8/a), 
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Table 1.4: Tensile stress – strain relationships for the tensile stress distributions of 

cross-sections in bending according to Dulácska (1994) 
Author(s) Stress – strain relationship Main model considerations 

Craig (1987)  
 
 
 
 

Proposed model is determined by 
according to the applied fibre 
content and the bond properties of 
fibre and concrete. 

Hannant (1978)  
 
 
 
 

Constant residual stress 
distribution is considered in the 
tensioned portion of the cross-
section. 

Kasperkievicz (1978)  
 
 
 
 

Elastic-plastic behaviour of the 
composite (multiple cracking 
zone) is represented by elastic 
stiffness degradation after first 
cracking. 

Laws & Walton (1978)  
 
 
 
 

Model proposal is completely 
based on the experimental 
characterisation of the real stress-
strain relationships. 

Schnütgen (1989)  
 
 
 
 

Constants residual stress 
distribution is considered acting 
only in the cracked portion of the 
cross-section. 

Eddington (1973)  
 
 
 
 

Perfectly rigid – perfectly plastic 
or elastic – perfectly plastic 
behaviour with different elastic 
stiffness is considered. 

Gretsler & Muni (1991)  
 
 
 
 

Decreasing tensile stress after the 
elastic branch of the stress-strain 
diagram which is determined by 
experiments. 

RILEM TC 163-TDF (1999)  
 
 
 
 

Stress-strain relationships are 
determined by experiments. 

 
JSCE Method of test for flexural strength and flexural toughness of fibre reinforced 
concrete [(JSCE-SF3 (1984)] (see Figure 1.8/b) and test methods for flexural toughness 
characterisation of fibre reinforced concrete proposed by Banthia and Trottier [(Banthia 
& Trottier (1995)], (see Figure 1.8/c). 

Geometry of specimens as well as the working process influence toughness 
properties of steel fibre reinforced concrete. Geometry of standardised beam specimens 
(600×150×150 mm) is not appropriate to investigate real beam behaviour [Erdélyi 
(1993)]. In addition to, fibre orientation may also influence the toughness properties 
[Kovács (1998)]. 
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a) ASTM C 1018 Standard test method of FRC toughness characterization 
 

b) JSCE SF 4 Method of FRC toughness characterization 
 

c) Proposal of Banthia and Trottier method of post cracking strength 
 

Figure 1.8: Methods for characterizing the toughness properties of steel fibre 
reinforced concrete 
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1.5 Fibre reinforcement in structural elements 
 
One of the main motivations of applying fibre reinforcement in concrete structures and 
in reinforced concrete structural elements is to increase the toughness properties of the 
concrete matrix [Balaguru & Shah (1992), Banthia & Trottier (1995), Dulácska 
(1994)]. After initiation of cracks, fibres can carry residual forces in the cracked section 
by bridging the two face of crack providing redistribution of the stresses in the 
structural elements consequently resulting significant increment in the overall structural 
toughness [Naaman (1998), Naaman & Reinhardt (1998)]. Therefore steel fibre 
reinforced concrete is especially applied for concreting industrial floor slabs [Reinhardt 
& Naaman (1992), Balaguru & Shah (1992)], roads and pavements, airfield runways, 
tunnel structures, tubes and other concrete products [Reinhard & Naaman (1999)]. Fibre 
reinforcement can be effectively used as retrofitting material as well [Krstulovic-Opara 
& Malak (1997), Krstulovic-Opara & Dogan & Uang & Haghayeghi (1997), 
Krstulovic-Opara & Al-Shannag (1999)]. 

On the other hand, application of steel fibre reinforcement – where possible – may 
reduce the producing cost by partially or fully replacing the conventional steel bar 
reinforcement by steel fibres and in some case decreasing the building time [Balázs & 
Kovács (1997), Balázs & Kovács (1999), El-Niema (1991), Imam & Vandewalle 
(1996)]. The present research aimed to investigate the possible rational application of 
steel fibre reinforcement in case of load-bearing structures [Kovács (1997), Lim & 
Paramasivam & Lee (1987), Narayan & Swamy & Jones & Chiam (1993), Swamy & 
Jones & Chiam (1993), Tan & Murugappan & Paramasivam (1993), Balaguru & 
Ezeldin (1987), Mansur & Ong & Paramasivam (1986)], apart from the more 
conventional use of fibres for increasing toughness of slabs etc. 

There are two main raisons why fibres were not used earlier in reinforced 
concrete. One of them is the relatively high fibre cost [Hannant (1978), Balaguru & 
Shah (1992)]. At the level of material, steel fibre reinforced concrete is more expensive 
than the conventional reinforced concrete. Secondly, engineers need clear and practical 
design methods for design structures applying fibre reinforcement. Still, only a few 
methods are available for design, primarily focusing on some special structural elements 
or steel fibres [ACI Committee 544 (1988), Bekaert (1994), Craig (1987), DIN (1991), 
Dulácska (1994), RILEM (1999), Theodorakopoulos & Swamy (1999), DBV-Merkblatt 
(1991), DBV-Merkblatt (1992), Vorläufige Richtlinien (1995)]. 

Many publications cover basic research on steel fibre reinforced concrete as 
special concrete with characteristics different from those of conventional concrete [ACI 
(1987), Agarwal & Brountman (1980), Balaguru (1994), Balaguru & Ramkrishnan 
(1986), Di Prisco & Caruso & Piatti (1994), Dubey & Banthis (1998), Mangat & 
Molloy & Gurusamy (1989)]. However, relatively few results are available concerning 
the behaviour of steel fibre reinforced concrete in structural members. Previous 
structural tests generally focused on the bending [Lim & Paramasivam & Lee (1987)], 
shear [Acharya & Kemp (1965), El-Niema (1991), Mansur & Ong & Paramasivam 
(1986), Narayanan & Darwish (1987), Tan & Murugappan & Paramasivam (1993), 
Valle & Buyukozturk (1992)] and torsion [Narayanan & Kareem-P. (1986)] behaviour 
of beams with or without longitudinal and transversal reinforcement applying also fibre 
reinforcement. 
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Many publications cover basic research on steel fibre reinforced concrete as 
special concrete with characteristics different from those of the conventional concrete 
[Naaman (1992), Naaman & Reinhardt (1998), Reinhardt & Naaman (1992), Reinhard 
& Naaman (1999)]. Few results are available concerning the behaviour of steel fibre 
reinforced concrete in structural reinforced concrete members [El-Niema (1991), Imam 
& Vandewalle (1996), Mansur & Ong & Paramasivam (1986), Sharma (1986), Spadea 
& Bencardio (1997), Swamy & Jones & Chiam (1993), Tan & Murugappan & 
Paramasivam (1993)], partially prestressed members and axially prestressed members 
[Balaguru & Ezeldin (1987), Narayanan & Kareem-P. (1986), Wafa & Hasnat & 
Tarabolsi (1992)]. Tests were carried out to study the punching behaviour of prestressed 
steel fibre reinforced concrete flat slabs as well [Theodorakopoulos & Swamy (1999)]. 

In case of prestressed pretensioned structural members the reliable determination 
of the transfer length of prestressing strands is a very important issue both for the end 
block design and for the analysis of the structural member under different loads [Erdély 
(1996)]. Short transfer lengths are unfavourable in case of the end block design while 
long transfer lengths may decrease the moment and shear capacity of the member 
[Erdélyi (1996)]. End block design needs special care because several cracks may 
develop during the release of the prestressing force, especially in case of relatively low 
concrete tensile strength or in absence of proper end-reinforcement. Sudden release of 
prestressing force often gives an impact to the end block during cutting the strands 
which also influences the transfer length. 

The transfer length of a prestressed pretensioned concrete member is defined as 
the length required developing the effective prestressing force in the strand by bond. 
The transfer length is affected by many factors, such as strength of concrete, degree of 
compaction, transverse reinforcement placed in the end block, size and type of strand, 
type of strand release etc. 

Steel fibres applied for prestressed pretensioned structural members may 
improve concrete characteristics, may help to resist sudden impact load at release of 
prestressing force and also may reduce or substitute end block reinforcement while 
preventing end block cracking [Naaman & Reinhardt (1998)]. Therefore, steel fibre 
reinforced concrete may play an important role in the design of prestressed pretensioned 
members as well [Naaman & Reinhardt (1998)]. 

Promising application of steel fibre reinforcement as we see in Chapter 4 may be 
the use as shear reinforcement [Balázs & Kovács (1997), Balázs & Kovács (1999), 
Balázs & Kovács (1999), Di Prisco & Caruso & Piatti (1994)]. Random distribution of 
fibres offers a close spacing of fine reinforcement in all direction of the material, which 
can not be replaced by conventional longitudinal and transversal reinforcement 
[Balaguru & Shah (1992), Balázs & Kovács (1999), Balázs & Kovács (1999)]. Steel 
fibres control and bridge the micro and macro cracks in three directions, increasing 
shear capacity and providing substantial post cracking behaviour and ductility 
[Balaguru & Shah (1992), Craig & Parr & Germain & Mosquera & Kamilares (1986)]. 

Previous tests on shear strength of steel fibre reinforced concrete included 
experimental variables such as shear span to depth ratio (a/d) (Figure 1.9), steel fibre 
configuration, steel fibre content, aspect ratio (Figure 1.10), compressive strength of 
concrete etc [Balaguru & Shah (1992)]. Tests were performed to investigate the shear 
properties and the shear strength of deep beams effected by steel fibre contents with 
[Mansur & Ong (1991)] or without web reinforcement [Mau & Hsu (1987), Mansur & 
Ong & Paramasivam (1986)]. Experimental investigations were developed on the 
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behaviour of steel fibre reinforced walls, beams, deep beams and corbels [Siao (1994), 
Sharma (1986)]. 

These results indicated that shear strength of concrete can be increased applying 
steel fibre reinforcement. However, increments were not proportionally to the increase 
of aspect ratio of steel fibres (Figure 1.10). The increase in aspect ration of the fibres 
resulted in an increase of shear strength up to a values of 75 [Balaguru & Shah (1992)]. 
Higher aspect ratio resulted drastically drop in shear strength due to the balling effect of 
long steel fibres. 

Experimental results shown that shear strength of steel fibre reinforced concrete 
also effect by the configuration of steel fibres. Hooked-end and crimped steel fibres 
provide grater contribution both in strength and ductility because of the better anchorage 
properties of fibres related to straight steel fibres. 

Reasonable application of steel fibre reinforcement in concrete and reinforced 
concrete walls, shear walls and deep beams are strongly constrained by the workability 
conditions. Generally, structural elements such as deep beams and shear walls to be 
considered as two dimensional structural elements in design. In the two dimensional 
case the randomly oriented steel fibre reinforcement may be to strong hypothesis. 
Characteristic fibre orientation may occur due to the applied casting process (concrete 
vibrators, wall vibrators, etc.). 
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Figure 1.9: Schematic representation of the shear strength vs. shear span–to depth 

ratio [Balaguru & Shah (1992)] 
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Figure 1.10: Effect of aspect ratio of fibre on the shear strength of steel fibre reinforced 

concrete [Balaguru & Shah (1992)] 



 
 
 
Chapter 1 

Introduction   

 
 

	 	

Oriented fibres result anisotropic features particularly after cracking of concrete 
resulting different shear strength from that of plain concrete. 

Development of new construction materials which are stronger and more durable 
than conventional materials is one of the most important challenges for building 
industry [Naaman (1992), Naaman (1998), Naaman & Reinhardt (1998), Reinhardt & 
Naaman (1992), Reinhard & Naaman (1999)]. Steel fibre reinforced concrete is an 
example of such materials that has been frequently used by the construction industry 
primarily for industrial floors [Falkner & Kubat & Droesen (1994), Falkner & Teutsch 
(1993), Kausay (1994)]. Special applications of steel fibre reinforced composites are the 
SIFCON type materials [Krstulovic-Opara & Dogan & Uang & Haghayeghi (1997), 
Krstulovic-Opara & Al-Shannag (1999)]. Due to the high impact resistance of such 
materials, airfield runways, tunnels, tubes, are commonly made of steel fibre reinforced 
concrete, SIFCON or other steel fibre reinforced cement based composite materials 
[Gopalaratnam & Shah (1986), Naaman & Gopalaratnam (1983), Hannant (1989)]. 

Further developments of cement based fibre reinforced materials represent an 
economical and durable solution for the restoration or retrofitting of deteriorated, highly 
stressed structural elements (e.g. reinforced concrete frame joints) or bridge decks and 
other traffic areas (place of bus stops) subjected to high intensity of traffic load 
[Naaman (1992), Naaman (1998), Naaman & Reinhardt (1998), Reinhardt & Naaman 
(1992), Reinhard & Naaman (1999)]. With the rapidly increasing application of steel 
fibre reinforced concretes different types of fibres has been developed and 
manufactured in the last decades [Naaman (1998), WAJA (1995), Stang & Rossi 
(1999)]. Steel fibres are available with different configurations and mechanical 
properties on the market [Naaman (1992), Naaman (1998), Naaman & Reinhardt 
(1998), Reinhardt & Naaman (1992), Reinhard & Naaman (1999), WAJA (1995)]. 
However, the huge number of fibre types also means wide ranging mechanical 
properties. 

Beside the civil engineering applications, the other promising purpose of steel 
fibre reinforcement in construction is to fully or partially replace the shear 
reinforcement in flat slabs. By the use of steel fibres shear strength of plain concrete can 
be increased in high shear region of reinforced concrete slabs [Theodorakopoulos & 
Swamy (1999)]. 

In many cases of the two dimensional structural elements (slabs, walls) the 
homogeneity of the steel fibre reinforced concrete material may be very restrictive 
assumption. This hypothesis may even more valid in the case of special thin product 
[Hannant (1989)]. At structural level or in a local portion of slabs steel fibre 
reinforcement may be oriented in a characteristic direction. Orientation of steel fibres in 
concrete products may influence the crack development and hence, the overall structural 
performance as well. 
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1.6 Conclusions 
 
Based on the literature review for the mechanical properties of steel fibre reinforced 
concrete the following main conclusions can be drawn: 
 
1. There is a wide range of fibres to use as fibre reinforcement in concrete such as 

steel, polymeric, glass, carbon, aramid, natural, etc. 

2. Increment in modulus of elasticity and in compressive strength provided by steel 
fibres can be considered negligible for design purposes.  

3. With respect to fibre geometry, the fibre length vs. fibre diameter ratio (aspect 
ratio) is particularly important for mixing and for the performance. 

4. High fibre volume fraction and high yield strength of fibre is needed for high 
strength concrete to produce ductile failure. 

5. Pre-cracking behaviour in tension can be defined by neglecting the effect of steel 
fibres. Post-cracking behaviour can be different depending on fibre length, content, 
shape and diameter. 

6. Application of steel fibre reinforcement in concrete may produce residual tension 
forces in the cracked cross-section after cracking resulting tougher behaviour.  

7. Due to the experimental complications of the direct tensile test, stress vs strain 
relationships are generally indirectly determined based on bending test. 
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Chapter 2 
 
 

Material compositions and mechanical properties 
 
 

Chapter 2 deals with experimental characterisation of mechanical properties of 
steel fibre reinforced concrete for structural elements. An extensive experimental 
programme has been developed to investigate the effect of steel fibre reinforcement 
on the mechanical performance. 
Specimens and test methods were selected to be able to detect realistic behaviour. 
material compositions, test methods, test set-ups as well as test arrangements will 
be detailed. 
Measurements on compressive strength, stress-strain relationship, splitting 
strength and toughness to various concrete compositions will be presented and 
compared to those of other researchers. 

 
Keywords: concrete, steel fibre reinforcement, steel fibre reinforced concrete, compressive 

strength, behaviour in compression, splitting strength, toughness properties, 
characterisation of toughness, fibre orientation 

 
 
2.1 Material compositions and test specimens 
 
Properties of hardened steel fibre reinforced concrete are influenced by many material 
parameters. Most important parameters are: fibre content, fibre length, fibre shape, fibre 
diameter which all may influence workability [ACI (1987), ACI Committee 544 (1984), 
ACI Committee 544 (1986), ACI Committee 211 (1989), Agarwal (1980), Balaguru 
(1988), Chern (1989), Chern (1992), Dubey (1998), Gokoz (1981), Gopalaratnam 
(1986), Groth (1996), Stroeven (1995)]. Fibres are normally considered to be randomly 
oriented [RILEM (1978), ACI Committee 544 (1988), Bekaert (1994), JSCE SF1-SF7 
(1984), DIN (1991), ASTM A 820-90, ASTM C 1018-89 (1990), UNE 83 500-513, DVB-
Merkblatt (1991), DVB-Merkblatt (1992)]. However, effect of non-random distribution 
of fibres in standard specimens may be significant [Stroeven (1995), Torrenti & Djebri 
(1992, 1995)]. 

Actual values of experimental parameters were taken to obtain workable 
concrete mixes which represent realistic behaviour. 
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2.1.1 Concrete mix proportions and mixing procedures 
 
Concrete mix proportions are summarised in Table 2.1. Several types of concrete mixes 
were designed in order to introduce the influences of various mechanical properties. In 
the notations of mixes FRC stays for steel fibre reinforced concrete. Concretes made 
without fibres as reference concrete mixes are denoted by a numerated “REF” notation, 
where the number refers to different concrete mixes. Superscripts and subscripts denote 
the fibre content in mass (0 kg/m3 as reference, 75 kg/m3, 150 kg/m3) or in volumetric 
fraction (0 V% as references or 0.5 V%, 1.0 V%) and the type of fibre (Dramix® 
ZP 305, Dramix® ZC 30/.5 and D&D®~30/.5), respectively. For example: 
 
 
 
 
 
 
 
 
 
 
Two washed and classified aggregate fractions were used, 0 to 4 mm sandy-gravel and 4 
to 8 mm gravel fractions. Maximum aggregate diameter therefore was 8 mm [Balázs & 
Erdélyi & Kovács (1997), Balázs & Kovács  (1999)]. 

Two types of Hungarian Portland Cements were used. For mixes noted by FRC-
175

ZP305 to FRC-2150
ZP305 CEM I. 52.5 (550 pc) was used while for the other mixes from 

FRC-3REF to FRC-41.0
D&D 30/.5 made of CEM I. 42.5 (450 pc). Proper workability was 

obtained by the addition of superplasticizer in order to reduce the water to cement ratio 
in case of mixes FRC-175

ZP 305, FRC-1150
ZP 305, FRC-275

ZP 305 and FRC-2150
ZP 305. The 

superplasticizer used was SIKAMENT-10 HBR. 
Concrete mixes were produced at the Laboratory of the Department of Structural 

Engineering and at the Department of Construction Materials and Engineering Geology, 
 

Table 2.1: Concrete composition in dry material [kg/m3] (present tests) 
Nr. Notation 

of mix 
Fine 

aggregates 
c Super- 

plasticizer 
w/c Fibre 

content 
Air 

content 
Porosity 

  0-4 
mm 

4-8 
mm 

   V% kg/
m3 

[�/m3] [%] 

1 FRC-175
ZP 305 1056 829 330 5,952 0.512 ~ 1.0 75 36.7 8.95 

2 FRC-1150
ZP 305 1056 829 330 8.571 0.512 ~ 2.0 150 60.8 11.62 

3 FRC-275
ZP 305 958 752 500 9.048 0.372 ~ 1.0 75 28.0 3.80 

4 FRC-2150
ZP 305 958 752 500 10.476 0.372 ~ 2.0 150 74.4 8.59 

5 REF-3 1035 635 460 - 0.478 0 - 91.88 14.75 
6 FRC-30.5

ZC 30/.5 1035 635 460 - 0.478 0.5 39.2 50.03 10.83 
7 FRC-31.0

ZC 30/.5 1035 635 460 - 0.478 1.0 78.5 31.20 8.95 
8 REF-4 919 751 460 - 0.478 0 - 23.66 7.95 
9 FRC-40.5

ZC
 
30/.5 919 751 460 - 0.478 0.5 39.2 54.25 12.22 

10 FRC-41.0
ZC 30/.5 919 751 460 - 0.478 1.0 78.5 43.73 12.08 

11 FRC-40.5
D&D ~30/.5 919 751 460 - 0.478 0.5 39.2 54.25 12.22 

12 FRC-41.0
D&D ~30/.5 919 751 460 - 0.478 1.0 78.5 43.73 12.08 

 

Concrete mix 

FRC-175
ZP 305-I FRC-41.0

ZC 30/.5-II 

Fibre type 

Fibre content 
in mass [kg/m3] 

Fibre content 
in volumetric fraction [V%] 

Characteristic 
fibre orientation 
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Budapest University of Technology and Economics. Two types of concrete mixers were 
used. Mixes noted by FRC-3REF to FRC-41.0

D&D 30/.5 were produced in a mixer with a 
maximum capacity of 250 �. Mixes noted by FRC-175

ZP305 to FRC-2150
ZP305 were 

prepared in a concrete mixer with a capacity of 50 �. Specimens with the same fibre 
content were cast from the same batches. 

Possible mixing processes of concretes containing fibres are detailed in the 
literature [ACI Committee 544 (1984), Balaguru & Ramkrishnan (1988), Balaguru & 
Shah (1992), Reinhardt & Naaman (1992), Reinhardt & Naaman (1999), ASTM A 820-
90, DBV-Merkblatt (1992), Vorläufige Richtlinien (1995), JSCE-SF1 (1984), UNE 83-
502-88]. In the present study mixing sequence was the following: dry mixing of the 
aggregates, addition of cement and dry mixing, addition of water and superplasticizer in 
small quantities and finally addition of steel fibres in small quantities parallel to the 
addition of water and superplasticizer. During mixing and casting there was no 
noticeable workability problem. However, in case of concrete mixes FRC-2 lower 
energy was needed to mix and cast due to their relatively high superplasticizer content. 
 
2.1.2 Type of fibres 
 
Steel fibres were used for all mixtures since many studies showed that polymer or 
natural fibres do not have significant effects on the structural performance of concrete 
[Naaman & Reinhardt (1998), Reinhardt & Naaman (1992), Reinhard & Naaman 
(1999), Kiss (1996)]. 

BEKAERT Dramix� hooked-end fibres were applied for mixes (see Table 2.1) 
FRC-175

ZP 305, FRC-1150
ZP 305, FRC-275

ZP 305, FRC-2150
ZP 305, FRC-30.5

ZC 30/.5, FRC-31.0
ZC 

30/.5, FRC-40.5
ZC

 
30/.5 and for FRC-41.0

ZC 30/.5, where the subscripts indicate the type of 
fibre Dramix� ZP 305 and Dramix� ZC 30/.5, respectively [Bekaert (1994)]. To the 
mixes FRC-40.5

D&D ~30/.5 and FRC-41.0
D&D ~30/.5 the Hungarian D&D type crimped steel 

fibres D&D� ~30/.5 were applied (see Table 2.1) [Waja (1995)]. 
In order to distinguish mixes in Table 2.1 the fibres are given by their own 

notations using subscript indices like ZP 305, ZC 30/.5 and D&D 30/.5. For instance, a 
steel fibre of length �f=30 mm and diameter ∅f=0.5 mm is denoted “ZP 305”. The 
configurations and other data of the chosen fibres are summarized in Table 2.2. 

Dramix® fibres are made with hooked-ends as can be seen on Photo 2.1 
[Bekaert (1994)]. They are delivered as bundles of fibres glued together with water 
soluble adhesive [Bekaert (1994)]. Since, in this way the fibres form small plates in the 
mix they behave as a flat aggregate during the mixing process until resolving the glue 
resulting in homogenous fibre dispersion. It was also observable when fibres was added 
to the mix of aggregates, cement and water, that the coarser aggregates crashed the 
plates of glued fibres resulting smaller plates of glued fibres and finally single fibres. 

D&D® fibres are crimped fibres and delivered as single fibres [Waja (1995)]. 
Therefore, the fibres were added to the mix by hand in small quantities in order to 
achieve homogenous fibre dispersion. 

Since one of the objectives of present study was to characterise the mechanical 
properties of steel fibre reinforce concrete as structural material, four relatively high 
fibre dosages were used: 39,2 kg/m3 (0.5 V%), 78,5 kg/m3 (1.0 V%), 75 kg/m3 (~1.0 
V%) and 150 kg/m3 (~2.0 V%) fibre content were applied. They appeared in the 
superscripts of the mixes (see Table 2.1). 
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Table 2.2: Types of fibres and their mechanical properties (present tests) 
Notation Material 

type 
Configuration Aspect 

ratio 
�f/∅f 

Density 
 

[kg/m3] 

Yield 
strength 
[MPa] 

Elastic 
modulus 

[GPa] 

Dramix�ZP 305 Steel  60 7800 1100 200 

Dramix�ZC 
30/.5 

Steel  60 7800 1100 200 

D&D�~30/.5 Steel  60 7800 1400 200 

 
 
 

   
 

Photo 2.1: Dramix type steel fibres in the failure surface 
 
 
2.1.3 Formworks and test specimens 
 
Types, sizes and number of formworks to specimens detailed in Table 2.1 are given in 
Table 2.3 [Kovács (1996), Balázs & Kovács (1999)]. Test specimens and their 
geometrical parameters are summarised in Figure 2.1. 

Slab elements had the following dimensions Slab A: 800×500×100 mm, Slab B: 
820×630×80 mm and Slab C: 600×600×50 mm. 

Special beam formworks were made for the reinforced concrete beam 
specimens, as well as for the prestressed pretensioned concrete beam specimens. Each 
of them contained three beams. They were noted by D and E, respectively. Steel fibre 
reinforced concrete beams had a geometry of 2000×150×100 mm, while steel fibre 
reinforced prestressed pretensioned concrete beams had a geometry of 2000×120×80 
mm. 
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Table 2.3: Type and number of formworks (present tests) 

  Type of formworks 
Nr. Notation of mix Cube1 Cylinder2 A3 B4 C5 D6 E7 

FRC-1 75
ZP 305 – I - - 1 1 1   1 

FRC-1 75
ZP 305 – II - - 1 1 - - - 

FRC-1 150
ZP 305 – I - - 1 1 1 - - 2 

FRC-1 150
ZP 305 – II - - 1 1 - - - 

FRC-2 75
ZP 305 – I - - 1 1 1 - - 3 

FRC-2 75
ZP 305 – II - - 1 1 - - - 

FRC-2 150
ZP 305 – I - - 1 1 1 - - 4 

FRC-2 150
ZP 305 – II - - 1 1 - - - 

5 REF-3 6 - - - - 1 1/3 
6 FRC-3 0.5

ZC 30/.5 6 - - - - 1 1/3 
7 FRC-3 1.0

ZC 30/.5 5 - - - - 1 1/3 
8 REF-4 5 3 - - - 1 1/3 
9 FRC-4 0.5

ZC 30/.5 5 3 - - - - 1/3 
10 FRC-4 1.0

ZC 30/.5 3 3 - - - - 1/3 
11 FRC-4 0.5

D&D ~30/.5 5 3 - - - 1  
12 FRC-4 1.0

D&D ~30/.5 3 3 - - - 1  
1 Cube with a geometry of 150×150×150 mm 
2 Cylinder with geometry of 300 mm length and 150 mm diameter 
3 Slab formwork with a geometry of 800×500×100 mm 
4 Slab formwork with a geometry of 820×630×80 mm 
5 Slab formwork with a geometry of 600×600×50 mm 
6 Formwork for steel fibre reinforced concrete beams with a geometry of 2000×150×100 mm 

related to one beam, each contain 3 beams 
7 Formwork for steel fibre reinforced prestressed pretensioned concrete beams with a geometry of 

2000×100×80 mm related to one beam, each contain 3 beams 
 
 

Table 2.4: Characteristic fibre orientation of specimens (present tests) 
  Type of Formworks 
 Notation Cube Cylinder A B C D E 

1 FRC-1 75
ZP 305   I & II2 I & II I - - 

2 FRC-1 150
ZP 305   I & II I & II I - - 

3 FRC-2 75
ZP 305   I & II I & II I - - 

4 FRC-2 150
ZP 305   I & II I & II I - - 

6 FRC-3 0.5
ZC 30/.5 R1 - - - - R R 

7 FRC-3 1.0
ZC 30/.5 R - - - - R R 

9 FRC-4 0.5
ZC 30/.5 R R - - - - R 

10 FRC-4 1.0
ZC 30/.5 R R - - - - R 

11 FRC-4 0.5
D&D ~30/.5 R R - - - R - 

12 FRC-4 1.0
D&D ~30/.5 R R - - - R - 

1 Notations of the introduced characteristic fibre orientations which is parallel to the longer side of 
the formwork in case of I, and perpendicular to that of side in case of II. 

2 Characteristic fibre orientation was not introduced into the mixtures (R = random) 
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In addition to the concrete mix proportion and the fibre content, characteristic 
fibre orientation was the major experimental variable. Series devoted to study the effect 
of characteristic fibre orientation on the mechanical properties of steel fibre reinforced 
concretes are noted by roman numbers I and II. Numbers denote the considered two 
characteristic fibre orientations introduced into the slabs during casting. Fibre 
orientations were considered to be in the plane of slabs and hence, effect of fibres 
oriented in the third direction was not taken into consideration. Fibre orientation may 
play an important role in the anisotropy of material, particularly in the range of post 
cracking behaviour and hence, it is essential in structural analysis [Stroeven (1995), 
Torrenti & Djebri (1992, 1995)]. Characteristic fibre orientations were systematically 
introduced in the material by a P14 type handy vibrator of 28 mm diameter. In 
specimens denoted by I and II, the characteristic fibre orientations were perpendicular to 
each other. Fibre orientations were formed by moving the vibrator only in one direction 
in the slabs. On the other hand, fibre orientation was random (R) in test series aimed to 
study the structural behaviour of RC and PC beams applying also steel fibres. 

After a week of casting specimens A, B and C, different specimens were sawn 
out of them. The sawing plan is summarised in Table 2.6. 6+6 prisms with the size of 
240×100×100 mm and a small deep beam with a size of 500×170×100 mm were sawn 
out of specimen A denoted by T1…T6, C1…C6 and DB-a. T indicates that the prism 
will be tested in direct tension while C denotes the prisms tested in compression. 
Notation DB-a indicates the type of deep beam element (see Table 2.6).  

Specimens denoted by B were divided into four portions. Three of them are 
beams with the geometry of 820×85×80 mm noted by B-a, B-b and B-c which indicate 
three different positions in the formwork, respectively. The fourth is a deep beam 
specimen denoted by DB-b and has a geometry of 820×340×80 mm. Tests on specimens 
DB-a as well as on DB-b are detailed in Chapter 6. Geometry of sawn specimens are 
summarised in Table 2.6. 
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Photo 2.2: Casting of specimens in laboratory (present tests) 
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Figure 2.1: Types of formworks and their geometries (present tests) 

2000 mm 
100 mm 

150 mm 

150 mm 

800 mm 

50
0 

m
m

 

100 mm 

100 mm 

Formwork A 

2000 mm 
80 mm 

120 mm 

120 mm 

Formwork E 

60
0 

m
m

 

600 mm 

50 mm 

50 mm 

Formwork D 

Formwork C 

820 mm 

63
0 

m
m

 

80 mm 

80 mm 

Formwork B 



 
 
 
Chapter 2 

Material compositions and mechanical properties   

 
 

� �

 
Table 2.5: Geometries of sawn specimens (present tests) 

Beam B-a, B-b, B-c  Deep beam DB-b 
 
 
 
 
 
 

Deep beam DB-a  Prism T1…T6 and C1…C6 
 
 
 
 
 
 
 
 

 
 

Table 2.6: Sawing plan of specimens made of FRC-1, FRC-2 (present study) 
Notation of characteristicd 

fibre orientation I II 

Fibre orientation 
 
 
 

 
 
 

 
A. Type of specimen 
 Prisms (C1-C6) 
 Prisms (T1-T6) 
 Deep beam (DB-a) 

 
 

B. Type of specimen 
 Beam (B-a) 
 Beam (B-b) 
 Beam (B-c) 
 Deep beam (DB-b) 

 
 

 
 
 

C. Type of specimen 
 Slab (S) 

 
 

 
 
 

C1 

C4 C5 C6 

C3 C2 

T1 

T4 T5 

T3 T2 

T6 

DB-a 

C1 

C4 C5 C6 
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DB-a 

S 
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DB-b 

B-b 
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100 
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80 
820 

100 
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2.2 Behaviour in compression 
 
2.2.1 Test specimens and test procedure 
 
Concrete classes are given according to their compressive strength. Compressive 
strength is generally determined on cubes of 150 mm sizes [DBV-Merkblatt 
Anhang A (1992)] or on cylinders of Ø=150 mm diameter and �=300 mm height [JSCE-
SF2 (1984), JSCE-SF3 (1984), UNE 83-504-90 (1990), UNE 83-505-86 (1986), UNE 
83-506-86 (1986), UNE 83-507-86 (1986), UNE 83-507-86 (1986)]. 

Due to the aim of present test series and the limited load capacity of the 
available test machines, four types of specimens were tested in compression as 
summarised in Table 2.7. Standard cubes and cylinders were cast in steel forms to 
mixes REF-3, FRC-3 and REF-4, FRC-4 and tested at 63 and 52 days after casting, 
respectively. Other compressive tests related to concrete compositions FRC-1 and FRC-
2 were carried out in different age after casting. Strength values were calculated to 
28 days according to Weber [Weber (1979)]. 

To study the effect of fibre orientation on the behaviour of concrete members in 
compression 6+6 prisms (240×100×100 mm) were sawn out of slab elements noted by 
A made of mixes FRC-1 and FRC-2, respectively. Cylinder specimens (Ø=70 mm, 
�=100 mm) were also drilled out of non-destroyed portions of deep beams noted by DB-
b after their testing. 
 

Table 2.7: Type and piece of specimens in compressive tests (present study) 
  Type of specimen 
 Notation of mixture Cube1 Cylinder2 Prism3 Cored cylinder4 

FRC-1 75
ZP 305 – I - - 6 1 1 

FRC-1 75
ZP 305 – II - - 6 1 

FRC-1 150
ZP 305 – I - - 6 1 2 

FRC-1 150
ZP 305 – II - - 6 1 

FRC-2 75
ZP 305 – I - - 6 1 3 

FRC-2 75
ZP 305 – II - - 6 1 

FRC-2 150
ZP 305 – I - - 6 1 4 

FRC-2 150
ZP 305 – II - - 6 1 

5 REF-3 6 - - - 
6 FRC-3 0.5

ZC 30/.5 6 - - - 
7 FRC-3 1.0

ZC 30/.5 5 - - - 
8 FRC-3 0.5

D&D ~30/.5 5 3 - - 
9 FRC-3 1.0

D&D ~30/.5 5 3 - - 
10 REF-4 3 3 - - 
11 FRC-4 0.5

ZC 30/.5 5 3 - - 
12 FRC-4 1.0

ZC 30/.5 3 3 - - 
1 Cube with geometry of 150×150×150 mm 
2 Cylinder with geometry of 300 mm length and 150 mm diameter 
3 Prism with geometry of 240×100×100 mm 
4 Cylinder with geometry of 100 mm length and 70 mm diameter 
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Force controlled testing machine was used with the capacity of 6000 kN to 
determine concrete strength on standard cube and standard cylinder for mixes REF-3, 
FRC-3, REF-4 and FRC-4. 

Displacement controlled Instron type testing machine with the capacity of 500 
kN were used to determine compressive strength on sawn prisms (240×100×100 mm) as 
well as on drilled cylinder specimens (Ø=70 mm, �=100 mm) made of mixes FRC-1 
and FRC-2. In order to fulfil the standard requirements rate of cross-head of test 
machine was 0.2 mm/min [JSCE-SF2 (1984), JSCE-SF3 (1984), DBV-Merkblatt 
Anhang A (1992), UNE 83-504-90 (1990), UNE 83-505-86 (1986), UNE 83-506-86 
(1986), UNE 83-507-86 (1986), UNE 83-507-86 (1986)]. 

Failure loads as well as stress – strain relationships were registered in the case of 
each specimen. Compressive toughness values for standard cube specimens of mixes 
REF-3, FRC-3, REF-4 and FRC-4 were derived from the stress-strain relationships. 
 
2.2.2 Compressive behaviour 
 
Test results of compressive tests are numerically summarised in Table 2.8 to Table 2.11 
and graphically represented in Figure 2.2. 

Compressive strength of concrete prisms (240×100×100 mm to series FRC-1 
and FRC-2) were influenced by fibre orientation. In the case of specimens made of mix 
FRC-1 75

ZP 305 – II the mean (6 prisms) concrete compressive strength was lower with 
11.2 % related to specimens made of FRC-1 75

ZP 305 – I and with 6.2 % in the case of mix 
FRC-1 150

ZP 305 – II related to mix FRC-1 150
ZP 305 – I, respectively. In the case of mix FRC-

2 containing 75 kg/m3 steel fibres compressive strength was not considerably effected 
by fibre orientation. However, drop off in concrete strength was 6 % considering 
specimens noted by FRC-2 150

ZP 305 – II related to specimens noted by FRC-2 150
ZP 305 – I. 

Considerable decrease in compressive strength of prism made of FRC-1 and 
FRC-2 made with 150 kg/m3 Dramix® ZP 305 hooked-end steel fibres was observed in 
relation to the same concrete composition applying 75 kg/m3 Dramix® ZP 305 hooked-
end steel fibre content. This is due to the higher porosity observed in the concrete 
matrix, concerning larger visible pores appeared on the concrete surface and the drilled 
concrete surface as well (see Table 2.1). 

Fibres perpendicular to the direction of compressive load were more effective to 
increase compressive strength than fibres which were parallel to that (Table 2.9). 

Figure 2.3 summarises the mean test results of measured concrete compressive 
strengths on different specimens and concrete compositions as a function of cement 
content (Figure 2.3/a), water to cement ratio (Figure 2.3/b) and fibre content (Figure 
2.3/c). Increasing cement content and fibre content as well as decreasing water to 
cement ratio result in increasing compressive strength of fibre reinforced concrete 
(Figure 2.3). However, increase of cement content by itself was not suitable to achieve 
higher strengths of steel fibre reinforced concrete having relatively high fibre contents. 

Use of 150 kg/m3 Dramix ZP 305 hooked-end steel fibre did not result in higher 
compressive strength for FRC-2 made with 500 kg/m3 cement content related to mixes 
(REF-3, REF-4, FRC-3 and FRC-4) made of 460 kg/m3 cement content. In addition to, 
considering relatively high steel fibre content (75 kg/m3~1.0 V%, 150 kg/m3~2.0 V%) 
in concrete composition FRC-1 and FRC-2, compressive strength measured on both 
prism (240×100×100 mm) and cylinder (Ø=70 mm, �=100 mm) specimens decreased 
by the increase of steel fibre content. Higher compressive strength could be achieved in 
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the case of FRC-3 and FRC-4 even though the increments were not proportional to the 
applied steel fibre content. Further, as Figure 2.3/c shows, more than 1.0 V% fibre 
content was not appropriate to improve compressive strength, even if higher cement 
content were applied. 

Fibre contents (0.5 V% and 1.0 V%) and fibre types (Dramix® ZC 30/.5 hooked-
end and D&D® 30/.5 crimped steel fibre) produced slight increments of concrete 
strength. However, strength increments were not proportional to the increments of fibre 
contents. Higher concrete strengths were achieved for both FRC-3 and FRC-4 mixes 
made with 0.5 V% Dramix® ZC 30/.5 hooked-end and D&D® 30/.5 crimped steel fibres 
related to the corresponding mix made with 1.0 V% fibre content. 

D&D® 30/.5 crimped steel fibres were more effective to increase cube strength 
than Dramix® ZC 30/.5 hooked-end steel fibres which may be caused by their higher 
yield strength (D&D® 30/.5 crimped steel fibres: ffy=1400 MPa, Dramix® ZC 30/.5 
hooked-end steel fibres: ffy=1100 MPa). 

Failure mode was also influenced by the fibre content and the fibre orientation as 
well. In the case of prism specimens (FRC-1 and FRC-2) made with 150 kg/m3 
Dramix® ZP 305 hooked-end steel fibres tougher failure modes were observed than in 
the case of specimens made with 75 kg/m3 Dramix® ZP 305 hooked-end steel fibres. 
Contribution of fibre orientation was also considerable on the failure mode of 
specimens. When the characteristic fibre orientation was parallel to the axis of load, 
more rigid failure was observed. Some plastic deformations were detected after the peak 
load when the characteristic fibre orientation was perpendicular to the axis of the load. 
However, the failure mode was always rigid in the case of concrete composition FRC-2 
applying higher cement content. Typical diagonal failure was observed by the prisms 
(240×100×100 mm, Photo 2.3) and the cylinders (Ø=70 mm, �=100 mm, Photo 2.4). 
 

Table 2.8: Concrete compressive strength measured on 240×100×100 mm prisms 
No
. 

Notation of specimens 
Concrete strength [MPa] 

 

Notation 
of mix 

C1 C2 C3 C4 C5 C6 

Mean 
 

[MPa] 

Mean 
(I, II) 
[MPa] 

Mean 
(mix) 
[MPa] 

Age 
(day) 

FRC-1 75
ZP 305 – I 39.78 46.19 45.36 45.00 38.97 33.20 41.42   28 

FRC-1 75
ZP 305 – II 36.66 36.38 38.22 44.96 31.04 33.34 36.77 39.10  28 

FRC-1 150
ZP 305 – I 35.99 37.39 30.97 32.91 35.49 - 34.55   28 

1 

FRC-1 150
ZP 305 – II 31.23 33.30 32.23 31.08 31.89 34.67 32.40 33.48 36.29 28 

FRC-2 75
ZP 305 – I 37.50 50.03 42.73 47.89 43.84 42.14 44.02   28 

FRC-2 75
ZP 305 – II 40.12 38.60 47.87 48.40 44.75 44.56 44.05 44.04  28 

FRC-2 150
ZP 305 – I 37.70 38.87 36.68 38.00 39.09 37.29 37.94   28 

2 

FRC-2 150
ZP 305 – II 38.00 35.36 32.09 35.68 37.10 - 35.65 36.80 40.42 28 

 
Table 2.9: Concrete compressive strength measured on 150×150×150 mm cubes 

No
. 

Notation of specimen 
Concrete strength [MPa] 

 

Notation 
of mix 

C1 C2 C3 C4 C5 C6 

Mean 
 

[MPa] 

Age 
(day) 

REF-3 37.80 34.10 36.30 38.40 39.60 39.30 37.58 28 

FRC-3 0.5
ZC 30/.5 38.40 40.00 41.10 38.90 38.00 42.70 39.85 28 3 

FRC-3 1.0
ZC 30/.5 39.60 37.90 38.70 38.90 37.60 - 38.55 28 

REF-4 36.00 44.40 48.20 45.10 39.60 - 42.70 63 

FRC-4 0.5
ZC 30/.5 42.40 44.40 43.10 43.10 44.90 - 43.60 63 

FRC-4 1.0
ZC 30/.5 42.70 42.00 44.90 - - - 43.20 63 

FRC-4 0.5
D&D ~30/.5 47.80 51.60 48.90 48.40 47.60 - 48.80 63 

4 

FRC-4 1.0
D&D ~30/.5 43.80 47.30 47.60 - - - 47.16 63 
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Table 2.10: Concrete compressive strength measured on 

Ø=70 mm, �=100 mm cylinder 
No. Notation of specimen 

250×100×100 mm prism 
Concrete strength 

[MPa] 

Mean 
(I, II) 

 
[MPa] 

Age 
(day) 

 
[MPa] 

 

Notation 
of mix 

C1   
FRC-1 75

ZP 305 – I 26.99  28 

FRC-1 75
ZP 305 – II 25.35 26.17 28 

FRC-1 150
ZP 305 – I 26.10  28 

1 

FRC-1 150
ZP 305 – II 23.94 25.02 28 

FRC-2 75
ZP 305 – I 43.74  28 

FRC-2 75
ZP 305 – II 39.25 41.50 28 

FRC-2 150
ZP 305 – I 37.83  28 

2 

FRC-2 150
ZP 305 – II 31.67 34.75 28 

 
Table 2.11: Concrete compressive strength measured on 

Ø=150 mm, �=300 mm cylinder 
No. Notation of specimen 

Ø =150 mm, � =300 mm cylinder 
Concrete strength 

[MPa] 

Mean 
 
 

[MPa] 

Age 
(day) 

 
[MPa] 

 

Notation 
of mix 

C1 C2 C3   
REF-4 36.60 38.50 36.40 37.20 52 

FRC-4 0.5
ZC 30/.5 38.50 36.20 43.00 39.20 52 

FRC-4 1.0
ZC 30/.5 36.80 37.10 41.00 38.30 52 

FRC-4 0.5
D&D ~30/.5 48.10 46.50 47.00  47.20  52 

4 

FRC-4 1.0
D&D ~30/.5 44.70 44.70 45.30 44.90 52 

 
 
2.2.3 Stress – strain relationship in compression 
 
Measured stress – strain relationships to concrete mixes REF-3, FRC-3, REF-4 and 
FRC-4 measured on 150×150×150 mm cubes are presented in Figure 2.4. Measured 
stress – strain relationships on Ø =150 mm, � =300 mm cylinders to concrete mixes 
REF-4 and FRC-4. 

As the stress – strain diagrams in Figure 2.4 indicate both Dramix® ZC 30/.5 
hooked-end steel fibre and D&D® 30/.5 crimped steel fibre increase ductility or energy 
absorption capacity of concrete composition REF-3 (FRC-3) and REF-4 (FRC-4) as 
well. Mixes FRC-3 and FRC-4 absorbed more energy in compression compared to their 
reference concretes, REF-3 and REF-4. In addition to, compressive toughness was 
slightly increased by increasing the fibre content. Increment in compressive toughness 
was not significantly affected by the variation of fibre content. 0.5 V% and 1.0 V% fibre 
dosages resulted more or less the same toughness properties. However, the relative 
magnitude of energy increment determined on cube test was greater in case of 0.5 V% 
fibre content than that of in case 1.0 V% fibre content applying D&D® 30/.5 crimped 
steel fibre in concrete composition FRC-4. 

With respect to the fibre type and fibre geometry, both Dramix® ZC 30/.5 
hooked-end steel fibre and D&D® 30/.5 crimped steel fibre provided similar energy 
absorption capacities considering concrete composition FRC-4. 
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Photo 2.3: Typical failure of 240×100×100 mm prism specimens in compression 

 
 

 

      
 

Photo 2.4: Failure of Ø=70 mm, �=100 mm cylinders in compression 
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         a)        b) 

         c)        d) 

e) f) 
 

Figure 2.2: Concrete compressive strength results. Horizontal and vertical strips 
indicate the characteristic fibre orientations I and II, respectively. In case of horizontal 

strips the load was perpendicular; however, in case of vertical strips the load was 
parallel to the characteristic fibre orientation. 

a) Compressive strength measured on 240×100×100 mm prism. Each column represents the mean 
volume of 6 specimens (Calculated 28 day strength according to Weber (1979)). 

b) Concrete compressive strength measured on 240×100×100 mm prism. Each column represents the 
mean volume of 12 specimens (Calculated 28 day strength by Weber (1979)). 

c) Concrete compressive strength measured on Ø=70 mm, �=100 mm cylinder. Each column represents 1 
specimens (Calculated 28 day strength by Weber). 

d) Concrete compressive strength measured on Ø=70 mm, �=100 mm cylinder. Each column represents 
the mean volume of 2 specimens (Calculated 28 day strength by Weber (1979)). 

e) Concrete compressive strength measured on 150×150×150 mm cube. Each column represents the 
mean volume of 5 specimens (63 day strength). 

f) Concrete compressive strength measured on Ø=150 mm, �=300 mm cylinder. Each column represents 
the mean volume of 3 specimens (52 day strength). 
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Figure 2.3: Compressive strength of concrete mixtures as a function of cement content, 
water to cement ratio and fibre content 
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Figure 2.4: Stress – strain relationships for concrete compositions 
REF-3, FRC-3 and FRC-4 measured on 150×150×150 mm cubes 

150 

15
0 

150 

15
0 

150 
15

0 
150 

15
0 

150 

15
0 

150 

15
0 

150 

15
0 

150 

15
0 



 
 
 
Chapter 2 

Material compositions and mechanical properties   

 
 

�


Due to the fibre addition to REF-3 and REF-4, the compressive strain measured 
at peak load increased and resulted in a less steep and reasonably flat descending branch 
as shown in Figure 2.4. Fibre addition to plain concrete significantly increased the 
ultimate compressive strain. 1.0 V% Dramix® ZC 30/.5 hooked-end steel fibre in 
concrete mix FRC-3 was sufficient to produce a reasonably flat descending branch of 
stress-strain diagram. 

One of the other main parameters in design of concrete structures is the elastic 
modulus of concrete. Drop of the elastic modulus could be observed applying both by 
Dramix® ZC 30/.5 hooked-end and by D&D® 30/.5 crimped steel fibre (Figure 2.4). 
However, the descending tendency in the elastic modulus was proportional to the 
applied fibre content. 
 
2.2.4 Comparisons to results of other researchers 
 
Available experimental data on compressive tests were summarised in Table 1.2. For 
comparing the different results steel fibre content seems to be the main governing 
experimental parameter. Compressive strength increments related to test results of 
different authors as well as results of the presented study are summarised in Table 2.12 
and Table 2.13 as a function of steel fibre content. Increments are also graphically 
represented in Figure 2.5 where the continuous and dotted lines indicate the tendencies 
in the variation of compressive strength increments. 

Observed compressive strength values given in the literature show a rather wide 
range to the same fibre content. However, when the concrete compositions, the casting 
conditions were comparable to the cases of present work, similar tendencies can be 
found in the changes of compressive strength. 
 

Table 2.12: Effect of steel fibre on the increment of concrete compressive strength 
determined on standard cube specimens and published by different authors in the last 

three decades 
Increments in compressive strength measured on 150×150×150 mm cubes  

related to the each reference mixes 
 Fibre content in V% 

Authors 0.4 0.5 0.65 0.7 0.75 0.8 1 1.5 2 2.75 3 

      +7    +16 Sanat & Nyogi & 
Dwarkaranathan 
(1985)       +11    +17 

Narayanan & Kareem-
P (1986)       +9  +23 +31  

Swamy & Jones & 
Chiam (1993)       +3     

  -3         
  +1         Erdélyi (1993) 
  -4         

Falkne & Kubat & 
Droese (1994)      -4      

FRC-3ZC 30/.5  +6     +3     
FRC-4ZC 30/.5  +2     +1     
FRC-4D&D 30/.5  +14     +10     
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Table 2.13: Effect of steel fibre on the increment of concrete compressive strength 
determined on standard cylinder specimens and published by different authors in the 

last three decades 
Increment in compressive strength measured on Ø =150 mm, � =300 mm cylinders cubes  

related to the each reference mixes 
 Fibre content in V% 

Authors 0.4 0.5 0.65 0.7 0.75 0.8 1 1.5 2 2.75 3 
 +20   +24  +24     
    -15       Mansur & 

Paramasivam (1986) 
    +38       

   -2    -12 -28   Craig & Parr & 
Germain & Mosquera 
& Kamilares (1986)       +7  +17   

+15   +26   +31     
+8   +11   +12     El-Niema (1991) 
+5   +9   +11     

Falkner & Kubat & 
Droese (1994)      -11      

FRC-4ZC 30/.5  +5     +13     
FRC-4D&D 30/.5  +27     +21     

 
2.3 Splitting tests 
 
2.3.1 Test specimens and test procedure 
 
Tensile strength may be indirectly determined from the splitting strength of concrete 
due to an axial compressive force applied along the length of a cubical or cylindrical 
specimen. Tensile strength can be obtained by multiplying the splitting strength by a 
constant, which depends on the test parameters. In case of fibre reinforced concrete 
indirect methods such as cylinder test seems to considerably overestimate the tensile 
strength [Bekaert (1994), Kovács (1996), Krstulovic-Opara & Malak (1997), 
Krstuarlovic-Opara & Dogan & Uang & Haghayeghi (1997), Lim (1987), Romualdi & 
Batson (1963), Romualdi & Batson (1964)]. However, determination of direct tensile 
strength experimentally is very sophisticated process therefore indirect method seems to 
be an appropriate technique for characterising tensile strength properties. 

Indirect tensile tests or in other words the so-called Brazilian tests were 
performed to study the effect of fibre reinforcement on the splitting tensile strength of 
concrete. Present tests were carried out on standard cylinders (Ø=150 mm, �=300 mm) 
in the case of concrete mixes REF-3, FRC-3, REF-4 and FRC-4. Force was applied by a 
force controlled testing machine with the maximum capacity of 6000 kN which was 
also used for the compression tests. 

Effect of fibre orientation on the indirect tensile strength was studied in the case 
of concrete composition FRC-1 and FRC-2. Consequently, splitting tests were carried 
out on steel fibre reinforced concrete beams denoted by B-a, B-b and B-c as shown in 
Table 2.5 and Table 2.6. 

Beams were first tested in four-point bending characterizing the toughness 
properties of fibre reinforced concrete as discussed in the next section. Test specimens 
after bending failure were subjected to splitting tests in four cross-sections of beams by 
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the use of a displacement controlled Instron type testing machine. Schematic 
arrangement of experimental set-up for splitting tests can be seen in Figure 2.11. 
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Figure 2.5: Concrete compressive strength increments as a function of the steel fibre 
content based on the research work of different authors and the results of the presented 
study. Continuous lines indicate present, dotted lines and single notations indicate other 

test results, respectively. 
 
 
2.3.2 Test results and test observations 
 
Results of splitting tests are numerically summarized in Table 2.14 and graphically 
represented in Figures 2.7 to 2.9. In Figures 2.7 to 2.9 vertical strips indicate parallel 
and horizontal strips indicate perpendicular directions of splitting tensile stresses to the 
characteristic fibre orientation for mixes FRC-1 to FRC-4, respectively. 
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Effect of fibre content, fibre orientation and concrete composition were studied 
by measuring splitting strengths on steel fibre reinforced concrete specimens. 

Higher splitting strengths were obtained by the use of 75 kg/m3 Dramix® ZP 305 
hooked-end steel fibres then applying 150 kg/m3 Dramix® ZP 305 hooked-end steel 
fibres considering the same concrete mixes, as shown in Figures 2.7/a and b. 

Generally, higher splitting strength was obtained when the characteristic fibre 
orientation was parallel to the splitting tensile stress, independently from the applied 
steel fibre contents and the concrete compositions summarised in Figure 2.7/a, b, c and 
d. 

Higher splitting strength was obtained for beams made of concrete mixes FRC-2 
related to beams made of mixes FRC-1 including 75 kg/m3 Dramix® ZP 305 or 
150 kg/m3 Dramix® ZP 305 hooked-end steel fibre as can be seen in Figures 2.8/c and 
d. 

Effect of location of beam specimens (B-a, B-b and B-c) cut out of the original 
large specimens (B) was also observed on the splitting strength. Splitting strength 
slightly increased approaching the boundary of original large specimens independently 
from the experimental parameters (type of mixture, fibre content, characteristic fibre 
orientation) as shown in Figures 2.8/e, f, g and h. 

As discussed in the previous sections, homogenous mixes were obtained after 
mixing without any balling effect but fibres were oriented during casting. Consequently, 
even though that the concrete composition was homogenous during mixing, 
inhomogeneity occurred due to the oriented steel fibres. More fibres situated at the 
boundary of formworks, and a little higher splitting strength occurred in beams noted by 
B-a related to beams noted by B-b and B-c.  

Significant effect of fibre content was observed on cylinder splitting strength 
considering concrete mixes FRC-3 and FRC-4 as shown in Figure 2.9 and summarised 
in Table 2.16. Applying the same fibre content D&D® ~ 30/.5 crimped steel fibres 
resulted higher splitting strength than Dramix® ZC 30/.5 hooked-end steel fibres for 
concrete mix FRC-3 (Figure 2.9/a). However, application of Dramix® ZC 30/.5 hooked-
end steel fibres in concrete mix FRC-4 caused a slightly higher splitting strength than 
that of in the concrete mix FRC-3. As diagram in Figure 2.9/d indicates, addition of 
steel fibres to plain concrete was very effective to improve cylinder splitting strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Test set-up for indirect tensile strength measured on steel fibre reinforced 

concrete beams made of FRC-1 and FRC-2 mixes 
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In addition to, the cylinder splitting strength was approximately proportional to 
steel fibre content. 0.5 V% fibre content resulted 67% and 71% increments of splitting 
tensile strength in the case of concrete mix FRC-3, applying Dramix® ZC 30/.5 hooked-
end and D&D® ~30/.5 crimped steel fibres, respectively. In the case of mix FRC-4 0.5 
V% Dramix® ZC 30/.5 fibres resulted 71% increment of splitting strength related to that 
of the reference mix REF-4. Significant increment of cylinder splitting strength was 
obtained by the use of Dramix® ZC 30/.5 hooked-end and D&D® ~30/.5 crimped steel 
fibres as well. 1.0 V% Dramix® ZC 30/.5 hooked-end steel fibres resulted an increment 
in cylinder splitting strength of 131% for both concrete compositions (FRC-3 and FRC-
4) related to the reference mixes. Application of 1.0 V% D&D® 30/.5 crimped steel 
fibres resulted 163% increment in cylinder splitting strength in the concrete composition 
FRC-4 related to REF-4. 

Splitting strength as a function of cement content, water to cement ratio and steel 
fibre content of mixtures was also studied. Relationships taking into consideration the 
mean test results determined on different specimens made of concrete mixes FRC-1, 
FRC-2, REF-3, FRC-3, REF-4 and FRC-4 are presented in Figure 2.10. As 
Figure 2.10/a implies, higher splitting strength could be obtained by the increase of 
cement content in steel fibre reinforced concrete mixes FRC-1 and FRC-2. Effect of 
water to cement ratio as one of the other main characteristics of plain concrete was also 
considerable on the splitting strength as shown in Figure 2.10/b. By the increase of 
water to cement ratio lower splitting strength was obtained in the case of steel fibre 
reinforced concretes. 

However, according to Figure 2.10/c, increase of cement content by itself was 
not appropriate to achieve higher splitting tensile strengths of steel fibre reinforced 
concrete having relatively high fibre contents. Use of 150 kg/m3 Dramix® ZP 305 
hooked-end steel fibres did not result higher splitting strength in FRC-1 (cement 
content: 330 kg/m3, w/c = 0.512) and in FRC-2 (cement content: 500 kg/m3, w/c = 
0.372) related to mixes FRC-3 and FRC-4 both made with 460 kg/m3 cement content 
and w/c = 0.478 as shown in Figure 2.10/c). 
 
 
2.3.3 Comparison with literature results 
 
Splitting tensile strength results of different authors as well as their experimental 
parameters are summarised in Table 2.11. Comparing them with the results of present 
study, tensile strength increments are numerically and graphically represented in Table 
2.14 and Figure 2.7, respectively. In Figure 2.7 continuous and dotted lines indicate the 
tendencies in the variation of compressive strength increments for the present results 
and for the results available in literature. 

According to Table 2.11 and Figure 2.12 increments of splitting tensile strength 
values show considerable differences in the literature due to the different concrete 
compositions and applied steel fibres. For instance, increment is varying from 10% to 
80% applying 0.5 V% fibres and from 20% to 160% applying 1.0 V% fibres taking into 
consideration the presented results as well. Data indicate that splitting tensile strength is 
very sensitive to the chang of the fibre content and the concrete composition but 
increasing fibre content always produces significant increment in tensile splitting 
strength which is approximately proportional to the fibre amount. 
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Table 2.14: Splitting strength results  for concrete compositions FRC-1, FRC-2, REF-3, 
FRC-3, REF-4 and FRC-4. In the case of FRC-1 and FRC-2 four tests were carried out 

on each specimens noted by S1-S4. In the other cases number of splitting strength 
results represent the number of cylinder tests in the corresponding line. 

No. Notation of mix Notation 
of beam 

Splitting strength 
[MPa] 

Mean Mean Mean 

   S1 S2 S3 S4 [MPa] [MPa] [MPa] 
Ba 3.30 4.69 3.74 4.96 4.46 
Bb 3.51 3.82 4.75 4.98 4.27 FRC-1 75

ZP 305 – I 
Bc 3.92 4.21 4.43 3.04 3.90 

4.21 

Ba 5.17 5.59 3.39 3.68 4.46 
Bb 3.82 4.68 3.71 5.04 4.31 

1 

FRC-1 75
ZP 305 – II 

Bc 3.85 3.20 3.82 4.32 3.80 
4.19 

4.20 

Ba 3.83 3.29 3.56 4.05 3.63 
Bb 2.44 2.67 2.52 2.69 2.58 FRC-1 150

ZP 305 – I 
Bc 2.11 2.77 2.68 3.16 2.68 

2.96 

Ba 2.62 2.45 3.28 - 2.79 
Bb 2.57 2.27 1.41 1.80 2.01 

2 

FRC-1 150
ZP 305 – II 

Bc 2.31 2.37 1.93 - 1.65 
2.15 

2.56 

Ba - 5.42 5.90 4.13 5.15 
Bb 3.63 4.36 5.07 5.10 4.54 FRC-2 75

ZP 305 – I 
Bc 4.25 5.53 4.37 3.89 4.51 

4.73 

Ba 4.31 4.70 4.57 4.66 4.56 
Bb 4.69 3.73 3.32 3.23 3.74 

3 

FRC-2 75
ZP 305 – II 

Bc 3.85 3.26 3.65 4.12 3.72 
4.01 

4.37 

Ba 3.86 3.98 4.79 4.54 4.44 
Bb 2.85 3.06 3.34 3.85 3.27 FRC-2 150

ZP 305 – I 
Bc 2.73 3.02 2.92 2.98 2.91 

3.54 

Ba 3.39 3.58 2.75 5.04 3.69 
Bb 3.74 2.11 2.83 1.88 2.64 

4 

FRC-2 150
ZP 305 – II 

Bc 2.42 2.36 1.60 - 1.59 
2.64 

3.09 

5 REF-3 - 1.47 1.67 - - 1.57 
6 FRC-3 0.5

ZC 30/.5 - 2.50 2.73 - - 2.62 
7 FRC-3 1.0

ZC 30/.5 - 3.61 3.65 - - 3.63 
2.61 

8 REF-4 - 1.57 1.66 1.57 - 1.60  
9 FRC-4 0.5

ZC 30/.5 - 2.97 2.72 2.50 - 2.73 2.67 
10 FRC-4 1.0

ZC 30/.5 - 3.48 4.03 3.58 - 3.70  
11 FRC-4 0.5

D&D ~30/.5 - 2.91 2.62 2.90 - 2.81 
12 FRC-4 1.0

D&D ~30/.5 - 4.92 3.75 3.72 - 4.13 
2.84 

 
 

Splitting tensile strength overestimates the real tensile strength of steel fibre 
reinforced concrete calculated from the compressive strength of concrete according to 
many recommendations and standards. However, splitting tensile strength of steel fibre 
reinforced concrete can be an important parameter in shear design. Based on the 
experimental results of compressive and splitting tests, splitting tensile strength vs. 
compressive strength relationships were developed as a function of steel fibre content. 
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Figure 2.7: Splitting tensile test results for concrete mixes FRC-1 and FRC-2 
 Each column represents the mean of four results (from S1 to S4 ) 

a) Effect of fibre orientation FRC-1 75
ZP 305   b) Effect of fibre orientation FRC-1 150

ZP 305 
c) Effect of fibre orientation FRC-I1 75

ZP 305 d) Effect of fibre orientation FRC-I1 150
ZP 305 

e) Effect of concrete type on MIX 75
ZP 305-I       f) Effect of concrete type on MIX 150

ZP 305-I 
g) Effect of concrete type on MIX 75

ZP 305-II    h) Effect of concrete type on MIX 150
ZP 305-II 
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Figure 2.8: Indirect tensile test results considering FRC-1 and FRC-2 
a) Effect of fibre content and fibre orientation considering concrete type FRC-1 (mean of 12 measures) 
b) Effect of fibre content and fibre orientation considering concrete type FRC-2 (mean of 12 measures) 

c) Effect of concrete type and fibre orientation considering 75 kg/m3 ZP 305 fibre content 
d) Effect of concrete type and fibre orientation considering 150 kg/m3 ZP 305 fibre content 

e) Effect of beam position in the formwork considering concrete type FRC-1(mean of 4 measures) 
f) Effect of beam position in the formwork considering concrete type FRC-2 (mean of 4 measures) 

g) Effect of beam position in the formwork considering 75 kg/m3 ZP 305 fibre content 
h) Effect of beam position in the formwork considering 150 kg/m3 ZP 305 fibre content  
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Figure 2.9: Cylinder splitting test results for concrete compositions 

REF-3, FRC-3, REF-4 and FRC-4 
a) Measured cylinder splitting strength for concrete compositions REF-3 and FRC-3 
b) Measured cylinder splitting strength for concrete compositions REF-4 and FRC-4 

c) Mean cylinder splitting strength for concrete compositions REF-3, FRC-3, REF-4 and FRC-4 
d) Increment in splitting strength in % for concrete compositions REF-3, FRC-3, REF-4 and FRC-4 
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b) Effect of water to cement ratio on the splitting strength  continuous lines indicate the 

same fibre contents) 
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c) Effect of fibre content on the splitting strength, continuous lines indicate the same 

concrete compositions 
Figure 2.10: Splitting strength of concrete compositions FRC-1, FRC-2, REF-3, FRC-3, 

REF-4 and FRC-4 as a function of cement content, water to cement ratio and  
fibre content 
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Table 2.11: Effect of steel fibres on the increment of concrete splitting strength 
determined and published by different authors 

Increment in cylinder splitting strength [%] 
 Fibre content, V% 

Authors 0.25 0.5 0.96 1.0 1.5 2.0 2.5 3.0 
    +97    
    +62    
    +61    

Hughe & Fattuhi (1977) 

    +13    
   +32 +56    
   +19 +38    
   +52 +79    

Ghalib &Mudhafar (1980) 

   +28 +59    
   +29    +55 Sanat & Nyogi & 

Dwarkaranathan (1985)    +36    +71 
  +86      
  +67      Sharma (1986) 
  +84      

Narayanan &Darwish (1987) +22 +28  +61 +93 +116 +132 +154 
Narayanan & Darwish (1987) +19 +29  +47     
Narayanan & Kareem-P. 
(1986)      +25 +46  

     +82   Victor & Ward & Hanza 
(1992) A    +55  +86   

   +48  +24   
   +52     
   +10     
   +34  +66   

Victor & Ward & Hanza 
(1992) B 

   +48  +93   
   +10     
   +73     Victor & Ward & Hanza 

(1992) C 
   +77     

Faisal & Wafa & Hasnat & 
Tarabolsi (1992)  +34  +70 +94 +118   

FRC-3ZC 30/.5  +67  +131     
FRC-3D&D 30/.5  +79  +163     
FRC-4ZC 30/.5  +71  +131     
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Figure 2.12: Cylinder splitting strength increments as a function of steel fibre content 

based on research works of different authors and results of the present studies 
 
 
2.4 Flexural toughness 
 
2.4.1 Experimental variables and test procedure 
 
Improved toughness is an important characteristic of fibre reinforced concrete. 
Previously mentioned techniques were used to determine flexural toughness properties 
of steel fibre reinforced concrete (Chapter 1). Experimental parameters were the fibre 
content (75 kg/m3 and 150 kg/m3), the concrete mix proportions (FRC-1 and FRC-2) 
and the characteristic fibre direction (I and II) as discussed in the previous sections. 
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Overall 24 steel fibre reinforced concrete notched beams with the geometry of 
820×85×80 mm were tested in four-point bending over a simply supported span of 765 
mm. Shear span to depth ratio was 3. Generally, 100×100×350 mm or 150×150×600 
mm beams are tested. Beam geometry and testing procedure were developed in order to 
achieve real beam behaviour in bending despite of standard specimens where the shear 
span to depth ratio is generally around 1 (350×100×100 mm or 600×150×150 mm) 
[Balaguru & Shah (1992)]. 

Beams were sawn out from a concrete slab element (820×630×80 mm, 
formwork B). Notches were performed after sawing of beams at the mid-section of 
beam with the geometry of 5×5 mm (5 mm depth and 5 mm width). 

The force was applied by a displacement controlled Instron type testing machine 
with the capacity of 500 kN. Displacements were controlled by two LVDTs placed on 
both sides of the beams as shown in Figure 2.13 and in Photo 2.5. Girder elements of 
LVDSs were placed by two steel plates glued on both side of the beam at the section of 
the support. One side of measuring system was performed to be a fix; the other was a 
frictional support as shown in Photo 2.5. Loading rate was 0.2 mm/min. according to 
the ASTM and JSCE recommendations. 

Due to the inaccuracy of specimen casting and sawing, geometries of beams 
were slightly different. Effective bending stresses at the mid-section was calculated 
from the applied load and the measured geometry of the cross section of beams. 
Bending stress vs. mid-point deflection relationships measured in four point bending 
summarised in Figure 2.14. First and second columns indicate characteristic fibre 
directions parallel or perpendicular to the axes of beams, respectively. 

Each diagram includes three beams denoted by B-a, B-b and B-c. First character 
in notation ddenotes the beam specimens, second character denotes the original position 
of the beam in the formwork. 
 
 

 
Figure 2.13: Test set-up and test arrangement for bending test of steel fibre reinforced 

concrete beams 
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Photo 2.5: Bending test on steel fibre reinforced concrete beams 

 
 
2.4.2 Bending stress vs. mid-point deflection relationships 
 
Calculated bending stress vs. mid-point deflection relationships indicate that significant 
effect of concrete mix proportions (FRC-1 and FRC-2) and steel fibre content (75 kg/m3 
and 150 kg/m3) as well as characteristic fibre directions (I and II) can be observed on 
the toughness properties. Based on the load vs. mid-point deflection relationships 
different toughness indexes were calculated. Flexural toughness indexes [ASTM C 
1018-89 (1990)], toughness factors [JSCE-SF3 (1984)] and post cracking strength 
values [Banthia & Trottier (1995)] summarised in Table 2.16 and Table 2.17. 
Generally, better energy absorption capacity or toughness properties were obtained in 
the case of the mix containing 75 g/m3 steel fibres related to specimens made with 150 
kg/m3. Reason of the observed phenomena lies in the calculated air content and porosity 
of concrete (see Table 2.1). Higher air content (60.8 �/m3 for FRC-1 and 74.4 �/m3 for 
FRC-2) and higher porosity (116.2 �/m3 for FRC-1 and 85.9 �/m3 for FRC-2) was 
determined for mixes containing 150 kg/m3 steel fibres than for mixes made with 75 
kg/m3. In the case of mixes containing 75 kg/m3 the air content of mixes were 36.8 �/m3 
for FRC-1 and 28.0 �/m3 for FRC-2 while the porosity were 89.5 �/m3 for FRC-1 and 
38.0 �/m3 for FRC-2 (see Table 2.1). 
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FRC-2 - 75 kg/m3 - ZP 305 - I
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Figure 2.14: Bending stress vs. mid-point deflection relationships for steel fibre 
reinforced concrete beams 
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Table 2.16: Flexural toughness properties of steel fibre reinforced concrete 
according to the ASTM C 1018 and JSCE SF4 (Flexural toughness factor) 

Toughness 
indexes 

Residual strength 
factor 

Flexural 
toughness 

factor 

Concrete 
mix 

Fibre 
orientation 

Beam 

I5 I10 I20 I30 R5,10 R10,20 FT 
Ba 5.18 10.66 20.25 28.67 109.57 95.93  
Bb 4.66 9.55 17.86 24.81 97.76 83.14  I. 
Bc Beam cracked before testing  
Ba 5.17 11.30 21.93 28.66 122.52 106.32  
Bb 2.72 4.82 7.15 9.29 42.12 23.29  

FRC-175
ZP 305 

II. 
Bc Beam cracked before testing  
Ba 4.24 8.11      
Bb 3.95 7.08      I. 
Bc 4.40 8.61 14.43  84.17 58.17  
Ba 5.19 12.00 27.60 43.85 136.15 156.03  
Bb 4.81 9.05 14.53 18.09 84.65 54.86  

FRC-1150
ZP 305 

II. 
Bc 3.92 6.77 11.23 14.64 57.06 44.62  
Ba Beam cracked before testing  
Bb 4.32 8.16 14.92 20.17 76.71 67.68  I. 
Bc 3.58 6.02 9.37 11.21 48.82 33.48  
Ba 3.99 6.51 10.72 14.26 50.49 42.09  
Bb 2.82 3.89 5.74 7.43 21.54 18.50  

FRC-275
ZP 305 

II. 
Bc Beam cracked before testing  
Ba 4.89 10.63 22.93 34.82 114.79 122.93  
Bb 5.44 11.60 24.07 35.10 123.23 124.70  I. 
Bc 5.10 10.57 20.25 28.46 109.46 96.85  
Ba 3.43 6.17 11.45 16.10 54.71 52.79  
Bb 3.45 4.40 6.08 7.66 18.90 16.83  

FRC-2150
ZP 305 

II. 
Bc Beam cracked before testing  

 

Table 2.17: Flexural toughness properties of steel fibre reinforced concrete (PCS) 
according to Banthia and Trottier (1995) 

Concrete Fibre Beam Post Cracking Strength, PCS, [MPa] 
mix orientation  3000 1500 1000 750 600 400 300 200 150 

Ba - - - - - - - - - 
Bb 4.63 3.77 3.51 3.26 3.03 2.51 2.09 - - I. 
Bc - 4.20 3.94 3.82 3.64 3.24 2.91 2.39 - 
Ba 12.19 9.64 8.32 7.60 7.04 5.96 5.13 4.04 - 
Bb 3.14 1.99 1.64 1.43 1.33 1.17 1.09 - - 

FRC-175
ZP 305 

II. 
Bc - - - - - - - - - 
Ba - - - - - - 4.24 4.02 3.64 
Bb - - - - - - 3.94 3.67 3.45 I. 
Bc - - - - - 3.95 3.85 3.57 3.28 
Ba - - - - - - 2.60 5.98 4.32 
Bb 1.49 1.34 1.27 1.20 1.13 1.02 0.93 0.81 0.72 

FRC-1150
ZP 305 

II. 
Bc - - 0.72 0.72 0.71 0.62 0.56 0.47 0.40 
Ba - 22.70 20.75 19.70 18.02 14.37 12.00 9.12 - 
Bb - 4.74 4.30 4.01 3.76 3.53 3.03 2.66 - I. 
Bc - - - - - - - - - 
Ba - 21.65 19.62 18.50 17.82 16.09 14.63 12.31 10.60 
Bb - 5.87 5.76 5.48 5.29 4.75 4.31 3.63 - 

FRC-275
ZP 305 

II. 
Bc - - - - - - - - - 
Ba - - - - - 3.29 3.20 2.89 2.35 
Bb - - - - - - 3.78 3.41 3.13 I. 
Bc - - 3.27 3.31 3.35 3.18 3.05 2.78 2.55 
Ba 1.87 1.53 1.44 1.40 1.37 1.34 1.30 1.21 1.14 
Bb - - 1.32 1.09 0.95 0.76 0.67 0.58 0.53 

FRC-2150
ZP 305 

II. 
Bc - - - - - - - - - 
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Generally, effect of the characteristic fibre direction on the bending behaviour 
was determined. Characteristic fibre direction parallel to the axis of the beam indicated 
better energy absorption capacity or toughness properties compared to beams in which 
the characteristic fibre direction were perpendicular to the beam axis. 

In addition to, influence of the original position of beams in the slab element 
before sawing of the specimens was also observed. Better toughness properties were 
determined for beams noted by B-a than beams noted by B-b and B-c. Reason of the 
phenomena may lie in the higher steel fibre concentration at the boundary of the 
specimens. 
 
 
2.5 Conclusions 
 
Compressive behaviour 
 
1. Application of steel fibres produced increase of compressive toughness of 

concrete. Ultimate strain increased by increasing steel fibre contents resulting in a 
less steep and reasonably flat descending branch of the stress-strain diagram. 
Nevertheless, steel fibre reinforced concrete can absorb more energy in 
compression than plain concrete resulting less brittle failure. Increase of toughness 
was more considerable from 0 to 0.5 V% than from 0.5 V% to 1.0 V%. 

2. Concrete compressive strength can be slightly increased by addition of steel 
fibres. Applying 0.5 V% and 1.0 V% (FRC-3 and FRC-4) of steel fibre slight 
increment of concrete strength was observed. However, the observed strength 
increments were not proportional to the increments of fibre contents. According to 
the present and other experimental results maximal increase of compressive 
strength was observed by applying 0.5 V% (~40 kg/m3) to 0.7 V% (~55 kg/m3) 
steel fibres.  
Earlier studies shown that addition of steel fibres to structural concrete can only be 
effective in higher dosages than 1.0 V%. However, in the presented experimental 
investigation by the increase of fibre content from 1.0 V% (~75 kg/m3) to 2.0 V% 
(~150 kg/m3) decrease in compressive strengths was observed (FRC-1 and FRC-2) 
which might be caused by the increasing porosity of the concrete matrix. 

3. Compressive strength was influenced by the characteristic fibre orientation 
applying relatively high steel fibre contents (75 kg/m3 and 150 kg/m3). Higher 
compressive strengths were observed when the characteristic fibre orientations 
were perpendicular to the axis of loads. 

4. Failure mode of prisms (240×100×100 mm) in compression was affected by the 
characteristic fibre orientation at relatively high fibre contents (75 kg/m3 and 150 
kg/m3). Tougher failure was observed when the characteristic fibre orientation was 
perpendicular to the axis of load compared the orientation parallel to the load. 

 
 
Splitting tensile strength 
 
5. Splitting strength increments were approximately proportional to the applied steel 

fibre contents up to 1 V% obtained on cylinders. Higher fibre contents were tested 
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on beams in our studies. Splitting tests on beams by 2 V% fibre content resulted 
lower splitting strength than by 1 V %. 

6. Cylinder splitting strength was not significantly effect by the configuration of 
steel fibres (hooked-end and crimped) made with the same aspect ratio.  

7. Splitting strength was influenced by the characteristic fibre orientation applying 
relatively high steel fibre contents (75 kg/m3 and 150 kg/m3) in beam splitting tests. 
Higher splitting strengths were observed when the characteristic fibre orientations 
were parallel with the axis of the beams. 

 
Toughness properties 
 
8. A new experimental set-up was developed to analyse the toughness properties of 

steel fibre reinforced concrete. Four point bending tests were performed. Geometry 
of specimens were determined so that realistic beam behaviour could be obtained 
(a/d = 3). 

9. Bending stress vs. mid-point deflection relationships as well as different types of 
toughness indexes were derived from the measured load vs. mid-point deflection 
relationships. Results indicated considerable influence of high steel fibre contents 
(75 kg/m3 and 150 kg/m3) on the toughness of steel fibre reinforced concrete 
beams. 

11. Due to the lower porosity better toughness properties were obtained for mixes 
containing 75 kg/m3 steel fibres, than for mixes containing 150 kg/m3 steel fibres. 

12. Generally, toughness indexes as well as bending stress vs. mid-point deflection 
relationships indicate better toughness properties for specimens having 
characteristic fibre direction parallel to the axis of beam. 

13. In addition to, better toughness properties were obtained for specimens noted by 
B-a than for specimens noted by B-b and B-c, which may be caused by the higher 
steel fibre concentration at the boundary of formwork. 
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Chapter 3 
 
 

Modelling of fibre reinforced materials 
in tension 

 
 

Mechanical modelling of the uniaxial behaviour of fibre reinforced materials is 
discussed in this Chapter. A one-dimensional elastic-plastic material model has 
been developed for fibre reinforced materials taking into consideration plastic 
matrix-fibre coupling for the irreversible deformations of the matrix and the fibres. 
Due to the simplicity and clear physical significance of the basic mechanical model 
which takes into consideration elastic-brittle matrix and elastic-perfectly plastic 
fibre reinforcement behaviour, the model is extended with residual strength of the 
constituents and hardening or softening phenomena as well.  

 
Keywords:  material model, mechanical model, fibre reinforced material, constituents 
 
 
3.1 Modelling of fibre reinforced materials 
 
Mechanical model is developed for the analysis of one-dimensional behaviour of fibre 
reinforced material (Figure 3.1). 

The model is composed of two parallel sub-devices which represent the 
behaviour of the constituents (matrix and fibre reinforcement). Elastic-brittle matrix 
behaviour is composed of an elastic spring (stiffness ) and a fragile crack element 
(strength ) (Figure 3.1-3.2). The behaviour of fibre reinforcement assumed to be 
governed by an elastic-perfectly plastic material law, described by an elastic spring 
(stiffness ) together with a friction element (strength ) (Figure 3.1-3.2). In 
addition to, the two parallel sub-devices are coupled by an elastic spring element of 
stiffness , which links the irreversible matrix behaviour (i.e., strain ) with the 
irreversible fibre reinforcement behaviour (i.e., strain ). 

mC

p
fε

tf

C

M

f yf

p
mε

mσ  and  are the resulting stresses of matrix and the fibre reinforcement 
devices, respectively. The overall stress (Σ ) is provided by the sum of  and  
(Figure 3.2): 

fσ

mσ fσ
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 ( ) p
ff

p
mmfmfm CCCC εεεσσ −−+=+=Σ  (3.1) 

 ( ) ( )p
f

p
m

p
mmm MC εεεεσ −−−=             (3.2) 

 ( ) ( )p
f

p
m

p
fff MC εεεεσ −+−=             (3.3) 

 
All quantities are introduced at the macroscopic level of the fibre reinforced material 
(i.e., typical scale of laboratory test specimen). For instance, the irreversible fibre 
reinforcement deformation  is a macroscopic quantity, which accounts for different 
mechanisms at the microscopic level of the composite, such as debonding, fibre pull-
out, localized fibre yielding, etc. 

p
fε

The constituent stresses ( for the matrix and  for the fibre reinforcement) 
are constrained by the yield function. However,  and  are the partial stresses of 
the fibre reinforced material that can be calculated from the elastic-plastic solution 
satisfying the corresponding yield criteria: 

mσ fσ
σmσ f

 

 ( ) ( ) 0,0 ≤≤ ffmm ff σσ  (3.4) 
 

where  and ( mmf σ ) ( )fff σ  are defined according to the elastic-brittle matrix and the 
elastic-perfectly plastic fibre reinforcement behaviour: 
 

 ( ) ( ) 0,0 ≤−=≤−= yffftmmm ffff σσσσ  (3.5) 
 
According to the relationships in Eq. (3.4) and Eq. (3.5) related to the constituents 
(matrix and fibre reinforcement), the following yield criterion may be defined at the 
level of the fibre reinforced material: 
 

( ) ( ) ( ){ } ( )
( ) 
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
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>≤−=

==
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ytfmtmmm
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,max,

σσ
σσ

σσ    (3.6) 
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Figure 3.1: 1-D mechanical model for fibre reinforced materials 
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Figure 3.2: Force-flow in the mechanical model and material laws for the constituents 

 
Considering the properties of the constituents, Eq. (3.6) defines the following 
admissible state of stresses:In case of matrix cracking prior to fibre renforcement 
yielding ( ): fmyt CCff // <
 

Elastic state in loading: 
 { } 0)(),(max:),( <= ffmmfm ffffF σσ    ,   ( ) 0, >fm ffdF   

Elastic state in unloading: 
 { } 0)(),(max:),( ≤= ffmmfm ffffF σσ    ,   ( ) 0, <fm ffdF   

Matrix yielding and elastic fibre reinforcement: 
    ,      ,     0 0)( <fff σ)()( == mmmm dff σσ 0)( >ffdf σ

Matrix and fibre reinforcement yielding: 
    ,   ( ) 0)( == mmmm dff σσ ( ) 0)( == ffff dff σσ   
 
and in the case of fibre reinforcement yielding prior to matrix cracking 
( ): fmyt CCff // >
 

 Elastic state in loading: 
 { } 0)(),(max:),( <= ffmmfm ffffF σσ    ,   ( ) 0, >fm ffdF   

 Elastic state in unloading: 
 { } 0)(),(max:),( ≤= ffmmfm ffffF σσ    ,   ( ) 0, <fm ffdF   

 Fibre reinforcement yielding and elastic matrix: 
    ,      ,     0)()( == ffff dff σσ 0)( <mmf σ 0)( >mmdf σ

 Fibre reinforcement and matrix yielding: 
 ( ) 0)( == ffff dff σσ    ,     ( ) 0)( == mmmm dff σσ
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Figure 3.3: Stress-strain relationships for fibre reinforced material considering elastic-

brittle matrix and elastic-perfectly plastic fibre reinforcement behaviour, matrix 
cracking prior to fibre reinforcement yielding 
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Figure 3.4: Stress-strain relationships for fibre reinforced material considering elastic-

brittle matrix and elastic-perfectly plastic fibre reinforcement behaviour, fibre 
reinforcement yielding prior to matrix cracking 
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The yielding function in Eq. (3.4), as well as the strength properties  and  must be 
defined on the level of the fibre reinforced material. For instance, fibre reinforcement 
yield strength  is associated with the onset of irreversible fibre deformation at the 
macroscopic scale of the fibre reinforced material, which comprises debonding, fibre 
pull-out or localized fibre yielding, etc. 

tf yf

yf

Finally, we should also consider the evolution laws both for the elastic brittle 
matrix behaviour: 
 , (3.7) 0     0 =≥ p

mm
p
m εσε

 
and for the elastic-perfectly plastic fibre reinforcement (i.e., ): 0== ff dff
 

 ( ff
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where  plastic multiplier of the fibre reinforcement, and sign=fdλ ( )fσ  function 
defined as: 
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Stress-strain relationship for fibre reinforced material considering elastic-brittle 

matrix and elastic-perfectly plastic fibre reinforcement behaviour with matrix cracking 
prior to fibre reinforcement yielding is summarised in Figure 3.3.  

Stress-strain relationship for fibre reinforced material considering elastic-brittle 
matrix and elastic-perfectly plastic fibre reinforcement behaviour with fibre 
reinforcement yielding prior to matrix cracking is summarised in Figure 3.4. 

So far, only elastic-brittle matrix and elastic-perfectly plastic fibre reinforcement 
behaviour were considered, i.e., the residual stress in the matrix was zero after cracking 
( 0 ) while the fibre reinforcement stress was equal to the yield strength ( ). =mσ yf f=σ

For the sake of clarity, hardening and/or softening behaviour of the constituents 
has not been considered here before. However, due to the simplicity of the one-
dimensional device element it can easily be expanded for instance by fibre 
reinforcement softening or hardening and matrix or fibre reinforcement residual strength 
as well. In this case, yield functions (as detailed before) describe the initial elasticity 
domain of the fibre reinforced material. Further loading passes the elastic domains. 
Assume now brittle matrix and brittle fibre behaviour. The admissible stresses are now 
described by: 
 
 ( ) ( ) ( ){ } 0,,,max, ≤−+=== tmmmfffmmmfm ffffffF ςσςσςσ  (3.10) 

 ( ) ( ) ( ){ } 0,,,max, ≤−+=== yffffffmmmfm ffffffF ςσςσςσ  (3.11) 
 
where tf  and yf  denote the residual strength of the matrix and of the fibre 
reinforcement after matrix cracking and fibre fracture, respectively. Note that 
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tt ff ≤≤0  and yy ff ≤≤0 . Furthermore,  and  are the forces (positive in 
tension) in the hardening spring devices of the matrix and of the fibre reinforcement 
represented by a spring of rigidity  and , respectively (Figure 3.3). These forces 
depend on the hardening variables  and  (i.e.,  and 

mς−

fH

fχ

fς−

mm ς=
mH

mχ ( mχς ) ( )fff χςς = ). 
)f,χ

)p
f

p
m εε ,

p
mm ςεχ ⇔= p

mmH ε fH ε−⇔ fς =fχ =

In the uniaxial model ( mχ  can be considered to coincide with the plastic 

constituent strains (  similarly to the case of linear hardening or softening: 
 
       (3.12) m −= p

f
p
fε

 
An illustrative 1-D mechanical model for fibre reinforced material has been 

considered above. Due to the simplicity of the mechanical model, different kinds of 
matrix and fibre reinforcement behaviours can be considered. Several 1-D models are 
summarised taking into consideration different constituent behaviours. Their 
mechanical devices are presented here from Figure 3.6 to Figure 3.17 with the 
illustration of the matrix and fibre reinforcement behaviour as well as their schematic 
stress-strain relationships. Characteristic points and tangential relationships of the 
stress-strain diagram of the fibre reinforced materials are also summarised here from 
Table 3.2 to Table 3.8 containing the constituent stress-strain relationships. Parametric 
study on stress-strain relationship related to these different mechanical models taking 
into consideration their model parameters are also illustrated in Figure 3.7 to Figure 
3.15. 
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Figure 3.5: Mechanical device for fibre reinforced material considering elastic-brittle 

matrix and fibre reinforcement with hardening or softening behaviour 
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a) Mechanical models 
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b) Corresponding material laws for theconstituents 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  fmyt CCff // <     fmyt CCff // >  

c) Stress-strain relationships for fibre reinforced material and for the constituents 
 
Figure 3.6: 1-D material model for fibre reinforce materials considering elastic-brittle 
matrix behaviour with residual strength ( tt ff ≤≤0 ) and elastic-perfectly plastic fibre 

reinforcement behaviour 
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Table 3.1: 1-D material model for fibre reinforce materials considering elastic-brittle 

matrix with residual strength and elastic-perfectly plastic fibre reinforcement behaviour 
Matrix cracking prior to fibre reinforcement yielding 
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Figure 3.7: Effect of model parameters on the stress-strain relationships of fibre 
reinforced materials considering elastic-brittle matrix behaviour with residual strength 
( tt ff ≤≤0 ) and elastic-perfectly plastic fibre reinforcement behaviour. First column 

represents the cases of matrix cracking prior to fibre reinforcement yielding and second 
column represents the cases of fibre reinforcement yielding prior to matrix cracking. 
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Figure 3.8: 1-D material model for fibre reinforced materials considering elastic-brittle 
fibre reinforcement behaviour with residual strength ( yy ff ≤≤0 ) and elastic-perfectly 

plastic matrix behaviour 
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Table 3.2: 1-D material model for fibre reinforcement materials considering elastic-
brittle fibre reinforcement with residual strength and elastic-perfectly plastic matrix 
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Figure 3.9: Effect of model parameters on the stress-strain relationships of fibre 

reinforced materials considering elastic-brittle fibre reinforcement behaviour with 
residual strength ( yy ff ≤≤0 ) and elastic-perfectly plastic matrix behaviour. First 

column represents the cases of fibre reinforcement fracture prior to matrix yielding and 
second column represents the cases of matrix yielding prior to fibre reinforcement 

fracture. 
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Figure 3.10: 1-D material model for fibre reinforced materials considering elastic-
brittle matrix behaviour with residual strength ( tt ff ≤≤0 ) and elastic-perfectly plastic 

fibre reinforcement behaviour with hardening or softening 
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Table 3.3: 1-D material model for fibre reinforced materials considering elastic-plastic 
fibre reinforcement with softening-hardening and elastic-brittle matrix behaviour with 

residual strength 
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Figure 3.11: Effect of model parameters on the stress-strain relationships of fibre 

reinforced materials considering elastic-brittle matrix behaviour with residual strength 
( tt ff ≤≤0 ) and elastic-plastic fibre reinforcement behaviour with hardening or 

softening. First column represents the cases of matrix cracking prior to fibre 
reinforcement yielding and second column represents the cases of fibrereinforcement 

yielding prior to matrix cracking. 
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Figure 3.12: 1-D material model for fibre reinforced materials  considering elastic-
brittle fibre reinforcement behaviour with residual strength ( yy ff ≤≤0 ) and elastic-

perfectly plastic matrix behaviour with hardening or softening 

Cm 

M 
Cf ft 

fy 

εm 
p 

εf 
p 

ε Σ 

Hm 

Cm 

M 
Cf ft 

fy 

εm 
p 

εf 
p 

ε Σ 

Hm 

yf

Cm 

M 
Cf ft 

fy 

εm 
p 

εf 
p 

ε Σ 

Hm 

yf

tf

0ε

mσ

ε

mC

tf  

0ε  

mσ

p
mε

mHyf

0ε

fσ

ε  

yf  

fC

0
mσ−

0
fσ−

0Σ−

1Σ

0Σ+
1

mσ

0
mσ+

0
fσ+ yf

1K0K

mC

fC ep
mC

0ε  1ε

2K

2K
tf

1K

ep
mC∗∗

0K

mC

fC

0
mσ

1
fσ+

0
fσ

1
fσ−

0Σ

1Σ−  

1Σ+

0ε 1ε

2K

ep
fC∗

2K



 
 
 
Chapter 3 

Modelling of fibre reinforced materials in uniaxial tension  

� ��

 

 
Table 3.4: 1-D material model for fibre reinforced materials considering elastic-plastic 

matrix with softening or hardening and elastic-brittle fibre reinforcement behaviour 
with residual strength, fibre reinforcement fracture prior to matrix yielding 
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Figure 3.13: Effect of model parameters on the stress-strain relationships of fibre 
reinforced materials considering elastic-brittle fibre reinforcement behaviour with 

residual strength ( tt ff ≤≤0 ) and elastic-plastic matrix behaviour with hardening or 
softening. First column represents the cases of fibre reinforcement fracture prior to 

matrix yielding and second column represents the cases of matrix yielding prior to fibre 
reinforcement fracture. 
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Figure 3.14: 1-D material model for fibre reinforced materials considering elastic-
plastic matrix and fibre reinforcement behaviour with hardening or softening 
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Table 3.5: 1-D material model for fibre reinforced materials considering elastic-plastic 

matrix and fibre reinforcement behaviour with softening or hardening 
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Figure 3.15: Effect of model parameters on the stress-strain relationships of fibre 

reinforced materials considering elastic-plastic fibre reinforcement and matrix 
behaviour with hardening or softening. First column represents the cases of fibre 

reinforcement yielding prior to matrix yielding and second column represents the cases 
of matrix yielding prior to fibre reinforcement yielding. 
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Figure 3.16: 1-D material model for fibre reinforced materials considering elastic-
brittle matrix behaviour with residual strength and hardening or softening and elastic-

plastic fibre reinforcement behaviour with hardening or softening 
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Table 3.6: 1-D material model for fibre reinforced materials considering elastic-brittle 
matrix behaviour with residual strength and hardening or softening and elastic-plastic 

fibre reinforcement behaviour with hardening or softening 
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Figure 3.17: 1-D material model for fibre reinforced materials considering elastic-
plastic matrix behaviour with hardening or softening and elastic-brittle fibre 
reinforcement behaviour with residual strength and hardening or softening 
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Table3.7: 1-D material model for fibre reinforced materials considering elastic-plastic 

matrix behaviour with hardening or softening and elastic-brittle fibre reinforcement 
behaviour with residual strength and hardening or softening 
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3.2 Modelling of steel fibre reinforced concrete in tension 
 
In this section the developed 1-D mechanical model is adopted for steel fibre reinforced 
concrete. 

In the fibre reinforced materials embedded fibres oriented in one or more 
directions into the matrix are used to reinforce the matrix. Consequently, steel fibre 
reinforced concrete can be considered as a fibre reinforced material in which the 
concrete is the matrix, while the randomly distributed steel fibres are the fibre 
reinforcements. 

In the case of the 1-D model concrete behaviour (matrix constituent) can be 
considered as an elastic-brittle material (see Figure 3.2) while steel fibre reinforcement 
behaviour (fibre constituent) can be considered as an elastic-plastic material (see Figure 
3.2). Generally, concrete cracking occurs beyond steel fibre reinforcement yielding 
(pull-out mechanism, concrete-steel fibre debonding, localised fibre yielding). By 
neglecting the hardening and/or softening behaviour of the concrete and of the steel 
fibre reinforcement, the detailed simplest one-dimensional mechanical model (see 
Figure 3.1 -3.2) is used to characterise the behaviour of steel fibre reinforced concrete in 
uniaxial tension. 

According to the assumptions beyond characteristic points of the macroscopic 
stress-strain relationship (at the level of the steel fibre reinforced concrete which can be 
understood at laboratory, experimentally scale) reads: 
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while the tangential stress-strain relationships defines the elastic modulus of the 
material, 0K (before matrix cracking) and the elastoplastic modulus of the material, 1K  
(after matrix cracking and before fibre reinforcement yielding), respectively: 
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while due to the elastic-perfectly plastic fibre reinforcement behaviour after fibre 
reinforcement yielding the tangential stress-strain relationships reads: 
 

 0K2 =  (3.15) 
 
Eq. (3.13) to Eq. (3.15) define the stress – strain relationships shown in Figure 3.18 
together with five model parameters such as mC  (stiffness of matrix), fC  (stiffness of 
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fibre reinforcement), M  (coupling modulus), tf  (tensile strength of matrix), yf  

(yielding strength of fibre reinforcement). However, 0K  (elastic modulus of the steel 
fibre reinforced concrete), 1K  (elastoplastic modulus of the steel fibre reinforced 
concrete after matrix cracking and before fibre reinforcement yielding) are 
experimentally measurable quantities. The overall composite stress-strain relationships 
(black line) and its components (black and red lines) together with the five model 
parameters are summarised in Figure 3.18. 

Eq. (3.14) offers a direct way to express the coupling modulus M, as a function 
of the measurable elastic stiffeness 0K , the elastoplastic stiffness 1K , and the elastic 
fibre reinforcement and elastic matrix stiffness ratio mf CC /=ρ  (note κρ /1= ): 
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Variation of the modulus of elasticity effected by steel fibre reinforcement can be 
considered negligible from the point of view of structural design as many earlier studies 
concluded [Balaguru & Shah (1992)]. For this reason, Figure 3.19 illustrates the 
variation of the coupling modulus M as a function of the elastic matrix and fibre 
reinforcement ratio, κ . Asymptotic behaviour of the coupling modulus M can be 
determined as the elastic matrix and fibre stiffness ratio ( fm C/C=κ ) increases. Hence, 
Eq. (3.52) reads: 
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Combining Eq. (3.55), coupling modulus M can directly be expressed as a function of 
the two measurable elastic 0K , and elastoplastic stiffness 1K  at the asymptote for steel 
fibre reinforced concrete: 
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Now, the characteristic points of the stress-strain diagram before and after matrix 
cracking ( mt C/f=0ε ) reads: 
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Yielding of the steel fibre reinforcement starts for: 
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Figure 3.18: Overall and partial stress-strain relationships for steel fibre reinforced 
concrete according to the developed 1-D material model together with the model 

parameters 
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Figure 3.19: Coupling modulus, M as a function of the elastic matrix and fibre 

reinforcement stiffness ratio 
 
Finally, using the assumed asymptotic behaviour of the coupling modulus M, the five 
introduced model parameters can be determined: 
� stiffnes of matrix mC  is equal to the overall composite stiffness 0K  which can 

experimentally be determined in uniaxial tensile test. 
� stiffnes of fibre reinforcement fC  is negligible 

� coupling modulus M can directly be expressed as a function of the elastic stiffness 0K  
and the elastoplastic stiffness 1K  which can experimentally be determined in uniaxial 
test. 

� matrix cracking strength tf  is equal to the overall composite tensile strength which 
can experimentally be determined in uniaxial test. 
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Figure 3.20: Derived stress-strain relationships for the uniaxial behaviour of steel fibre 

reinforced concrete 
 
� allowing for one fibre arrays as before, yielding strength of the steel fibre 

reinforcement yf  can be considered as the pull-out strength of the fibre which 
depends on the bond characteristic of matrix and fibre. 

 
Derived stress-strain relationship for steel fibre reinforced concrete can be seen in 
Figure 3.20. 
 

3.3 Conclusions 
 
Based on the theoretical studies on the modelling of fibre reinforced materials the 
following conclusions can be made: 
 
1. A 1-D material model for fibre reinforced materials was developed. The model 

is composed of two devices representing an elastic-brittle material law for the 
matrix and an elastic-perfectly plastic material law for the fibre reinforcement 
behaviour, respectively. The two devices are coupled by a third new introduced 
device which links the irreversible matrix and irreversible fibre reinforcement 
behaviour and called as coupling modulus. 

2. Due to the simplicity and clear physical significance of the developed 1-D 
mechanical model it was extended by different matrix and fibre reinforcement 
behaviour such as residual strength after matrix cracking or fibre fracture, matrix 
and fibre hardening or softening behaviour. 

3. The developed simplest mechanical model considering elastic-brittle matrix and 
elastic-perfectly plastic fibre behaviours was adopted for steel fibre reinforced 
concrete. Parameters of the developed 1-D model (stress-strain relationship) were 
derived from experimentally measurable (macroscopic) parameters. 
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Chapter 4
Behaviour of steel fibre reinforced concrete

beams in bending and shear

18 steel fibre reinforced concrete beams in four point bending were tested applying
different fibre contents (0 V%, 0.5 V% or 1.0 V%), fibre configurations (hooked-
end or crimped), and amounts of conventional shear reinforcement (no stirrup
reinforcement, Ø6/240 and Ø4/240 mm stirrups or Ø6/120 and Ø4/120 mm
stirrups), considering the same longitudinal reinforcement (2Ø16).
Aim of the tests was to study the structural performance of reinforced concrete
beams effected by steel fibre reinforcement. Based on the experimental results and
the theoretical investigations presented in the previous Chapter, design procedures
has also been developed to determine the moment capacity of steel fibre reinforced
concrete beams.

Keywords: reinforced concrete, steel fibre reinforced concrete, bending behaviour, shear
behaviour, failure load, failure mode, bending failure, shear failure, crack
propagation, crack pattern, modelling

4.1 Experimental programme

4.1.1 Test specimens and reinforcing details

Experimental program involved 18 steel fibre reinforced concrete beams. Experimental
variables were the fibre content (0 V%, 0.5 V% or 1.0 V%), the fibre configuration
(hooked-end or crimped), and the amount of conventional shear reinforcement (no
stirrup reinforcement, Ø6/240 and Ø4/240 mm stirrups or Ø6/120 and Ø4/120 mm
stirrups) and the concrete mix proportions (REF-3, FRC-3, REF-4, FRC-4).
Experimental constants were the geometry of specimens (2000×150×100 mm) and the
amount of longitudinal reinforcement (2Ø16) as well as the test set-up and the test
arrangement. Beams manufactured in the laboratory of the Department of Reinforced
Concrete Structures, Budapest University of Technology and Economics.

Aim of present tests was to study the effect of fibre reinforcement on the
bending and shear behaviour of reinforced concrete beams [Balázs & Kovács (1997),
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Balázs & Kovács (1999), Balázs & Kovács (1999)]. Amount of longitudinal
reinforcement was determined to reach yielding of longitudinal steel bars earlier than
shear failure of beams. Tensioned 2∅16 longitudinal bars were of Hungarian grades
B60.50 (nominal yield strength 500 MPa). Stirrups and the 2∅6 bars placed at the top
of the beam to fix stirrups were of grade B38.24 (nominal yield strength 240 MPa).
Reinforcing details of beams are summarised in Figure 4.1.

Stirrups in combination with steel fibres were used as shear reinforcements.
Reference beams were made of plain concrete (made of mixes REF-3 and REF-4) with
(Ø6/240 and Ø6/120 mm for RC-A, Ø4/240 mm and Ø4/120 mm) for RC-B and
without stirrup reinforcement. Two amounts of stirrup reinforcements (spacing 120 mm
and 240 mm) were applied. Based on the test results to series of beams REF-3, FRC-3
0.5

ZC 30/.5 and FRC-3 1.0
ZC 30/.5 stirrup diameter ∅6 mm was changed to ∅4 mm for

beams made of mixes REF-4, FRC-4 0.5
D&D ~30/.5 and FRC-4 1.0

D&D ~30/.5, in order to
underline the effect of fibres on the shear behaviour. Further, for the sake of simplicity
beams made of mixes REF-3, FRC-3 0.5

ZC 30/.5 and FRC-3 1.0
ZC 30/.5 will be referred as

series RC-A and beams made of mixes REF-4, FRC-4 0.5
D&D ~30/.5 and FRC-4 1.0

D&D ~30/.5

as series RC-B, respectively. Series RC-A and series RC-B are numerated according to
the applied fibre content and the amount of conventional shear reinforcement (stirrup
spacing). They are summarised in Table 4.1.

4.1.2 Experimental set-up and test procedure

Beams were tested in four point bending as illustrated in Figure 4.2. Span was 1800 mm
and shear-span was 600 mm for all beams. Since the geometry of beams and the
longitudinal reinforcement was constant in tests, the effective depth, d, was 120 mm and
the shear-span to effective depth ratio, a/d, was 5.

Force was applied by two LUKAS type hydraulic jacks with the capacity of
100 kN. Two jacks worked in one circle. For this reason, jack forces were equal in
loading. Since the tests were performed in force control, the force was gradually
released. The force steps were 2.0 or 2.5 kN according to the calculated failure loads of
the tested beams.

Table 4.1: Experimental variables of steel fibre reinforced concrete beams
Stirrup reinforcement:

Fibre type Mixture
No ∅6/240 ∅6/120

REF-3 RC-A1 RC-A4 RC-A7
FRC-3 0.5

ZC 30/.5 RC-A2 RC-A5 RC-A8
Dramix® ZC 30/.5

FRC-3 1.0
ZC 30/.5 RC-A3 RC-A6 RC-A9

Stirrup reinforcement:
Fibre type Mixture

No ∅4/240 ∅4/120
REF-4 RC-B1 RC-B4 RC-B7

FRC-4 0.5
D&D ~30/.5 RC-B2 RC-B5 RC-B8

D&D® ~ 30/.5
FRC-4 1.0

D&D ~30/.5 RC-B3 RC-B6 RC-B9
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Figure 4.1: Detail of conventional reinforcements for steel fibre reinforced concrete
beam series RC-A and RC-B
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Figure 4.2: Experimental set-up and test arrangement for bending test of steel fibre
reinforced RC beams

Mid-span deflections of beams were registered by a W20 measuring device.
Force (one jack force) – mid-span deflection relationships were registered graphically.
In each load steps positions, formations and developments of cracks were visually
monitored and graphically signed on one side of the beam. Crack widths and
developments were measured and registered in all load steps.

4.2 Experimental results

4.2.1 Failure loads and failure modes

Failure loads and failure modes of steel fibre reinforced concrete beams are summarised
in Figure 4.3 for series RC-A and in Figure 4.4 for series RC-B. Beams of series RC-A
and series RC-B are numerated according to the applied steel fibre content and the
amount of stirrup reinforcement. Parameters of reinforcements are also represented for
each beam. Shear failure is indicated by failure line, flexural failure is indicated by
shaded area. Corresponding concrete cube strengths are summarised in Table 4.2 with
the nominal shear strength of beams calculated after Balaguru and Shah [Balaguru &
Shah (1992)]. Failure loads and failure modes are also presented in Figure 4.5 and in
Figure 4.6 representing the increment of failure load by columns.

d = 120 mm

h = 150 mm

a = 600 mm a = 600 mma = 600 mm

s = 1800 mm

l = 2000 mm

Fmax = 100 kN Fmax = 100 kN

W20

Shear force, V: F = V
F = V F = V

Moment, M:

Mmax = F a

Beam
geometry

Shear-span
ratio: a/d = 5

Load and
mid-point
deflection
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Significant effect of steel fibre reinforcement was obtained on shear resistance of
steel fibre reinforced concrete beams. Due to increasing fibre content, a considerable
improvement in failure load was observed for both series of beams independently from
the fibre type. However, increment in failure loads were more significant for beams
made without stirrup reinforcement (RC-A1…RC-A3 and RC-B1…RC-B3, see Tab.
3.2).

Shear failure was brittle for beams made without any shear reinforcement (RC-
A1 and RC-B1). Failure lines formed suddenly at a load close to the peak load. Due to
the force transfer by the steel fibres crossing cracks, rigid shear failure changed to
tougher shear failure for both series of beams made with fibres. However, at higher load
levels when the flexural capacity was reached, failure mode changed from shear failure
(RC-B1 and RC-B2) to simultaneous shear and bending failure for the beam containing
1.0 V% crimped fibres and no stirrup (RC-B3).

Both fibre types produced increase of shear strength as shown in Figure 4.7
[Balaguru & Shah (1995)]. Crimped fibres were more effective to improve shear
resistance in series RC-B compared to that of hooked-end fibres in series RC-A. This
difference may be caused by the different bond capacities and yield strengths of fibres
(see Table 2.2) and different compressive strengths of concrete mixes (Figure 4.8).

In details, for series RC-A lower shear capacity was observed by increasing steel
fibre content due to the higher conventional shear reinforcement ratio (∅6/240 mm was
used for beam RC-A4…RC-A6) and lower compressive strength of concrete. However,
bending failure was obtained applying 1.0 V% of hooked-end steel fibres related to
beams containing lower amount of steel fibres. For beams series RC-A, containing
higher amount of conventional shear reinforcement (∅6/120 mm was used for beam
RC-A7…RC-A9) bending failure was detected independently from the fibre content.
Ultimate flexural capacity was not influenced by the addition of hooked-end steel fibres,
but corresponded to tougher bending failure.

∅4 mm stirrup diameter was applied for beams series RC-B made with crimped
steel fibres. Shear capacity improved applying crimped steel fibres considering
relatively low amount of stirrup reinforcement, ∅4/240 mm  for beams RC-B4…RC-
B6. Similarly to the case of beams RC-B1, RC-B2 and RC-B3, failure mode of beams
changed from shear failure to bending failure by increasing crimped steel fibre content.
Significant increment in shear capacity was obtained with the changing of failure mode
from shear (RC-B7 and RC-B8) to bending failure (RC-B9) for beams having ∅4/120
mm stirrup reinforcement and applying also crimped steel fibres. Beam made with
0.5 V% crimped steel fibres showed higher shear capacity (RC-B8: 46.6 kN) than the
beam made with only stirrup reinforcement (RC-B7: 35.2 kN) and no fibres. 1.0 V%
crimped steel fibres resulted bending failure since the increasing fibre content was able
to carry the increasing shear forces in the member (RC-B9).

For series RC-B higher shear strength was obtained by applying 0.5 V% crimped
steel fibres related to beams made with no steel fibres for all configuration of stirrup
reinforcements. However, combined shear and bending (RC-B3) or bending failure
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(RC-B6 and RC-B9) were developed applying 1.0 V% crimped steel fibres for all
configuration of stirrup reinforcement.

After failure of beams failure surface was visually checked. Pull out of fibres
from the concrete was observed without fibre yielding. Anchors of hooked-end steel
fibres and the waves of crimped steel fibres were deformed.

Since the applied fibre types (Dramix® hooked-end fibres and D&D® crimped
fibres) as well as the stirrup diameters (Ø6 for series A and Ø4 for series B) were
different, amount of shear reinforcements were also different for beam series RC-A and
RC-B. Shear reinforcement ratios were defined to make the results comparable:
longitudinal reinforcement ratio ( bdAsl / ), conventional stirrup reinforcement ratio

( bsAsw / ) and steel fibre reinforcement ratio ( effeffsw bsA /, ) (Table 4.4). In the following
comparisons of shear capacities are made based on the amount of shear reinforcements
(combination of fibres and stirrups).

Table 4.2: Results of bending tests for steel fibre reinforced concrete beams
Beam
type

Stirrups Fibre
content

Concrete mix
cube,cf uF Increment in

failure load cub
c

u f
bd
V Increment

in shear
strength

Failure
mode

[MPa] [kN] [%] [%]

RC-A1 No fibres REF-3 37.58 24.2 REF 12.40 REF Shear

RC-A2 0.5 V% FRC-3 0.5
ZC 30/.5 39.85 29.0 19.8 15.14 22 Shear

RC-A3

No
stirrups

1.0 V% FRC-3 1.0
ZC 30/.5 38.55 35.0 44.6 18.12 46 Shear

RC-A4 No fibres REF-3 37.58 35.7 REF 18.04 REF Combined

RC-A5 Ø6/240 0.5 V% FRC-3 0.5
ZC 30/.5 39.85 35.1 -1.7 18.33 -1 Shear

RC-A6 1.0 V% FRC-3 1.0
ZC 30/.5 38.55 35.0 -2.0 - - Bending

RC-A7 No fibres REF-3 37.58 37.4 REF - - Bending

RC-A8 Ø6/120 0.5 V% FRC-3 0.5
ZC 30/.5 39.85 35.0 -6.4 - - Bending

RC-A9 1.0 V% FRC-3 1.0
ZC 30/.5 38.55 36.6 -2.14 - - Bending

RC-B1 No fibres REF-4 42.70 21.6 REF 11.96 REF Shear

RC-B2 0.5 V% FRC-4 0.5
D&D ~30/.5 48.80 33.6 55.5 19.52 63 Shear

RC-B3

No
stirrups

1.0 V% FRC-4 1.0
D&D ~30/.5 47.16 44.7 106.9 25.47 113 Combined

RC-B4 No fibres REF-4 42.70 27.5 REF 14.95 REF Shear

RC-B5 Ø6/240 0.5 V% FRC-4 0.5
D&D ~30/.5 48.80 44.3 61.1 25.86 73 Shear

RC-B6 1.0 V% FRC-4 1.0
D&D ~30/.5 47.16 45.7 66.2 - - Bending

RC-B7 No fibres REF-4 42.70 35.2 REF 19.22 REF Shear

RC-B8 Ø6/120 0.5 V% FRC-4 0.5
D&D ~30/.5 48.80 46.6 32.4 27.33 42 Shear

RC-B9 1.0 V% FRC-4 1.0
D&D ~30/.5 47.16 45.0 27.8 - - Bending
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Figure 4.3: Failure loads and failure modes of steel fibre reinforced concrete beams
applying Dramix� ZC 30/.5 hooked-end fibres (series A)
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Figure 4.4: Failure loads and failure modes of steel fibre reinforced concrete beams
applying D&D 30/.5 crimped fibres (series B)
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Shear reinforcement ratios (stirrup reinforcement ratio bsAsw / , effective steel
fibre reinforcement ratio effeffsw bsA /, ) vs. failure load relationships were developed and
summarised in Figure 4.9/a-b.

Comparing beams RC-A2 and RC-B2 both made with the same steel fibre
content, failure load was significantly higher for RC-B2, which may be caused by the
higher concrete compressive strength and higher yield strength of crimped steel fibres.
Figure 4.9/a indicates that failure load was not significantly effected by the shear
reinforcement ratio ( bsAsw / ) in case of beams applying stirrup reinforcement.
However, failure mode of beams changed from shear failure to combined or bending
failure by increasing steel fibre content.

Due to the lower stirrup reinforcement ratio of series RC-B and the higher
compressive strength of concrete, significant effect of steel fibre reinforcement on the
shear capacity was obtained applying only crimped steel fibres for RC-B2 (No stirrups,
ρs = 0.00370, Fu = 33.6 kN) and RC-B3 (No stirrups, ρs = 0.00739, Fu = 44.7 kN)
related to reference beam Rc-B1.

Significant improvement in failure load was observed combining stirrup
reinforcement with steel fibres for beams series RC-B. Higher failure load was detected
for RC-B5 by addition of 0.5 V% steel fibres (Ø4/240, ρs = 0.00475, Fu = 44.3 kN)
related to beam RC-B4 containing only stirrup reinforcement (Ø4/240, ρs = 0.00105,
Fu = 27.5 kN). Addition of 0.5 V% crimped steel fibres resulted 16.8 kN increment in
shear failure which increment is very close to the failure load of beam RC-B1,
Fu = 21.6 kN.

Effect of steel fibres as shear reinforcement on the shear capacity was also
significant for beams having stronger (Ø4/120) stirrup reinforcement of series RC-B.
For RC-B8 (Ø4/120, ρs = 0.00579, Fu = 46.6 kN), 11.4 kN increment in shear failure
load was observed related to RC-B7 (Ø4/120, ρs = 0.00209, Fu = 35.2 kN). Further
increase of steel fibres (1.0 V% crimped steel fibre content) indicated bending failure
for beam RC-B9.

Amount of shear reinforcement vs. shear strength presented in the form
proposed Balaguru and Shah [Balaguru & Shah (1995)] in Figure 4.9/c for series A and
in Figure 3.9/d for series B. Diagrams also indicate that steel fibres can be effectively
used to improve shear strength of concrete. Applying 1 V% hooked-end steel fibres
(RC-A3, ρs = 0.00707) τu = 18.12 MPa3/2 shear strength was obtained similarly to beam
made with only stirrups (RC-A4, 0 V%, Ø6/240, ρs = 0.00233) τu = 18.04 MPa3/2.
Power 3/2 of MPa comes from the proposed form by Balaguru and Shah (1995). Higher
shear reinforcement ratios resulted combined or clear bending failure. Very
characteristic effect of crimped steel fibres on shear strength was obtained in case of
series RC-B when the stirrup reinforcement ratio was lower than that of for series RC-
A.

Representation of failure loads and shear strengths as a function of steel fibre
reinforcement vs. total shear reinforcements ratio (.ρsf,eff / ρs ) was suitable to study the
role of fibres in shear behaviour of concrete as shown in Figures 4.9/e to h. As Figure
4.9/e indicates failure load increased significantly when only steel fibres were used as
shear reinforcement (RC-A2 and RC-A3). In the other cases, failure load was not
effected by the .ρsf,eff / ρs ratio. Consequently, shear strength of concrete was not effect
by the ρsf,eff / ρs ratio. Considering series RC-B, increasing .ρsf,eff / ρs ratio resulted
higher failure load together with the changing of failure mode from shear to bending.
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Table 4.3: Developed reinforcement ratios for analysing the effect of steel fibre
reinforcement on the structural performances of RC beams

Serie RC-A

RC-A1 RC-A2 RC-A3 RC-A4 RC-A5 RC-A6 RC-A7 RC-A8 RC-A9

As 2Ø16

ρsl 0.03350

Stirrups No stirrups Ø6/240 Ø6/120

ρsw 0 0.00233 0.00467

fibre content No fibre 0.5 V% 1.0 V% No fibre 0.5 V% 1.0 V% No fibre 0.5 V% 1.0 V%

ρsf,eff. 0 0.00353 0.00707 0 0.00353 0.00707 0 0.00353 0.00707

ρs = ρsf,eff +ρsw 0 0.00353 0.00707 0.00233 0.00586 0.00940 0.00467 0.00820 0,01174

ρsf,eff./ρsw - - - 0 1.50 3.00 0 0.75 1.50

.ρsf,eff/ρs - 1 1 0 0.60 0.75 0 0.43 0.47

Serie RC-B

RC-B1 RC-B2 RC-B3 RC-B4 RC-B5 RC-B6 RC-B7 RC-B8 RC-B9

As 2Ø16

ρsl 0.0335

Stirrups No stirrups Ø4/240 Ø4/120

ρsw 0 0.00105 0.00209

fibre content No fibre 0.5 V% 1.0 V% No fibre 0.5 V% 1.0 V% No fibre 0.5 V% 1.0 V%

ρsf, eff. 0 0.00370 0.00739 0 0.00370 0.00739 0 0.00370 0.00739

ρs = ρsf,eff +ρsw 0 0.00370 0.00739 0.00105 0.00475 0,00844 0,00209 0,00579 0,00948

ρsf,eff./ρsw - - - 0 3.54 7.08 0 1.77 3.54

ρsf,eff/ρs - 1 1 0 0.78 0.88 0 0.64 0.78

4.2.2 Load vs. mid-point deflection relationships

Load vs. mid-point deflection relationships of steel fibre reinforced concrete beams are
summarised in Figure 4.7. First and second columns indicate series RC-A and RC-B,
respectively. Failure modes and failure loads as well as reinforcing details of beams are
represented on the diagrams. Experimental parameters of the beams, mid-point
deflections measured at the failure load and the ultimate mid-point deflections are
summarised in Table 4.4.

Load vs. mid-point deflection relationships indicate decreasing stiffness of beam
applying hooked-end steel fibres for series RC-A, which is believed to be caused by
higher porosity of concrete mix FRC-3 0.5

ZC 30/.5 and FRC-3 1.0
ZC 30/.5 compared to REF-

3 due to the workability conditions in the Laboratory at time of casting (see Table 2.2).
However, diagrams for beams made of mixes FRC-4 0.5

D&D ~30/.5 and FRC-4 0.5
D&D ~30/.5

and casting 30.03.1995, indicate stiffer behaviour by increasing steel fibre content
related to the reference beam made of mix REF-4 and casting 03.04.1995.

Significant increment of ultimate mid-point deflection was observed applying
steel fibres compared to reference beams for both series of beams (Table 4.4).

Considering beams RC-A1…RC-A3, RC-A4 and RC-A5, a short post-peak
behaviour was observed even if the beams failed in shear. It might be the result of the
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more effective anchorage and bond behaviour of the hooked-end fibres compared to the
crimped steel fibres. In addition to, beam RC-A6 failed in bending with significant post-
peak resistance.

For beams having higher amount of conventional shear reinforcement
(∅6/120 mm was used for beam RC-A7…RC-A9) addition of hooked-end steel fibres
resulted significant post-peak behaviour.

In case of series RC-B, post-peak response was only observed when flexural
failure occurred (RC-B6 and RC-B9).
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Table 4.4: Some characteristic data of the Load vs. Mid-point deflection relationship of
steel fibre reinforced concrete beams

Beam
type

Stirrups Fibre content Concrete mix
uF uF

mida max
mida Increment

in 
max
mida

Failure mode

[kN] [mm] [mm] [%]

RC-A1 No fibres REF-3 24.2 12 12 REF Shear

RC-A2 0.5 V% FRC-3 0.5
ZC 30/.5 29.0 18 20 66.7 Shear

RC-A3

No
stirrups

1.0 V% FRC-3 1.0
ZC 30/.5 35.0 23 24 100.0 Shear

RC-A4 No fibres REF-3 35.7 22 22 REF Shear

RC-A5 Ø6/240 0.5 V% FRC-3 0.5
ZC 30/.5 35.1 20 21 -4.5 Shear

RC-A6 1.0 V% FRC-3 1.0
ZC 30/.5 35.0 22 31 40.9 Bending

RC-A7 No fibres REF-3 37.4 26 27 REF Bending

RC-A8 Ø6/120 0.5 V% FRC-3 0.5
ZC 30/.5 35.0 22 37 37.0 Bending

RC-A9 1.0 V% FRC-3 1.0
ZC 30/.5 36.6 28 44 63.0 bending

RC-B1 No fibres REF-4 21.6 8 8 REF Sear

RC-B2 0.5 V% FRC-4 0.5
D&D ~30/.5 33.6 15 15 87.5 Shear

RC-B3

No
stirrups

1.0 V% FRC-4 1.0
D&D ~30/.5 44.7 18 18 125.0 Shear+Bending

RC-B4 No fibres REF-4 27.5 10 10 REF Shear

RC-B5 Ø6/240 0.5 V% FRC-4 0.5
D&D ~30/.5 44.3 21 21 110.0 Shear

RC-B6 1.0 V% FRC-4 1.0
D&D ~30/.5 45.7 20 26 160.0 Bending

RC-B7 No fibres REF-4 35.2 15 15 REF Shear

RC-B8 Ø6/120 0.5 V% FRC-4 0.5
D&D ~30/.5 46.6 21 21 40.0 Shear

RC-B9 1.0 V% FRC-4 1.0
D&D ~30/.5 45.0 19 26 73.3 Bending
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Figure 4.8: Load vs. Mid-point deflection relationships for steel fibre reinforced
concrete beams

(The first column represents series A, the second column represents series B)
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4.2.3 Cracking behaviour

Increase in energy-absorption capacity yields to remarkable improvement in cracking
characteristics. Cracks may be more uniformly distributed resulting reduction in the
maximum crack width. Cracking behaviour is effected by the amount of longitudinal
and transversal reinforcement as well. Design codes and recommendations generally
control the minimum amount of longitudinal and transversal reinforcement. Combining
conventional reinforcements with steel fibres may result an economic solution not only
to increase shear capacity but also to control crack width and to obtain better crack
distribution.

Cracking behaviour of steel fibre reinforced concrete beams measured crack
widths values and development of cracks were analyzed on different ways.

Propagation of cracks as a function of the applied loads are presented on 3D
diagrams for both series of beams. Beams denoted RC-A1…RC-A3 with no stirrup
reinforcement and different fibre contents (0 V%, 0.5 V% and 1.0 V%) of Dramix® ZC
30/.5 hooked-end steel fibres are given in Figure 4.9. Horizontal, vertical and inclined
axis of the diagrams indicates the position of crack on the beam, the crack width
measured at the level of the tensioned longitudinal reinforcement, and the applied load,
respectively. Failure loads, failure modes, failure lines as well as cube strengths and
splitting strengths are also presented. Generally, diagrams indicate more cracks in a
portion of beam where failure appeared. These cracks formed at relatively low load
levels and their continuous propagation indicates the final failure lines. For bending
failure more homogenous crack pattern was developed. It was visually confirmed that
crack propagation was favourably influenced by the increase of both hooked-end and
crimped steel fibre contents.

For further analysis, crack patterns to different load levels are separately
represented. In this section beams made with 0 V% and 1.0 V% fibre contents are
summarised for beams with no stirrup reinforcement and for beams having Ø6/120 and
Ø4/120 stirrup reinforcements at 20 kN. The vertical axis of the diagram in Figure 4.10
indicates the measured crack width, the horizontal axis indicates the position of the
crack formed on the beam. Position and height of the columns indicate the position of
the crack and the measured crack width, respectively. Number of cracks, sum of crack
widths, mean crack width and mean crack spacing are also given on the diagrams.
Horizontal lines indicate the mean crack width at the given load.

Load vs. number of cracks, load vs. sum of crack widths, load vs. mean crack
width and load vs. mean crack spacing relationships were developed for beams (Figure
4.11). Diagrams indicate that all relationships were influenced by the amount of steel
fibres. Sum of crack widths and calculated mean crack width at a given load decreased
applying 1.0 V% fibres independently from the amount of conventional shear
reinforcement and the fibre type used related to beams containing no steel fibres. On the
other hand, applying 1.0 V% D&D 30/.5 crimped steel fibres, more cracks were
developed, hence, smaller crack spacing was observed.

Further details on crack measurements are given in the Appendix in Figs. A1 to
A32 and in Tables A1 to A18.
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Figure 4.10: Crack pattern of beams RC-A1, RC-A3, RC-B1 and RC-B3 measured
at 20 kN jack force. Horizontal and vertical axis respectively indicates the position of

the crack formed on the beam and the measured crack width at the level of the
tensioned reinforcing bars. Horizontal doted line indicates the mean crack width at the

given load.
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Figure 4.11: Load vs. crack number, load vs. mean crack spacing, load vs. summa of
crack width and load vs. mean crack width relationships for beams RC-A1… RC-A3

and for beams RC-B1…RC-B3 made with 0 V% and 1.0 V% Dramix® ZC 30/.5 hooked-
end and D&D® ~30/.5 crimped steel fibres, respectively
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Figure 4.12: Crack widths as a function of the applied load. Diagrams represent the
mean crack spacing of three beams containing the same steel fibre content. wmEC2 and

wm,bending indicate the calculated crack width according to the EC-2 and the mean
measured crack width considering only the bending portion of beams, respectively.

First and second column indicates series RC-A (Dramix® ZC 30/.5 hooked-end fibres)
and RC-B (D&D® ~ 30/.5 crimped fibres), respectively.

Based on the observed crack distributions, mean crack spacings were calculated
for the bending portion of beams for the combined bending and shear portion of beams
and for the whole beams in each load steps. The mean of the measured crack widths and
the derived crack spacing as a function of the applied loads are summarised in Figure
4.12 and in Figure 4.13 considering only the bending portion of beams, respectively.
Calculated crack widths and crack spacings according to the EC2 are represented with
continuous lines. For the calculation according to EC2 measured crack widths and crack
spacings for 0 V% steel fibre content were not considered at all.
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For conventional reinforced concrete structures the following formula is used to
determine the design value of crack width according to EC2:

smrmk sw εβ= (4.1)

where β  is a coefficient relating the average crack width to the characteristic value, rms
is the average final crack spacing can be calculated as follows:
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Figure 4.13: Crack spacing as a function of applied load. Diagrams represent the mean
crack spacing of beams containing the same steel fibre content considering only the
bending portions. Mean values of measured crack spacings sm,bending, and the mean

crack spacing determined according to the EC-2 smEC2 are presented. First and second
column indicates series RC-A (Dramix® ZC 30/.5 hooked-end fibres) and RC-B

(D&D® ~ 30/.5 crimped fibres), respectively.
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where the parameters of Eq. (4.1) to Eq. (4.3) are well discussed in EC2. Based on the
experimental results a simple method for determine the average final crack width is
developed taking into consideration the effect of steel fibres by only modifying the
equation. Since the developed crack patterns were not significantly effect by the fibre
characteristics, fibre type and other fibre parameters were not taking into consideration
in the proposed model. Contribution of steel fibre content could be given by the
following terms:

r
rm kk.s

ρ
∅+= 2125045 (4.4)

r
rm kk.s

ρ
∅+= 2125040 (4.5)

where Eq. (4.4) and Eq. (4.5) indicate the average crack spacings by applying 0.5 V%
and 1.0 V% steel fibre contents, respectively. Measured crack widths and the proposed
model as a function of the applied load are summarised in Figure 4.14.
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Figure 4.14: Load vs. crack width relationships for steel fibre reinforced concrete
beams. Each curves noted by 0 V%, 0.5 V% and 1.0 V% fibre content represent mean

curve of six beams.
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4.3 Modelling of bending behaviour

Based on the developed one dimensional material model for fibre reinforced composite
materials in Chapter 3, a simple design tool is worked out for steel fibre reinforced
concrete beams in bending with or without longitudinal steel bars (Figure 4.15).
Presented approach lies close to the conventional engineering calculation method for
reinforced concrete members. Method of the equilibrium of internal forces in the
cracked section is used. Materials are considered to be linear-elastic before cracking.
Using the classical beam theory, plain sections before loading are assumed to remain
plain even after cracking, which leads to linear strain distribution in the cross-section.

Beam is in an elastic state before cracking. When elastic limit strain is reached
and exceeded, macro-cracks appear at the mid-section of the beam. After cracking, due
to the plastic matrix-fibre interaction fibres are activated.

a)

b)

Figure 4.15: Behaviour of steel fibre reinforced concrete beams
a) steel fibre reinforced concrete beams with no longitudinal steel bars

b) steel fibre reinforced concrete beams with longitudinal steel bars
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Since the increasing crack length modifies the stress field in the cross-section,
fibre activation starts with a plastic matrix-fibre interaction, which yields fibre yielding
and/or softening/hardening under increasing load. Furthermore, secondary macro-cracks
will not be appeared in the close vicinity as observed in the case of conventional
reinforced concrete beams. Such behaviour can be considered as a rigid hinge
mechanism for beams made with no longitudinal steel bars (Figure 4.15).

Moment capacity of the cross-section can be calculated when the ultimate
tension strain of steel fibre reinforced concrete. The ultimate tension strain depends on
the material parameters such as concrete composition, fibre content, fibre type, fibre
orientation.

Some characteristic steps of stress - strain distributions can be seen in Figure
4.16 under increasing load considering the simplified one-dimensional model for steel
fibre reinforced concrete developed in Chapter 3. Applying also steel bars in the section
the classical design process of reinforced concrete section can be used as shown in
Figure 4.17.

Characteristic stress – strain relationships for steel fibre reinforced concretes
offers a possibility to compute not only the ultimate limit state, but also the
serviceability state.

From the given data base which contains the stress – strain relationships for
tension and compression, and the material parameters, ultimate limit state can be
determined with a simple iteration process. In order to reduce the iteration steps, first we
consider the ultimate tension strain, εt3, of steel fibre reinforced concrete as tension
strain developed at the most tensioned fibre of the section. Then we consider a
curvature, κ , or a compressive strain, εc value as the strain of the most compressed
fibre of the section. Now, neutral axis of the section can be determined. Using the
applied strain distribution and the given stress-strain relationships, the internal forces of
the section can be computed. The equilibrium state is governed by the following
condition:

tc NN +=0 (4.6)
where:

�=
x

cc dx)x(N
0

σ    and   � +=
h

x
stt Ndx)x(N σ (4.7)

Ns represents the force in the steel bars. If the condition in Eq. (4.6) is false, we should
apply a curvature or compressive strain value again to get a new position of neutral axis.
We have to use this procedure until the condition in Eq. (4.6) is fulfilled. When we find
the neutral axis, the moment capacity of the section is given by:

zNzNM tcu == (4.8)

where z  is the lever arm of the internal forces. Stress and strain distribution of the
cross-section with the model parameters can be seen in Figure 4.18. Calculation process
with or without steel bars are summarised in algorithms. Block diagrams of the
algorithms are summarised in Figure 4.19 and Figure 4.20.
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Figure 4.16: Stress and strain distributions of steel fibre reinforced concrete beam with
no longitudinal steel bars in pure bending

An example to calculate the ultimate moment capacity of steel fibre reinforced concrete
cross-section based on the characterised stress-strain relationship considering the
simplified one-dimensional material model (elastic-brittle matrix and elastic-perfectly
plastic fibre) developed in Chapter 3 is presented here. The equilibrium of internal
forces can be expressed as a sum of the internal force components:

0321 =+++ tttc NNNN (4.9)

where cN  represents the force in the compressive zone while 1
tN , 2

tN  and 3
tN  denote

the forces acting in the tensioned zone of the cross-section, as defined in Figure 4.19:
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Figure 4.17: Stress and strain distribution of FRC cross-section
applying also steel bars for bending

where 
h
x=ξ  denotes the position of the neutral axis vs. dept of the cross-section ratio;

h
b=ζ  denotes the width of the cross-section vs. dept of the cross-section ratio,

considering rectangular cross-section; 
2

0

t

t

ε
εα =  represents the elastic tension limit strain

vs. ultimate tension strain ratio of the fibre reinforced concrete; and 
2

1

t

t

ε
εβ =  indicates

the yielding strain of fibre reinforced concrete vs. ultimate tension strain of fibre
reinforced concrete. Using Eq. (4.10) to Eq. (4.13) in Eq. (4.9) and after the
simplification we obtain:
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022 =++−+++−−− )DCB()DCB()DCBA( ξξ (4.14)

From which the neutral axis can be determined and the moment capacity reads:

321
tttcu MMMMM +++= (4.16)

where the components are the following:

hAM c ξ
ξ
−

=
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2 3

(4.17)

      h)(BM t
21 1

3
2 ξα −= (4.18)

      h)(CM t
22 1

3
2 ξβ −= (4.19)

                h))((DM t
23 11

2
1 ξβ −−= (4.20)

Model parameters of the presented approach are the following:

cdf : design value for the compressive strength of steel fibre reinforced concrete

tdf : design value for the tensile strength of steel fibre reinforced concrete

fydf : design value for the yield strength of steel fibre reinforcement

0cε : elastic limit strain of steel fibre reinforced concrete in compression can be
determined as 00 K/fcdc =ε

1cε : ultimate limit strain of steel fibre reinforced concrete in compression can be

considered as 00
0

1 53 /.c =ε )

0tε : elastic limit strain of steel fibre reinforced concrete in tension can be determined
as 00 K/ftdt =ε

1tε : strain for yielding of steel fibre reinforcement can be determined for the simplest
material model as 12 K/f fydt =ε

2tε : ultimate limit strain of steel fibre reinforced concrete in tension can be
determined according to the material and structural parameters of the member:

a) crack width control for rigid hinge mechanism: 22
4
��

haw maxmax
t ==ε

c) strain control for RC member: ukt εε =2

0K : elastic modulus of steel fibre reinforced concrete can be considered to be equal
to the elastic modulus of plain concrete

1K : elastoplastic modulus of steel fibre reinforced concrete can be determined
experimentally for different concrete mix proportions
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Figure 4.18: Determination of moment capacity for steel fibre reinforced concrete

4.4 Conclusions

Based on the experimental and theoretical results of bending behaviour of steel fibre
reinforced concrete beams the following conclusions can be drawn:

1. Steel fibre reinforcement can be effectively used to increase shear capacity of
reinforced concrete beams especially for beams containing no conventional stirrup
reinforcements (RC-A1…A3 and RC-B1…RC-B3).

2. Failure mode of beams with no steel fibres and no stirrups was very brittle.
When steel fibre reinforcement was applied, failure became more ductile.
Failure mode of beams changed from shear failure to simultaneous shear and
bending failure or clear bending failure by increasing steel fibre content.

3. Significant improvement in ductility of reinforced concrete beams was obtained
applying steel fibre reinforcement.

4. Bending capacity of over reinforced concrete beams were not significantly
effected by the steel fibre content, but produce tougher behaviour than in the
case of beams made of plain concrete.
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5. Steel fibre reinforcement can effectively be used to control crack width and
crack propagation in reinforced concrete beams. Applying steel fibre
reinforcement for reinforced concrete beams smaller mean crack width and
grater mean crack spacing values were obtained related to beams made of plain
concrete. However, cracking behaviour was not significantly influenced by the
type of steel fibre.

6. Based on the experimental results on steel fibre reinforced concrete beams a
modified EC2 calculation was developed for determining crack width of
reinforced concrete beams applying also steel fibres.

7. Based on the developed mechanical model for fibre reinforced composite
materials in Chapter 3, a simple design method was worked out for the analyses
of steel fibre reinforced concrete structural elements with or without longitudinal
steel bars in bending. Model is based on the conventional engineering method
used in structural design.

Figure 4.19: Stress - strain relationships for steel fibre reinforced concrete
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Figure 4.20: Analysis of steel fibre reinforced concrete cross-section in bending
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Similarly to the reinforced concrete beams two series of steel fibre reinforced 
prestressed pretensioned concrete beams were tested. Experimental parameters 
were the fibre content (0 V%, 0.5 V%, 1.0 V% hooked-end steel fibre) and the 
release mode of the prestressing force (gradual and sudden). Experimental 
constants were the beam geometry and the type of prestressing strand. Beams did 
not contain any non-prestressed reinforcement. 
Tests aimed to investigate the effect of steel fibre reinforcement on the transfer 
length of prestressing strands and the structural behaviour of prestressed concrete. 
Concrete deformations, released prestressing forces, draw-in of prestressing 
strands as well as camber of mid-sections were measured during release of 
prestressing force. Transfer length of prestressing strand was calculated. Finally, 
bending tests were carried out on the beams determining the failure load and 
failure mode. 

 
Keywords: prestressing force, prestressing strand, PC beams, sudden release, gradual release, 

concrete deformations, end-slip, camber, transfer length 
 
 
5.1 Experimental programme 
 
5.1.1 Test specimens and experimental variables 
 
Purpose of the present test series was to study the effect of steel fibres on the structural 
performances on the prestressed pretensioned concrete beams. Within the experimental 
program 6 prestressed pretensioned concrete beams were tested applying different fibre 
contents (0 V%, 0.5 V% and 1.0 V%). Two different mode of release of prestressing 
force (gradual or sudden release) were applied. Experimental constants were the 
geometry of the beams and the prestressed reinforcement as well as the type of steel 
fibre. 

Appropriate values of the experimental constants such as the geometry of the 
beam and the type of prestressing strand were determined according to the following 
three aspects. First, specimens should have geometry as simple as possible, having a 
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cross-section so that the concrete deformations to be measurable. Second, prestressing 
strand should be placed at the core point of the section to avoid cracking of the section 
during tension release. Third, beams should have a length so that the transfer of the 
prestressing force can be completely developed within the half of the beam. Hence, all 
beams were cast with rectangular cross-sections with the geometry of 80×100 mm, 
prestressed by a seven-wire prestressing strand (characteristic tensile strength: 1770 
MPa, nominal yielding strength: 1550 MPa, cross-sectional area: 100 mm2) with the 
diameter of 12.7 mm placed at the core point of the section. Lengths of beams were 2,00 
m. Specimens did not contain any other non-prestressed longitudinal reinforcement or 
stirrup reinforcement except the prestressing strand. 

Anchorage properties of reinforcement placed at the end-block region play an 
important role in the development of prestressing force. End-blocks without transverse 
reinforcements may crack longitudinally resulting in lower resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1: Reinforcing details of prestressed pretensioned concrete beams 

PC-G1 – Gradual release 
0 V% Dramix® ZC 30/.5 hooked-end fibres 

PC-G2 – Gradual release 
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1.0 V% Dramix® ZC 30/.5 hooked-end fibres 

PC-S1 – Sudden release 
0 V% Dramix® ZC 30/.5 hooked-end fibres 

PC-S2 – Sudden release 
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PC-S3 – Sudden release 
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Table 5.1: Steel fibre reinforced prestressed pretensioned concrete beams 
Fiber type Mixture Release of 

prestressing force 
Compressive 

strength 
Splitting 
strength 

  Gradual Sudden fc [MPa] fsp [MPa] 
 REF-3 PC-G1 - 37.58 1.57 

FRC-3 0.5
ZC 30/.5 PC-G2 -    39.85   2.62 Dramix® 

ZC 30/.5 FRC-3 1.0
ZC 30/.5 PC-G3 -    38.55   3.63 

 REF-4 - PC-S1 42.70 1.60 
FRC-4 0.5

ZC 30/.5 - PC-S2    43.60   2.73 Dramix® 
ZC 30/.5 FRC-4 1.0

ZC 30/.5 - PC-S3    41.60   3.70 
 
In order to study the effect of steel fibres on the transfer length of prestressing strands, 
Dramix® ZC 30/.5 hooked-end steel fibres were applied. As in the case of reinforced 
concrete beams detailed in Chapter 4, three different fibre contents were applied: 0 V%, 
0.5 V% and 1.0 V%, respectively. 

In practice the release of the prestressing force is generally sudden by cutting the 
strand. In such a case the transfer length is being developed very quickly without any 
control possibility during release. However, in case of gradual release of prestressing 
force concrete deformations, draw-in of strands and the released portion prestressing 
force are measurable offering possibility to determine the length required to develop the 
effective prestressing force. 

Release of prestressing force was sudden for series PC-S and gradual for series 
PC-G, respectively (Figure 5.1, Table 5.1). 
 
 
5.1.2 Test set-up and experimental procedure 
 
Within one series three specimens were prestressed along one 12.30 m long seven-wire 
strand (Figure 5.2). 

Prestressing force was released by two LZM 40/200 LUKAS type hydraulic 
jacks with the maximum capacity of 400 kN which were placed at a rigid steel frame 
shown in Photo 5.1. A steel frame was placed at the fixed end similarly to the released 
end (Figure 5.2). 

Gradual release of prestressing force for Series PC-G was measured by 
KYOWA PGKU 500 type stress measuring equipment inserted into the hydraulic 
system. Sensitivity of the measuring device was 0.1 kN. Force measurements were 
controlled by the length variation of the tensioned strand. 

In case of Series PC-S an additional concrete block was placed between the end 
of specimens and the steel frame reducing the effect of impact when tension force was 
suddenly released (Photo 5.2). Sudden release was produced by flame cutting of the 
seven-wire strand between the rigid steel frame at the fixed end and the additional 
concrete block as shown in Figure 5.2/b. 

Concrete strains were measured with KYOWA type strain gauges of 20 mm 
length on the most compressed surface of the members (Figure 5.3 and Photo 5.3). 
Strain gauge arrangement followed the change of the prestressing force. Shorter strain 
gauge spacing was applied at the end block regions and wider spacing in the middle 
portions of the specimens 
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Figure 5.2: Arrangement of specimens during tension release 

a) arrangement for specimens with gradual release 
b) arrangement for specimens with sudden release (side-view) 
c) arrangement for specimens with sudden release (top-view) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3: Measuring of concrete strains, camber of beam and draw-in of strand for 
PC beams 
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      Photo 5.1: Hydraulic jack and rigid       Photo 5.2: Additional concrete portion 
    steel frame support at the released end       reducing the impact forces for PS-C 
 

       
 

      Photo 5.3: Strain gauges on the most           Photo 5.4: Measuring device of  
        compressed surfaceof PC beams                             strand draw-in 
 
Consequently, 21 strain gauges were placed on each beam. One gauge was placed at the 
mid-section of the beam and the other 20 gauges were positioned symmetrically on the 
beam. Strand draw-in, es , with other words the relative displacement between the 
concrete and strand section was measurable at the butt end of the beam. For determining 
the draw-in of prestressing strand, a special steel ring measuring devices were fixed to 
the strand as well as to the butt end of the elements having three imprinted steel balls on 
each ring in the same position (Figure 5.3). Steel ball distances between the to fixed 
rings were measured during the tension release with a mechanical measuring device 
having 0.005 mm sensitivity in each load steps on the both side of the beams as sown in 
Photo 5.4. Displacement of each member was also measured by MITUTOYO type dial 
gauges of 0.01 mm sensitivity at the middle section and at both ends (Figure 5.3) to 
determine camber in each load steps.  

The total applied prestressing force was 136 kN for both Series of beams. When 
the prestressing force was gradually released (series PC-G), concrete deformations, 
draw-in of prestressing strand as well as prestressing force were measured at each step 
of releasing prestressing force and further in time after releasing the total prestressing 
force as well. Values of released prestressing force were: 15 kN, 35 kN, 55 kN, 75 kN, 
95 kN, 105 kN, 115 kN, 125 kN and finally 136 kN in case of gradual release. 
Deformation measurements continued after total release in 18 h, 25 h, 44 h, 72 h, 116 h, 
165 h, 218 h, 381 h, 721 h and 980 h. In case of sudden release of prestressing force the 
measurements were taken in 1 h, 4 h, 17 h, 43 h, 70 h and 193 h. 
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5.2 Experimental observations and test results 
 
5.2.1 Concrete strains during tension release 
 
Concrete strains on the most compressed face of the beam were measured as discussed 
in Section 5.2. All together 63 strain gauges were used for series PC-G and PC-S, 
respectively. However, in case of series PC-S, several additional strain gauges were 
used to study the effect of sudden release of prestressing force on the behaviour of end-
block region by acoustic-emission method, which is not discussed here. 

Measured concrete compressive strains along the total beam as a function of the 
released prestressing force are summarised in Figure 5.4/a for series PC-G.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   a)      b) 
 

Figure 5.4: Measured concrete strain on the most compressed face of beams during 
gradual release of prestressing force in case of series PC-G 

a) Concrete strain measured at individual measuring points along the total beam 
b) Calculated mean volumes of concrete strain on the half portion of beam 
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The three groups of curves represent three prestressed pretensioned concrete 
beams PC-G1, PC-G2 and PC-G3. Figure 5.4/b represents the mean concrete strains 
calculated from the measurements of the symmetrically placed strain gauges on the 
whole beam. The horizontal axes of diagrams shown in Figure 5.4/a represent the 
position of the individual strain gauges placed on the most compressed face of beam 
while the vertical axes indicate the measured concrete strains. Concrete strains as a 
function of time are also summarised in Figure 5.5/a for series PC-G. Mean curves of 
concrete strains measurements on active and passive sides are presented in Figure 5.5/b. 

In case of series PC-S, the concrete strains were measured after the sudden 
release of prestressing force. Measured and calculated mean concrete strains are 
presented in Figure 5.6. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   a)      b) 
 
Figure 5.5: Measured concrete strains vs. time on the most compressed face of beams 

after releasing the total prestressing force in case of series PC-G 
a) Concrete strain measured at individual measuring points along the total beam 

b) Calculated mean values of concrete strain on the half portion of beam 
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Results indicate lower concrete strains on the active sides of beams, resulting 
longer development length of prestressing force on the active side. Differences in the 
concrete strains measured on the active and passive sides were even more significant 
when the prestressing force was gradually released. However, after releasing the total 
prestressing force the concrete compressive strains measured in time on the active side 
corresponded to the strain values measured on the passive side resulting better strain 
distribution as shown in Figure 5.5. However, sudden release of prestressing force result 
rather symmetric strain distributions. 

Additional concrete portion was placed at the cutting side of strand in order to 
avoid the impact effect of prestressing force and the effect of friction. Therefore, the 
response of the released side and of the fixed side was more similar. It was observed on 
all the three specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   a)      b) 
 

Figure 5.6: Measured concrete strain on the most compressed face of beams after 
suddenly release of prestressing force in case of series PC-S 

a) Concrete strain measured at individual measuring points along the total beam 
b) Calculated mean volumes of concrete strain on the half portion of beam 
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As diagrams indicate concrete strain measured on the most compressed face of 
the specimens generally increased applying fibre reinforcement which was may be 
caused by the variation o the porosity of concrete (see Table 2.1). 

Comparison of strain measurements indicates that the development of 
prestressing force needs shorter lengths when steel fibres were applied. Shorter 
development of the prestressing force can be explained by the effect of steel fibres 
reducing micro-cracking in the interactional region. 
 
 
5.2.2 Draw-in of prestressing strand 
 
5.2.2.1 Released prestressing force versus draw-in for series PC-G 
 
Released prestressing force versus draw-in of prestressing strand relationships for 
beams series PC-G are presented in Figure 5.7. Dotted lines indicate the measurements 
on the active and on the passive sides. Mean value of the active and passive side 
measurements was corrected with the elongation of the strand between the two 
measuring points as shown in Figure 5.7. 

Non-linear relationships for the released prestressing force versus draw-in were 
obtained from the measured values shown in Figure 5.8. Draw-in versus strand strain 
relationships were determined as a power function by using the method of minimum 
squares applied to the measured data. The obtained relationships are the follows for 
beams containing 0 V%, 0.5 V% and 1.0 V% Dramix® ZC 30/.5 hooked-end steel fibre: 
 

  26922
0 01980 .

p%V,e .s ε=  (5.1) 

 44362
50 01190 .

p%V.,e .s ε=  (5.2) 

 67502
01 00870 .

p%V.,e .s ε=  (5.3) 
 

In Eqs. (5.1) to (5.3) es  indicates the draw-in [mm] at the butt-end of specimens and pε  
indicates the strand strain [‰] corresponding to the released prestressing force. 

Comparison of the released prestressing force versus draw-in relationships for 0 
V%, 0.5 V% and 1.0 V% fibre contents indicates that fibre application produce lesser 
draw-in of the prestressing strands. 

Measured and corrected draw-in values effected by the steel fibre reinforcement 
are summarised in Table 5.2 for various released prestressing force values. Table 5.2 
indicates that the decrease of draw-in of strand within the practical range of 95 to 
125 kN prestressing force is between 6 to 22 %. However, draw-ins for 0.5 V% and for 
1.0 V% steel fibre contents were not significantly different. 

Total release of prestressing force has been taken during 7 h. Draw-in of 
prestressing strand was registered after release of total prestressing force in further 
1000 h. Draw-in was measured on the active and on the passive sides of specimens. 
Their mean values are summarised in Table 5.3. Time versus measured draw-in 
relationships are presented in Figure 5.9. 

Reliable determination of transfer length of prestressing strand is based on the 
measured concrete deformations and on the prestressing strand strain versus draw-in 
relationships. Calculation of transfer length at a given time after releasing the total 
prestressing force also needs these relationships [Erdély (1996)]. Prestressing strand 
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strain versus draw-in relationship at a given time is needed taking into consideration the 
time-dependent phenomena appeared after the total release of prestressing force [Erdély 
(1996)]. 

Modified prestressing strand strain versus draw-in relationships were determined 
multiplying the functions developed in Eqs.(5.1) to (5.3) by the ratio of the measured 
draw-in at the given time and the corrected value of draw-in determined at 135.8 kN 
prestressing force. For example in case of beam PC-G3, the mean value of the measured 
draw-in on the active and on the passive sides at 381 h after releasing the total 
prestressing force was 1.6025 mm. The corrected draw-in of prestressing strand at 135.8 
kN was 1.456 mm. Their ratio was 1006.1456.1/6025.1 = . Therefore, the modified 
non-linear relationship according to Eq. (5.3) measured at 381 hours after the total 
release of prestressing force is given by the following expression: 
 

 6750.20096.0 pes ε=   
 

Based on the method above the modified relationships for each specimen and for each 
given time were developed and summarised in Tab. 5.4. Table 5.4 includes Pes ε−  and 

eP s−ε  relationships as well. 
 

Table 5.2: Draw-in of prestressing strand for series PC-G measured during gradual 
release of prestressing force 

 PC-G1 
0 V% Dramix ZC 

30/.5 

PC-G2 
0.5 V% Dramix ZC 30/.5 

PC-G3 
1.0 V% Dramix ZC 30/.5 

Released 
prestress-
ing force 

[kN] 

Mean 
values 

 
[mm] 

Corrected 
means 

 
[mm] 

Mean 
values 

 
[mm] 

Corrected 
means 

 
[mm] 

Reduction 
in draw-in 

 
[%] 

Mean 
values 

 
[mm] 

Corrected 
means 

 
[mm] 

Reduction 
in draw-in 

 
[%] 

15 0.065 0.000 0.067 0.000 - 0.060 0.000 - 
35 0.252 0.071 0.224 0.050 30 0.214 0.037 4-8 
55 0.500 0.216 0.421 0.147 32 0.437 0.159 26 
75 0.871 0.483 0.727 0.354 27 0.738 0.359 26 
95 1.216 0.724 1.034 0.562 22 1.108 0.628 13 

105 1.455 0.911 1.291 0.768 16 1.329 0.798 12 
115 1.705 1.110 1.483 0.911 18 1.567 0.986 11 
125 2.011 1.363 1.802 1.180 13 1.881 1.249 8 

135.8 2.256 1.553 1.978 1.302 16 2.142 1.456 6 
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Figure 5.7: Released prestressing force versus draw-in of prestressing strand 

relationships for beams PC-G1, PC-G2 and PC-G3. 
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Figure 5.8: Non-linear relationships of released prestressing force and draw-in of 

prestressing strand for beams PC-G1, PC-G2 and PC-G3. 
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Table 5.3: Draw-in of prestressing strand measured in time after releasing the total 

prestressing force for series PC-G 
 PC-G1 

0 V% Dramix ZC 30/.5 
PC-G2 

0.5 V% Dramix ZC 30/.5 
PC-G3 

1.0 V% Dramix ZC 30/.5 

Time 
 

[h] 

Active 
side 

[mm] 

Passive 
side 

[mm] 

Mean 
value 
[mm] 

Active 
side 

[mm] 

Passive 
side 

[mm] 

Mean 
value 
[mm] 

Active 
side 

[mm] 

Passive 
side 

[mm] 

Mean 
value 
[mm] 

0 2.0270 1.0800 1.554 1.6140 0.9900 1.3020 1.7140 1.1980 1.4560 
18 2.0870 1.1720 1.630 1.6640 1.0890 1.3765 1.7918 1.3017 1.5467 
25 2.0730 1.1700 1.622 1.6560 1.0890 1.3725 1.8220 1.3420 1.5820 
44 2.0710 1.1640 1.618 1.6460 1.0960 1.3710 1.8300 1.3370 1.5835 
72 2.0680 1.1620 1.615 1.6430 1.1050 1.3740 1.8210 1.3540 1.5875 

116 2.0510 1.1700 1.611 1.6270 1.0990 1.3630 1.8200 1.3600 1.5900 
165 2.0590 1.1810 1.620 1.6230 1.1190 1.3710 1.8290 1.3680 1.5985 
213 2.0490 1.1680 1.609 1.6110 1.1200 1.3655 1.8300 1.3710 1.6005 
381 2.0450 1.1890 1.617 1.6750 1.1880 1.4315 1.7680 1.4370 1.6025 
721 2.0590 1.2660 1.663 1.8870 1.2500 1.5685 2.0518 1.6010 1.8264 
980 2.1210 1.3080 1.715 1.9530 1.2790 1.6160 2.2680 1.7260 1.9970 
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Figure 5.9: Draw-in of prestressing strand as a function of time after the total release 

of prestressing force for series PC-G. 
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Table 5.4: Prestressing strand strain versus draw-in of prestressing strand 

relationships in time after releasing the total prestressing force for beams PC-G 
Time 
[h] 

PC-G1 
0 V% Dramix ZC 30/.5 

PC-G2 
0.5 V% Dramix ZC 30/.5 

PC-G3 
1.0 V% Dramix ZC 30/.5 

0 2692.20198.0 pε  4436.20119.0 pε  6750.20087.0 pε  

18 2692.20208.0 pε  4436.20126.0 pε  6750.20092.0 pε  

25 2692.20207.0 pε  4436.20125.0 pε  6750.20095.0 pε  

44 2692.20206.0 pε  4436.20125.0 pε  6750.20095.0 pε  

72 2692.20206.0 pε  4436.20126.0 pε  6750.20095.0 pε  

116 2692.20205.0 pε  4436.20125.0 pε  6750.20095.0 pε  

165 2692.20207.0 pε  4436.20125.0 pε  6750.20096.0 pε  

213 2692.20205.0 pε  4436.20125.0 pε  6750.20096.0 pε  

381 2692.20206.0 pε  4436.20131.0 pε  6750.20096.0 pε  

721 2692.20212.0 pε  4436.20143.0 pε  6750.20109.0 pε  

980 2692.20219.0 pε  4436.20148.0 pε  6750.20119.0 pε  

 
 
5.2.2.2 Released prestressing force versus draw-in for series PC-S 
 
Draw-in of prestressing strand was measured in time after the sudden release of 
prestressing force up to 1600 h. Draw-in was measured both on the active and on the 
passive side as well. Mean values of the active and passive side draw-in measurements 
are summarised in Table 5.5. Time versus draw-in relationships are presented in Figure 
5.10. 
 

Table 5.5: Draw-in of prestressing strand measured after 
the sudden release of prestressing force for series PC-S 

 PC-S1 
0 V% Dramix ZC 30/.5 

PC-S2 
0.5 V% Dramix ZC 30/.5 

PC-S3 
1.0 V% Dramix ZC 30/.5 

Time 
 

[h] 

Active 
side 

[mm] 

Passive 
side 

[mm] 

Mean 
value 
[mm] 

Active 
side 

[mm] 

Passive 
side 

[mm] 

Mean 
value 
[mm] 

Active 
Side 
[mm] 

Passive 
side 

[mm] 

Mean 
value 
[mm] 

4 - 1.381 - 1.661 1.163 1.412 1.049 1.304 1.176 
17 - 1.383 - 1.755 1.206 1.480 1.105 1.343 1.224 
21 - 1.442 - 1.746 1.316 1.531 1.123 1.378 1.250 
43 - 1.453 - 1.783 1.312 1.547 1.175 1.398 1.286 
70 - 1.410 - 1.769 1.277 1.523 1.169 1.399 1.284 
91 - 1.459 - 1.797 1.304 1.550 1.249 1.411 1.330 

122 - 1.449 - 1.778 1.273 1.525 1.236 1.400 1.318 
193 - 1.449 - 1.790 1.259 1.524 1.230 1.391 1.310 
356 - 1.492 - 1.822 1.307 1.564 1.261 1.409 1.335 
648 - 1.504 - 1.831 1.362 1.596 1.292 1.426 1.359 

1564 - 1.595 - 1.859 1.523 1.691 1.411 1.650 1.530 



 
 
 
Chapter 5 

Behaviour of steel fibre reinforced prestressed pretensioned concrete beams 

 
 

�� �

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: Draw-in of prestressing strand as a function of time after the total release 

of prestressing force for series PC-G.  
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5.2.3 Camber of PC beams 
 
5.2.3.1 Camber of series PC-G 
 
Camber of mid-section of prestressed pretensioned concrete beams was calculated 
according to the measured displacements of specimens as shown in Figure 5.2 for each 
load step. Determined values are summarised in Table 5.6 and presented in Figure 5.11. 

Results indicate that camber of prestressed pretensioned concrete beams made 
with steel fibres (PC-G2 0.5 V% and PC-G3 1.0 V%) were higher than those for 
specimens made with no fibres (PC-G1). Increments in camber were 5% (0.5 V%) and 
15% (1.0 V%) related to beams having no steel fibres at the total release of prestressing 
force. 
 

Table 5.6: Camber of prestressed pretensioned concrete beams 
measured under gradual release for series PC-G 

Force 
[kN] 

PC-G1 
0 V% Dramix ZC 30/.5 

PC-G2 
0.5 V% Dramix ZC 30/.5 

PC-G3 
1.0 V% Dramix ZC 30/.5 

15 0.255 0.285 0.360 
35 0.930 0.890 1.070 
55 1.665 1.645 1.900 
75 2.470 2.525 2.850 
95 3.310 3.470 3.970 

105 3.930 4.055 4.515 
115 4.520 4.795 5.155 
125 5.180 5.405 5.955 

135.8 5.935 6.210 6.840 
 
 

 
Figure 5.11: Camber of prestressed pretensione concrete beams under gradual release 

of prestressing force for series PC-G 
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After releasing the total prestressing force, displacements of specimens were measured 
in time to further 1000 h. Calculated camber of beams as a function of time after total 
release are summarised in Table 5.7 and presented in Figure 5.12. In case of beam PC-
G2 and in case of PC-G3 displacement was only measurable up to 165 and 218 h. 

As result indicates significant increment in camber was detected after releasing 
the total prestressing force approximately up to 400-600 h in case of PC-G3 containing 
1.0 V% fibre content. However, as shown in Figure 5.12 time versus camber 
relationship suggests an asymptotic behaviour, which asymptote is given at around 14 
mm for beams PC-G3. 
 
 
 

Table 5.7: Camber of prestressed pretensioned concrete beams 
measured after releasing the total prestressing force for series PC-G 

Time 
[h] 

PC-G1 
0 V% Dramix ZC 30/.5 

PC-G2 
0.5 V% Dramix ZC 30/.5 

PC-G3 
1.0 V% Dramix ZC 30/.5 

0 5.935 6.210 6.840 
18 7.560 7.850 8.700 
25 7.750 8.100 8.920 
44 8.250 8.670 9.460 
72 8.680 9.140 9.920 

116 9.245 9.830 10.610 
165 9.810 10.370 11.090 
218 10.250 - 11.660 
381 11.790 - - 
721 12.640 - - 
980 13.150 - - 

 
 

 
Figure 5.12: Camber of prestressed pretensioned concrete beams under gradual 

release of prestressing force for series PC-G 
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5.2.3.2 Camber of series PC-S 
 
Due to the sudden release placing of the measuring system detecting the displacements 
of specimens on the beams was not possible. Therefore, theodolit was used to control 
the displacements of cross-sections. Cambers are summarised in Table 5.8 and 
presented in Figure 5.13. 
 Results indicate that lower cambers developed for Series PC-S which may 
caused by the higher concrete compressive strength. However, similarly to Series PC-G, 
1.0 V% fibre content result smaller camber. 
 
 

Table 5.8: Camber of prestressed pretensioned concrete beams 
measured in time after sudden release of prestressing force for series PC-S 
Time 
[h] 

PC-S1 
0 V% Dramix ZC 30/.5 

PC-S2 
0.5 V% Dramix ZC 30/.5 

PC-S3 
1.0 V% Dramix ZC 30/.5 

0 5.10 5.55 6.00 
4 5.40 5.90 6.10 
17 5.65 6.45 6.35 
21 5.95 6.85 6.45 
43 6.40 6.95 7.30 
70 6.60 7.45 7.95 
91 6.80 8.15 8.00 

122 7.05 8.45 8.35 
193 7.25 8.95 8.95 
386 7.70 9.50 9.80 
648 8.50 10.30 11.10 

1564 9.20 12.20 11.90 
 

 
Figure 5.13: Camber of prestressed pretensione concrete beams in time after sudden 

release of prestressing force for series PC-S 
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5.2.4 Determination of transfer length of prestressing strand

5.2.4.1 General considerations and governing equations

Transfer length in a prestressed pretensioned concrete member is defined as the length
required to develop the effective prestressing force in the tendon by bond. Transfer
length is affected by many factors, such as strength of concrete, degree of compaction,
transverse reinforcement in the end block, size and type of tendon, type of tendon
release, etc. One of the main motivations of the presented research was to study the
effect of fibre reinforcement on the transfer length. Transfer length of prestressing
tendons is closely related to the draw-in of the tendon as shown in Figure 5.13.

Determination of transfer length of prestressing strand is commonly based only
on the measured draw-in values neglecting the concrete deformations. However,
according to Figure 5.14 both draw-in and concrete strain values effect the transfer
length and the relationships between them can be written in the following term:

�� −−=
2/

0

2/

0

0

2

��

� ξεξε dd
EA

P
s Pc

PP
e (5.4)

where es denotes the draw-in of prestressing strand, 0P  indicates the released
prestressing force, �  denotes the length of the specimens, PA  and PE  represent the area
and the Young modulus of the tendon, cε  and Pε  are the strains developed in the
concrete and strand due to the prestressing, respectively. Terms in Eq. (5.5) are
numerated and their physical meaning represented in Figure 5.14. Therefore, the
transfer length is determined by the cross-section where es  becomes zero.

The applied calculation method for the transfer length of prestressing strand was
based on the following assumptions:

•  behaviour of prestressing strand is considered to be linear elastic in the whole
range of prestressing,

•  behaviour of concrete is considered to be linear elastic in the whole range of
prestressing,

•  classical beam theory is valid (plain sections before loading remain plain after
loading) which leads to linear strain distribution over the cross-section,

•  relative displacements occur between the concrete and the prestressing strand
along the transfer length.

According to the assumptions above, let’s consider a portion of prestressed pretensioned
concrete specimens before prestressing (i.e.: P

i
c
i dxdx = ) and their relative displacements

(i,e.: c
i

P
i

c
i

P
i xxxx ∆∆∆∆ −− ,,, 11 ) after prestressing as shown in Figure 5.15. They represent

the relative displacements of the given concrete and prestressing strand sections defined
in the sections 1−i th and section i th of specimen.

1 4 2 3
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Figure 5.14: Determination of transfer length of prestressing strand using both the
measured concrete strains and the draw-in of prestressing strand

Figure 5.15: Relative displacements over a dx length of prestressed pretensioned
concrete member
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The following relationship can be drawn for the concrete and for the prestressing strand
portion before the release of prestressing force:

P
i

c
i dxdx = (5.5)

After releasing the prestressing force relative displacements occur on both sides of the
portions. The deformed length of the prestressing strand can be written as:

( ) ( )P
i

c
i

P
i

c
i

c
i

P
i xxxxdxdx ∆+∆+∆+∆−= −− 11

* (5.6)

where the relative displacements of the concrete portion can be expressed by the use of
the measured concrete strains in the sections i-1:th (i.e.: c

i 1−ε ) and i th (i.e.: c
iε ):

1000/
2

1
1

c
i

c
i

c
ic
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c
i dxxx

εε +=∆−∆ −
− (5.7)

and hence,

P
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P
i

c
i

c
i

c
ic

i
P
i xxdxdxdx ∆+∆−+−= −

−
1

1* 1000/
2

εε
(5.8)

Operating with the developed non-linear functions for the strand strain versus draw-in
relationships, relative displacements of the prestressing strand can be written in the
following forms:

( ) ( )bP
i

P
i

bP
i

P
i axax εε =∆=∆ −−   and  11 (5.9)

where a  and b  are experimental constants. Substituting Eq.(5.9) into Eq.(5.8):

( ) ( )   1000/
2 1

1* bP
i

bP
i

c
i

c
i

c
ic

i
P
i aadxdxdx εεεε +−+−= −

− (5.10)

However, deformation of the strand portion caused by the draw-in of strand can be
expressed by the use of the developed functions for the strand strain versus draw-in
relationships:

( ) ( ) 1000/
2

 *1
1

P
i

P
i

P
ibP

i

bP
i dxaa

εεεε +=− −
− (5.11)

Eq. (5.10) an Eq. (5.11) define a non-linear equation system. Unknown parameters are
the strain of prestressing strand in the ith section developed by the draw-in (i.e.: P

iε ) at a
given prestressing force and the length of the strand portion defined between the i-1th

and ith sections after releasing the given prestressing force (i.e.: *P
idx ). Combining Eq.

(5.10) and Eq. (5.11) the following function is resulted:

( ) ( ) ( ) 0
1 =++++

i
P
ii

bP
ii

bP
i DCBA εεε (5.12)

where
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Based on the measured concrete strains and the developed strand strain versus draw-in
relationships and the derived non-linear relationship in Eq. (5.12) transfer length of
prestressing strand can be calculated.

5.2.4.2 Transfer length of prestressing strand for series PC-G

Calculation method of transfer length of strand discussed in the previous section yields
to the following non-linear equation systems for specimens PC-G1, PC-G2 and PC-G3,
respectively:
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By defining the length of the deformed prestressing strand portions and the
strand strains caused by the draw-in, transfer length can be expressed.

Results of calculations are graphically summarised in Figures 5.16 to 5.18 for
RC-G1, RC-G2 and RC-G3, respectively. Horizontal axis of the diagram indicates the
place of the cross sections where concrete deformations were measured and calculated
on the half portion of beam, vertical axis denotes the strains (i.e. concrete and strand
strains) calculated at the level of the prestressing strand. Transfer length of strand was
calculated at each load step which is represented by horizontal dotted lines. Calculated
effective prestressing forces based on the deformation of prestressing strand are also
given. The vertical dotted lines denote the concrete cross-sections where draw-in does
not occur, hence, transfer length is fully developed. Transfer length versus released
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prestressing force as well as transfer length versus effective prestressing force
relationship are also presented in Figure 5.19 and in Figure 5.20. Transfer length values
of specimens at different released prestressing forces are summarised in Table 5.9.
Results indicate that the change of the transfer length depends on the applied
prestressing force and the fibre content.

These transfer length calculations showed if steel fibres were applied the transfer
length was decreased. However, in the practical range of the 95-125 kN prestressing
force, the decrease of transfer length in the presented tests was not proportional to the
fiber content of the specimens. 0.5 V% fiber content resulted the shortest transfer
length.

Table 5.9: Transfer length of prestressed pretensioned concrete beams
series PC-G under gradual release

Force
[kN]

PC-G1
0 V% Dramix ZC 30/.5

PC-G2
0.5 V% Dramix ZC 30/.5

PC-G3
1.0 V% Dramix ZC 30/.5

15 - - -
35 80.000 50.261 45.635
55 150.926 82.551 86.901
75 203.885 147.892 145.746
95 273.240 208.229 215.936

105 310.528 240.123 250.617
115 346.107 272.581 299.033
125 388.285 310.148 335.890

135.8 420.191 345.974 395.610

5.2.4.3 Proposal

In national codes and recommendations transfer length of prestressing strand are
generally defined as a function of the concrete grade, the diameter and type of
prestressing strand (Table 5.10).

Table 5.10: Transfer length of Ø12.5 mm 7 wire strand in different national standards
Standard      Transfer

    length
   [Ø]

    Transfer
     length
    [mm]

Notation

British Standard                                     330 mm (+/- 25)
CEB/FIP 45 Ø – 90 Ø 560 – 1125

Czech Standard 1900 mm
1700 mm
1500 mm

B400
B500
B600

Polish Standard 50 Ø
45 Ø
40 Ø
35 Ø

625 mm
560 mm
500 mm
440 mm

B300
B350
B400
B450

Hungarian Standard 810 mm
DIN 115 Ø 1440 mm

Swedish Standard 60 Ø
75 Ø

750 mm
940 mm

Gradual release
Sudden release

Russian Standard                75 Ø 940 mm
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Transfer length in EC2 is:

bbp β=� Ø (5.20)

where bβ  is experimentally determined for different concrete strengths and nominal
diameter of prestressing tendon. According to the experimental results of the present
research, bβ  parameters were determined taking into account the effect of steel fibre
reinforcement (Table 5.11). Based on these values a proposal is presented for design
purposes in Table 5.12.

Table 5.11: Experimentally obtained bβ  for prestressed fibre reinforced concrete
beams

Fiber type Specimens Compressive
strength

fc

[MPa]

bβ
according

to
EC-2

bβ
experimentally

determind
by EC-2

bβ
modified

EC-2
bβ

PC-G1 37.58 63 34 63
PC-G2 39.85 61 28 52Dramix®

ZC 30/.5 PC-G3 38.55 62 32 59

Table 5.12: Proposal for the modified bβ  parameters taking into account steel fibre

reinforcement based on experimental data in Table 5.11 ( bbp β=� Ø)

bβ
Concrete strength [MPa]

Dramix® ZC 30/.5
steel fibre content

[V%] 25 30 35 40 45 50
No fibres 75 70 65 60 55 50
0.5 V% 65 60 55 50 45 40
1.0 V% 70 65 60 55 50 45
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Figure 5.16: Transfer length of prestressing strand under gradual release for beam
PC-G1 containing 0 V% Dramix® ZC 30/.5 hooked-end steel fibres
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Figure 5.17: Transfer length of prestressing strand under gradual release for beam
PC-G2 containing 0.5 V% Dramix® ZC 30/.5 hooked-end steel fibres
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Figure 5.18: Transfer length of prestressing strand under gradual release for beam
PC-G3 containing 1.0 V% Dramix® ZC 30/.5 hooked-end steel fibres
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Figure 5.19: Transfer length versus released prestressing force relationships
Series PC-G under gradual release

Figure 5.20: Transfer length versus effective prestressing force relationships
Series PC-G under gradual release
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5.2.5 Bending test

Similarly to beams discussed in Chapter 4 bending tests were carried out on steel fibre
reinforced prestressed pretensioned concrete beams after release of prestressing force.
All beams were tested in four-point bending. Span was 1800 mm, shear-span was 600
mm. Span to depth ratio (a/d) was 5, since geometry of the beams and the prestressed
reinforcement was constant in case of all beams,.

Force was applied by two LUKAS type hydraulic jacks with the capacity of
100 kN each. Hydraulic jacks worked in one hydraulic circle, therefore jack forces were
the same during loading. Tests were performed in force control. Force increments were
1.0 kN according to the calculated failure loads of the tested beams. Mid-span
deflections of beams were monitored by an LVDT type W20. Force (one jack force) –
mid-span deflections were registered graphically. Concrete strains over the mid-section
were also measured by strain gauges.

5.2.5.1 Failure loads and failure modes

Failure loads and failure modes of steel fibre reinforced prestressed pretensioned
concrete beams are summarised in Figure 5.21 for Series PC-G and for Series PC-S.
The beams of Series PC-G and Series PC-S are numerated according to the fibre
content. Their parameters are also presented for each beam. Shear failure, splitting
failure and bending failure of beams are indicated by continouse line, dotted line and
shaded area, respectively. Failure loads and failure modes of steel fibre reinforced
prestressed pretensioned concrete beams and their compressive strengths at 28 days are
summarised in Table 5.13.

Increasing failure load was observed by increasing steel fibre content for series
PC-G even if the concrete compressive strengths were not proportional to the fibre
contents. However, increment in failure load was not proportional to the fibre content
for beams PC-S due to the significant impact load, which caused splitting cracks in the
end block region of beams and the lower compressive strength applying 1.0V% fibre
content.

Table 5.13: Failure loads and failure modes of
steel fibre reinforced prestressed pretensioned concrete beams

Fiber type Mixture Release of
prestressing force

Compressive
strength

Failure
load

Age at
testing

Failure
Mode

Gradual Sudden fc [MPa] Fu [kN] [day]
REF-3 PC-G1 - 37.58 8.20 128 S

FRC-3 0.5
ZC 30/.5 PC-G2 - 39.85 8.85 128 S+B

Dramix® ZC 30/.5
FRC-3 1.0

ZC 30/.5 PC-G3 - 38.55 9.45 128 B
REF-4 - PC-S1 42.70 12.70 98 B+SP

FRC-4 0.5
ZC 30/.5 - PC-S2 43.60 12.60 98 B+S+SP

Dramix® ZC 30/.5
FRC-4 1.0

ZC 30/.5 - PC-S3 41.60 12.00 98 B+S+SP
S: shear failure
B: bending failure
SP: failure caused by the splitting of concrete cover
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Figure 5.21: Failure modes and failure loads of
steel fibre reinforced prestressed pretensioned concrete beams

Failure modes of beams with no steel fibres were very brittle and sudden for
both series of beams as common for prestressed members. When steel fibre
reinforcement was applied failure became more ductile. Failure developed on the side of
tension release for beams PC-G and on the side of cutting of tendons for beams denoted
PC-S. However, failure mode of beams changed from shear failure (PC-G1) to
simultaneous shear and bending failure (PC-G2) by increasing the steel fibre content.
Finally, clear bending failure was observed applying 1.0 V% steel fibres (PC-G3).

Due to the sudden release of prestressing force splitting cracks were observed at
the end block region of beams in bending for beams PC-S. Directions of these cracks
were more or less parallel to the prestressing strand and formed at the depth of the
prestressing strand. By increasing load, opening of splitting cracks resulted splitting
failure combined with bending and/or shear failure.
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5.2.5.2 Load vs. deflection relationships

Load vs. mid-point deflection relationships are summarised in Figure 5.22.
Characteristic points of the curves (mid-point deflections at failure load and ultimate
mid-point deflections) are summarised in Table 5.11. Relationships presented in the first
column take into consideration the camber of steel fibre reinforced prestressed
pretensioned concrete beams measured at the total release of prestressing force (135.8
kN) by negative deflection values. In order to compare the stiffness of beams, second
column in Figure 5.21 represents the load vs. deflection relationships neglecting the
effect of camber.

Results indicate that stiffness of beams were not considerably effected by the
steel fibre content. However, significant improvement in ultimate mid-point deflection
was observed by increasing fibre content for beams denoted by PC-G. In case of beams
PC-S, no considerable difference in the ultimate mid-point deflection was observed.

Generally, due to the impact effect of prestressing force combined splitting and
shear failure was obtained for Series PC-S, and hence, as diagram also indicates rigid
failure was achieved.

Figure 5.22: Load vs. mid-point deflection realtionships for steel fibre
reinforced prestressed pretensioned concrete beams

0

2

4

6

8

10

12

14

-20 -15 -10 -5 0 5 10 15 20 25 30

Mid-point deflection, a mid  [mm]

L
oa

d,
 F

 [k
N

]

PC-G3 - 1.0 V% Dramix ZC 30/.5

PC-G2 - 0.5 V% Dramix ZC 30/.5

PC-G1 - 0 V% Dramix ZC 30/.5

0

2

4

6

8

10

12

14

0 5 10 15 20 25 30 35 40 45 50

Mid-point deflection, a mid  [mm]

L
oa

d,
 F

 [k
N

]

PC-G3 - 1.0 V% Dramix ZC 30/.5

PC-G2 - 0.5 V% Dramix ZC 30/.5

PC-G1 - 0 V% Dramix ZC 30/.5

0

2

4

6

8

10

12

14

-20 -15 -10 -5 0 5 10 15 20 25 30

Mid-point deflection, a mid  [mm]

L
oa

d,
 F

 [k
N

]

PC-S3 - 1.0 V% Dramix ZC 30/.5

PC-S2 - 0.5 V% Dramix ZC 30/.5

PC-S1 - 0 V% Dramix ZC 30/.5

0

2

4

6

8

10

12

14

0 5 10 15 20 25 30 35 40 45 50

Mid-point deflection, a mid  [mm]

L
oa

d,
 F

 [k
N

] PC-S3 - 1.0 V% Dramix ZC 30/.5

PC-S2 - 0.5 V% Dramix ZC 30/.5

PC-S1 - 0 V% Dramix ZC 30/.5



Chapter 5
Behaviour of steel-fibre-reinforced prestressed pretensioned concrete beams

���

Table 5.14: Mid-point deflection at failure load and ultimate mid-point deflection of
steel fibre reinforced prestressed pretensioned concrete beams

Fiber type Mixture Release of
prestressing force

Failure
load

amid,f

at failure
amid,t

ultimate
amid,f

amid,t

Failure
mode

Gradual Sudden Fu [kN] [mm] [mm]
REF-3 PC-G1 8.20 14.32 23.31 0.61 S

FRC-3 0.5
ZC 30/.5 PC-G2 8.85 28.30 30.64 0.92 S+B

Dramix® ZC 30/.5
FRC-3 1.0

ZC 30/.5 PC-G3 9.45 44.29 44.29 1.00 B
REF-4 - PC-S1 12.70 22.00 24.00 0.92 B+SP

FRC-4 0.5
ZC 30/.5 - PC-S2 12.60 20.00 22.50 0.89 B+S+SP

Dramix® ZC 30/.5
FRC-4 1.0

ZC 30/.5 - PC-S3 12.00 18.50 26.50 0.70 B+S+SP
S:   shear failure B:   bending failure SP:   failure caused by the splitting of concrete cover

5.3 Conclusions

Based on the experimental and theoretical results of bending behaviour of prestressed
pretensioned steel fibre reinforced concrete beams the following conclusions can be
drawn:

1. Strain measurements indicate that the development of prestressing force needs
shorter lengths when steel fibres are applied.

2. Concrete strain measured on the most compressed face of the specimens
generally increased applying fibre reinforcement which might be caused by the
variation of the porosity of concrete.

3. Released prestressing force versus draw-in relationships for 0 V%, 0.5 V% and
1.0 V% fibre contents indicate that fibre application produce lower draw-in of
the prestressing strands.

4. Cambers of prestressed pretensioned concrete beams made with steel fibres were
higher than those for specimens made with no fibres.

5. Transfer length calculations showed if steel fibres were applied the transfer
length was decreased. However, in the practical range of the 95 to 125 kN
prestressing force the decrease of transfer length in the presented tests was not
proportional to the fiber content of the specimens. 0.5 V% fiber content resulted
the shortest transfer length.

6. Increasing failure load was observed by increasing steel fibre content. However,
increment in failure load was not proportional to the fibre content for beams PC-S
due to the significant impact load.

7. Failure modes of beams with no steel fibres were very brittle. When steel fibre
reinforcement was applied failure became more ductile. Failure mode of beams
changed from shear failure (PC-G1) to simultaneous shear and bending failure
(PC-G2) by increasing steel fibre content. Further, clear bending failure was
observed applying 1.0 V% steel fibres (PC-G3).
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Chapter 6
Behaviour of steel fibre reinforced concrete

deep beams in shear

16 steel fibre reinforced concrete deep beams were tested in shear. Experimental
parameters were the applied fibre content (75 kg/m3, 150 kg/m3), the concrete mix
proportions (FRC-1 and FRC-2), the geometry of the specimens (Db-a and DB-b)
and the characteristic fibre orientation. Experimental constants were the type of
steel fibres (Dramix® ZP 305). Conventional reinforcements (longitudinal or
transversal steel bar) were not applied.
Purposes of the tests were to study the effect of fibre content and fibre orientation
on the shear properties of steel fibre reinforced concrete deep beams.

Keywords: deep beam, fibre orientation, shear test, shear strength, size effect

6.1 Experimental programme

6.1.1 Test specimens and experimental variables

Experimental programme involved of 16 steel fibre reinforced concrete deep beams
applying different steel fibre contents, characteristic fibre directions, concrete mix
proportions and specimen geometries.

Two types of deep beam specimens were cast as discussed in Chapter 2 and
shown in Figure 6.1. Deep beams denoted by DB-a and Db-b had a geometry of
500×170×100 mm and 820×340×80 mm, respectively. Specimens denoted by Db-a and
Db-b were sawn out of concrete slab elements with a geometry of 800×500×100 mm
(cast in formwork denoted by A), and 820×630×80 mm (cast in formworks noted by B),
respectively.

Two relatively high fibre dosages 75 kg/m3 (~1.0 V%) and 150 kg/m3 (~2.0 V%)
were applied. Steel fibre reinforcements were the product of BEKAERT, Dramix® ZP
305 hooked-end steel fibres. Conventional longitudinal or transversal (stirrups)
reinforcements were not applied.
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Two characteristic fibre directions were introduced in the material during casting
as discussed in Chapter 2. They were perpendicular to each other and noted by roman
numbers I and II, respectively.

Deep beam specimens made of concrete types FRC-1 (FRC-175
ZP 305 and FRC-

1150
ZP 305) and FRC-2 (FRC-275

ZP 305 and FRC-2150
ZP 305).

Specimens were cast and sawn out of slabs in the Laboratory of Department of
Reinforced Concrete Structures and Department of Construction Materials and
Engineering Geology, University of Technology Budapest.

Experimental parameters are summarised in Table 6.1.

Figure 6.1: Geometry of steel fibre reinforced concrete deep beam specimens

Table 6.1: Experimental parameters of steel fibre reinforced concrete deep beams

No.
Notation
of deep
beam

Concrete
mix

Fibre
content
[kg/m3]

Characteristic
fibre direction

Date of
casting

Date of
testing

Age at
testing
[day]

1 DB-a1 I 05.11.99. 30.11.01. 755
2 DB-a2

75
II 05.11.99. 30.11.01. 755

3 DB-a3 I 08.12.99. 30.11.01. 715
4 DB-a4

FRC-1
150 II 08.12.99. 30.11.01. 715

5 DB-a5 I 05.11.99. 30.11.01. 755
6 DB-a6

75
II 05.11.99. 30.11.01. 755

7 DB-a7 I 08.12.99. 30.11.01. 715
8 DB-a8

FRC-2
150 II 08.12.99. 30.11.01. 715

9 DB-b1 I 05.11.99. 21.11.01. 746
10 DB-b2

75
II 05.11.99. 20.11.01. 745

11 DB-b3 I 08.12.99. 19.11.01. 702
12 DB-b4

FRC-1
150 II 08.12.99. 20.11.01. 703

13 DB-b5 I 05.11.99. 20.11.01. 745
14 DB-b6

75
II 05.11.99. 21.11.01. 746

15 DB-b7 I 08.12.99. 19.11.01. 702
16 DB-b8

FRC-2
150 II 08.12.99. 20.11.01. 703

500 mm

100 mm

17
0 

m
m

Db-a
500×170×100 mm

80 mm

820 mm

34
0 

m
m

Db-b
820×340×80 mm
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6.1.2 Experimental set-up and test procedure

Shear tests were performed on all deep beam specimens. Schematic test arrangements
can be seen in Figure 6.2. Test set-up and test arrangement for deep beams noted by Db-
a can be seen in Photo 6.1.

Shear tests on deep beams denoted by Db-a were carried-out by a displacement
controlled Instron type servo-hydraulic testing machine with the capacity of 500 kN.
Displacements were measured by two LVDTs as shown in Photo 6.1. Deep beams
denoted by Db-a were placed on rigid steel plate supports positioned on the passive
cross head of testing machine (Photo 6.1). Supporting steel plates were connected to
each other. Load was determined according to the measuring of the load-cell placed
between the specimens and the active cross head of testing machine. Speed of cross-
head was 0.2 mm/min. Tests were performed in the laboratory of the Department of
Construction Materials and Engineering Geology.

Tests on specimens Db-b were performed on a force controlled testing machine
with the capacity of 6000 kN. Force was gradually released. Load steps were 10 kN
according to the calculated failure load. Specimens were placed on a rigid steel plates as
in the case of specimens Db-a. Tests were performed in the laboratory of the
Department of Reinforced Concrete Structures.

Figure 6.2: Schematic arrangements for shear tests of steel fibre reinforced concrete
deep beams

�/3 �/3 �/3�/3 �/3 �/3

Db-a
500×170×100 mm

Db-b
820×340×80 mm
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Photo 6.1: Test set-up and test arrangement for shear test of steel fibre reinforced
concrete deep beams DB-a

6.2 Experimental results

Experimental results of shear tests for steel fibre reinforced concrete deep beams are
summarised in Table 6.2. Failure loads, ultimate shear forces, shear strengths and
failure lines as well as the characteristic fibre directions summarised on Photo 6.2 for
specimens Db-a and on Photo 6.3 for specimens Db-b, respectively.

Shear strength of deep beams (denoted by τ u in Photo 6.2) were calculated from
the ultimate shear force, Vu and the cross-section area, A. Calculated shear strengths are
numerically summarised in Table 6.2 for each specimen and in Figure 6.3 for Db-a and
in Figure 6.4 for Db-b. Effect of concrete mix and steel fibre content on the mean values
of shear strengths are summarised in Figure 6.5.

Test results indicate that steel fibre reinforcement can be effectively used to
increase shear strength of concrete (Table 6.2, Figures 6.3 to 6.5). Higher shear
strengths were obtained applying 150 kg/m3 Dramix® ZP 305 hooked-end steel fibres
related to shear strength of specimens containing 75 kg/m3 steel fibres. Higher shear
strengths were obtained in the case of concrete mix FRC-2 than in the case of FRC-1 for
specimens Db-a. However, for both types of specimens, the increment in shear strength
was higher for mix FRC-1.

Significant size effect was observed on shear strength. Higher shear strength was
obtained for specimens DB-a than specimens Db-b.

SFRC deep beam

Rigid steel supports

LVDTLVDT

Testing machine

Load-cell

Active cross-head

Passive cross-head

Rigid steel loading plate

� /3
� /3
� /3
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Considerable effect of the characteristic fibre direction was obtained for both
types of specimens. Higher shear strengths were achieved when the characteristic fibre
direction was perpendicular to the shear force (notation: II) related to the other case
when the characteristic fibre direction was parallel to shear force (notation I.).

Table 6.2: Results of shear test for steel fibre reinforced concrete deep beams
Notatio

n of
deep
beam

Concrete
composition

Concrete
strength

at 28
days

Failure
load

Fu [kN]

Ultimate
shear
force

Vu [kN]

Shear
strength

τu [Mpa]

Mean shear
strength

1 DB-a1 FRC-1 75
ZP 305 – I 338 169 9.87

2 DB-a2 FRC-1 75
ZP 305 – II

39.10
436 218 12.59

11.23

3 DB-a3 FRC-1 150
ZP 305 – I 492 246 13.85

4 DB-a4 FRC-1 150
ZP 305 – II

33.48 498 249 13.86 13.86

5 DB-a5 FRC-2 75
ZP 305 – I 362 181 10.46

6 DB-a6 FRC-2 75
ZP 305 – II

44.04 488 244 14.21 12.34

7 DB-a7 FRC-2 150
ZP 305 – I 452 226 12.88

8 DB-a8 FRC-2 150
ZP 305 – II

36.80
474 237 13.64

13.27

9 DB-b1 FRC-1 75
ZP 305 – I 464 232 7.90

10 DB-b2 FRC-1 75
ZP 305 – II

39.10 496 248 8.50 8.20

11 DB-b3 FRC-1 150
ZP 305 – I 570 285 9.49

12 DB-b4 FRC-1 150
ZP 305 – II

33.48 570 285 10.01 9.75

13 DB-b5 FRC-2 75
ZP 305 – I 466 233 7.94

14 DB-b6 FRC-2 75
ZP 305 – II

44.04
570 285 9.64

8.79

15 DB-b7 FRC-2 150
ZP 305 – I 510 255 8.59

16 DB-b8 FRC-2 150
ZP 305 – II

36.80 576 288 9.84 9.22
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Photo 6.2: Experimental results of shear tests for steel fibre reinforced concrete deep
beams denoted by Db-a. First and second columns represent the two sides of specimens,

respectively. Ultimate shear loads, shear strengths and characteristic fibre directions
are indicated on the photos.

Dba-2   FRC-1 75 kg/m3 Dramix®  ZP 305 Dba-2   FRC-1 75 kg/m3 Dramix®  ZP 305

Dba-5   FRC-2 75 kg/m3 Dramix®  ZP 305 Dba-5   FRC-2 75 kg/m3 Dramix®  ZP 305

Dba-6   FRC-2 75 kg/m3 Dramix®  ZP 305Dba-6   FRC-2 75 kg/m3 Dramix®  ZP 305

Dba-1   FRC-1 75 kg/m3 Dramix® ZP 305 Dba-1   FRC-1 75 kg/m3 Dramix®  ZP 305

Dba-4   FRC-1 150 kg/m3 Dramix®  ZP 305Dba-4   FRC-1 150 kg/m3 Dramix®  ZP 305

Dba-3   FRC-1 150 kg/m3 Dramix®  ZP 305 Dba-3   FRC-1 150 kg/m3 Dramix®  ZP 305

Dba-7   FRC-2 150 kg/m3 Dramix®  ZP 305Dba-7   FRC-2 150 kg/m3 Dramix®  ZP
305

Dba-8   FRC-2 150 kg/m3 Dramix® ZP 305 Dba-8   FRC-2 150 kg/m3 Dramix® ZP 305

Vu = 169 kN

Vu = 237 kN

Vu = 226 kN

Vu = 244 kN

Vu = 181 kN

Vu = 249 kN

Vu = 246 kN

Vu = 218 kN

ττττ u = 9.87 MPa

ττττ u        = 13.64 MPa

ττττ    u = 12.88 MPa

ττττ u        = 14.21 MPa

ττττ u = 10.46 MPa

ττττ u = 13.86 MPa

ττττ u        = 13.85 MPa

ττττ u        = 12.59 MPa
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Photo 6.3: Experimental results of shear tests for steel fibre reinforced concrete deep
beams denoted by Db-b. First and second columns represent the two sides of specimens,

respectively. Ultimate shear loads, shear strengths and characteristic fibre directions
are indicated on the photos.

Dbb-1   FRC-1 75 kg/m3 Dramix® ZP 305Dbb-1   FRC-1 75 kg/m3 Dramix® ZP 305

Dbb-7   FRC-2 150 kg/m3 Dramix® ZP 305Dbb-7   FRC-2 150 kg/m3 Dramix® ZP 305

Dbb-5   FRC-2 75 kg/m3 Dramix® ZP 305Dbb-5   FRC-2 75 kg/m3 Dramix® ZP 305

Dbb-3   FRC-1 150 kg/m3 Dramix® ZP 305Dbb-3   FRC-1 150 kg/m3 Dramix® ZP 305

Dbb-2   FRC-1 75 kg/m3 Dramix® ZP 305 Dbb-2   FRC-1 75 kg/m3 Dramix® ZP 305

Dbb-6   FRC-2 75 kg/m3 Dramix® ZP 305Dbb-6   FRC-2 75 kg/m3 Dramix® ZP 305

Dbb-8   FRC-2 150 kg/m3 Dramix® ZP 305Dbb-8   FRC-2 150 kg/m3 Dramix® ZP 305

Dbb-4   FRC-1 150 kg/m3 Dramix® ZP 305Dbb-4   FRC-1 150 kg/m3 Dramix® ZP 305

Vu = 232 kN

Vu = 255 kN

Vu = 285 kN

Vu = 233 kN

Vu = 285 kN

Vu = 285 kN

Vu = 248 kN

Vu = 288 kN

ττττ u = 7.90 MPa

ττττ u        = 9.84 MPa

ττττ u        = 8.59 MPa

ττττ u        = 9.64 MPa

ττττ u = 7.94 MPa

ττττ u = 10.01 MPa

ττττ u        = 9.49 MPa

ττττ u        = 8.50 MPa
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Figure 6.3: Shear strength (Vu / A) of steel fibre reinforced concrete deep beams noted
by Db-a. Vertical and horizontal strips in the diagrams indicate parallel and

perpendicular characteristic fibre direction to the shear force, respectively. Blue and
red colours indicate concrete mixes FRC-1 and FRC-2, respectively.
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Figure 6.4: Shear strength (Vu / A) of steel fibre reinforced concrete deep beams noted
by Db-b Vertical and horizontal strips in the diagrams indicate parallel and

perpendicular characteristic fibre direction to the shear force, respectively. Blue and
red colours indicate concrete mixes FRC-1 and FRC-2, respectively.
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Figure 6.5: Variation of shear strength effect by the concrete composition and Dramix®

ZP 305 hooked-end steel fibre content

6.3 Conclusions

Based on the experimental results on shear tests of steel fibre reinforced concrete deep
beams the following main conclusions can be drawn:

1. Shear capacity of deep beams were experimentally studied by applying only high
steel fibre contents (75 kg/m3 and 150 kg/m3). The observed increment in shear
strengths (Vu/bd) was 5% and 36% by increasing the steel fibre content from
75 kg/m3 (~1.0 V%) to  150 kg/m3 (~2.0 V%).

2. Variation of shear strength was proportional to the variation of compressive
strength. Higher increment in shear strength was obtained when the compressive
strength was higher.

3. Shear strength was influenced by the characteristic fibre direction applying
relatively high steel fibre contents (75 kg/m3 and 150 kg/m3). Higher shear
strengths were observed when the characteristic fibre direction was perpendicular
to the shear force related to the other cases when the characteristic fibre direction
was parallel to the shear force.

4. Size effect was observed on shear strength of deep beams. Higher shear strength
was obtained in the case of specimens Db-a (500×170×100 mm) than in the case
of specimens Db-b (820×340×80 mm).
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Chapter 7
Behaviour of steel fibre reinforced concrete slabs

in bending

Chapter 7 deals with an experimental study on the structural behaviour of steel
fibre reinforced concrete slabs. Experimental parameters were the concrete mix
proportions (FRC-1 and FRC-2), the fibre contents (75 kg/m3 and 150 kg/m3 steel
fibres) and the privilege fibre directions. Experimental constants were the
geometry of slabs (600×600×50 mm), the type of steel fibres (Dramix® ZP 305
hooked-end steel fibre) and the developed test method.
Purpose of the test was to study the structural performances of concrete slabs
affected by steel fibre content and characteristic fibre direction.
Crack patterns at failure, failure loads, as well as load - deflection relationships
were registered.

Keywords: concrete slab, steel fibre reinforced concrete, bending behaviour, failure load,
crack pattern, load-deflection relationship

7.1 Experimental programme

7.1.1 Test specimens and experimental variables

Experimental program involved of 4 steel fibre reinforced concrete slabs applying
different steel fibre contents and concrete mix proportions.

Geometry of slabs were 600×600×50 mm. Dimensions of slabs were defined so
that rational slab behaviour could be performed (�x/d = �y/d = 600/50 = 12). Slabs were
cast in formwork noted by C as discussed in Chapter 2.

Steel fibre reinforcement was the product of BEKAERT, Dramix® ZP 305
hooked-end steel fibre. Purpose of the experiment was to study the structural
performance of concrete slabs effect by steel fibres and their orientation. For this
reason, two relatively high dosages of fibres 75 kg/m3 and 150 kg/m3 were applied
which were ~1.0 V% and ~2.0 V% fibre contents, respectively.
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Figure 7.1: Geometry of steel fibre reinforced concrete slabs

Table 7.1: Experimental parameters of steel fibre reinforced concrete slab tests
No. Notation

of slab
Concrete

type
Fibre
type

Fibre
content

[kg/m3]

Date of
casting

Date of
testing

Age of
slab at
testing
[day]

1 S-1 75 05.11.99 06.02.02 821
2 S-2 FRC-1 150 08.12.99 08.02.02 790
3 S-3 75 05.11.99 07.02.02 822
4 S-4 FRC-2

Dramix®

ZP 305
150 08.12.99 08.02.02 790

Since the configuration of slabs was quadratic only one characteristic fibre orientation
was introduced.

Slabs made of concrete mixes FRC-1 (FRC-175
ZP 305 and FRC-1150

ZP 305) and
FRC-2 (FRC-275

ZP 305 and FRC-2150
ZP 305). Specimens manufactured in the Laboratory

of Department of Reinforced Concrete Structures, and Department of Construction
Materials and Engineering Geology, Budapest University of Technology and
Economics.

Experimental parameters containing date of casting and date of testing are
summarised in Table. 7.1.

7.1.2 Test set-up and experimental procedure

New experimental set-up was developed testing steel fibre reinforced concrete slabs.
The most simple test arrangement and test method was performed. Two-way slabs were
simply supported on a rigid steel frames produced by a steel girder I120 (MSZ 500,
A37) lying on the passive cross-head of testing machine. Slabs were loaded in their
central points. Tests were carried-out in displacement control by LVDTs placed on the
passive cross-head the Instron type servo-hydraulic testing machine with the capacity of
500 kN. Displacements of steel fibre reinforced concrete slabs were directly measured
by LVDTs placed in the third points of one of the span. Slabs were placed on the steel
frame support so that the

50 mm

600 mm

60
0 

m
m
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Photo 7.1: Test set-up and test arrangement for bending test of steel fibre reinforced
concrete slabs

characteristic fibre orientation should always be in one direction as shown in Photo 7.1.
Load was determined according to the measuring of the load-cell placed between the
central point of slabs and the active cross-head of Instron. Rate of cross-head
displacement was 0.2 mm/min. Avoiding the damage of test set-up maximum measured
deflection in the third point of the span was 8 mm (�/75). Tests were performed in the
Laboratory of Department of Construction Materials and Engineering Geology.

7.2 Experimental results and observations

7.2.1 Failure loads

Cracking loads (Fcr) and failure loads (Fu) as well as increments of cracking loads and
failure loads of steel fibre reinforced concrete slabs are summarised in Table 7.2.and
represented in Figure 7.2. Increments are explained as a function of fibre content (150
kg/m3 vs. 75 kg/m3) and as a function of concrete mix (FRC-2 vs. FRC-1). In the first
case cracking load of slab S-2 (FRC-1, 150 kg/m3) and S-4 (FRC-2, 150kg/m3) are
related to the cracking load of slab S-1 (FRC-1, 75 kg/m3) and S-3 (FRC-2, 75 kg/m3),
respectively. In the last two columns failure load of S-3 (FRC-2, 75 kg/m3) and S-4
(FRC-2, 150 kg/m3) are related to the failure load of slab S-1 (FRC-1, 75 kg/m3) and S-
2 (FRC-1, 150 kg/m3), respectively.

SFRC slab

Steel frame support

LVDTLVDT

Testing machine

Load-cell
Active cross-head

Passive cross-head

Privilege fibre
orientation

�x /3
�x /3
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Table 7.2: Cracking loads and failure loads of steel fibre reinforced concrete slabs

No.
Notation

of
slabs

Concrete
mix

Fcr

[kN]
Fu

[kN]
Increment
in cracking

 load
150 kg/m3

vs.
75 kg/m3

Increment
in cracking

load
FRC-2

vs.
FRC-1

Increment
in failure

load
75 kg/m3

vs
150 kg/m3

Increment
in failure

load
FRC-1

vs.
FRC-2

1 S-1 FRC-175
ZP 305 10.15 28.73 ref. ref. ref. ref.

2 S-2 FRC-1150
ZP 305 17.46 32.46 + 72 % ref. + 13 % ref.

3 S-3 FRC-275
ZP 305 11.13 32.23 ref. + 10 % ref. + 12 %

4 S-4 FRC-2150
ZP 305 21.06 40.51 + 89 % + 21 % + 25 % + 25 %
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Figure 7.2: Cracking load and failure load of steel fibre reinforced concrete slabs
made of concrete mix FRC-1 and FRC-2 applying 75 kg/m3 and 150 kg/m3 ZP 305

Dramix® hooked-end steel fibres

Results indicate that significant increment in cracking load was obtained by
applying 150 kg/m3 Dramix® ZP 305 hooked-end steel fibres related to slabs containing
75 kg/m3 Dramix® ZP 305 hooked-end steel fibres. However, cracking loads of slabs
were not significantly effected by the concrete mix proportions.

When the fibre content was 75 kg/m3, 10.15 kN ( for S-1) and 11.13 kN (for S-3)
cracking load was obtained for slabs made of concrete type FRC-1 and FRC-2,
respectively. Otherwise, 17.46 kN (for S-2, made of FRC-1) and 21.06 kN (for S-4,
made of FRC-2) was the cracking load for slabs applying 150 kg/m3 steel fibres.
Consequently, more or less the same increment in cracking load was obtained in the
case of mix FRC-1 (72 %) and in the case of mix FRC-2 (89 %). In contrary to the
significant increment in cracking load by the increase of fibre content, cracking load
was not considerably effected by the change of concrete mix from FRC-1 to FRC-2.
Increment in cracking load was 10 % ( for S-3, made of FRC-2), and 21 % (for S-4,
made of FRC-2) when 75 kg/m3 and 150 kg/m3 steel fibres were applied, related to slab
S-1 (FRC-1) and S-2 (FRC-1), respectively.

Fu
Fu Fu

Fu

Fcr

Fcr
Fcr

Fcr
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Failure load increased by applying 150 kg/m3 steel fibres related to slab
containing 75 kg/m3 steel fibres. By the use of 150 kg/m3 steel fibres 13 % (for S-2,
made of FRC-1, Fu = 32.46 kN) and 25 % (for S-4, made of FRC-2, Fu = 40.51 kN)
increment in failure load was achieved related to slabs S-1 (FRC-1, Fu = 28.73 kN) and
S-3 (FRC-2, Fu = 32.23 kN), containing 75 kg/m3 steel fibres, respectively. By the
change of concrete type from FRC-1 to FRC-2, 12 % (for S-3, made of FRC-2, 75
kg/m3) and 25 % (for S-4, made of FRC-2, 150 kg/m3) increment was obtained related
to slabs S-1 (made of FRC-1, 75 kg/m3) and S-2 (made of FRC-1, 150 kg/m3),
respectively.

7.2.2 Load vs. deflection relationships

Similarly to Table 7.2 and Figure 7.2, the corresponding deflections measured at
cracking loads and failure loads, as well as their increments as a function of the fibre
content and the concrete compositions are summarised in Table 7.3 and Figure 7.3.
Load vs. deflection relationships and the schematic arrangement of measuring system
for steel fibre reinforced concrete slab tests are presented in Figure 7.4.

As results indicate, deflections corresponding to the cracking loads as well as to
the failure loads of steel fibre reinforced slabs increased applying 150 kg/m3 Dramix®

ZP 305 hooked-end steel fibres related to slabs containing 75 kg/m3 Dramix® ZP 305
hooked-end steel fibres.

However, deflection measured at cracking loads were not significantly effect by
the type of concrete. 0.82 mm (for S-1, made of FRC-1) and 1.10 mm (for S-3, made of
FRC-2) deflections were obtained for slabs containing 75 kg/m3 steel fibre content.
Otherwise, 1.48 mm (for S-2, made of FRC-1) and 1.83 mm (for S-4, made of FRC-2)
deflections were measured on slabs applying 150 kg/m3 steel fibres. Hence, more or less
the same increment in deflection was obtained by the increase of fibre content in the
case of both concrete mix FRC-1 (80 %) and FRC-2 (66 %).

In contrast to the notable increment in deflection measured at cracking by the
increase of fibre content, the variation of concrete type from FRC-1 to FRC-2 did not
significantly effect the deflection applying the same fibre content. When 75 kg/m3 fibres
were applied 34 % (S-3, FRC-2), when 150 kg/m3 fibres were used 24 % (S-4, FRC-2)
increments in deflections were obtained related to slab S-1 (made of FRC-1) and S-2
(made of FRC-1), respectively.

Deflection at failure loads also increased applying 150 kg/m3 steel fibres related
to slabs containing 75 kg/m3 steel fibres. By the use of 150 kg/m3 fibre content 44 %
(for S-2, made of FRC-1, aFu = 5.03 mm) and 21 % (for S-4, made of FRC-2, aFu = 4.33
mm) increment in deflection at failure load was measured, related to slabs S-1 (made of
FRC-1, aFu = 3.49 mm) and S-3 (made of FRC-2, aFu = 3.57 mm), containing 75 kg/m3

steel fibres, respectively.
2 % (for S-3, made of FRC-2, 75 kg/m3) and 21 % (for S-4, made of FRC-2, 150

kg/m3) increments were obtained related to slabs S-1 (made of FRC-1, 75 kg/m3) and S-
2 (made of FRC-1, 150 kg/m3) by the variation of concrete mix from FRC-1 to FRC-2,
respectively.

Figure 7.3 indicates, that 150 kg/m3 Dramix® ZP 305 hooked-end steel fibres
provides more smooth load vs. deflection relationships than 75 kg/m3 Dramix® ZP 305
hooked-end steel fibres. Due to the relatively high fibre dosage, significant strain-
hardening behaviour was obtained after cracking. However, better elastic-plastic
behaviour was obtained by the use of concrete mix FRC-2.
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Table 7.3: Measured deflections at cracking load and at failure load of steel fibre
reinforced concrete slabs

Notation
of slab

Concrete type aFcr

[mm]
aFu

[mm]
Increment in
deflection at
cracking 150
kg/m3 vs 75

kg/m3

Increment in
deflection at

cracking
FRC-2 vs.

FRC-1

Increment in
deflection at
failure load

150 kg/m3 vs
75 kg/m3

Increment in
deflection at
failure load
FRC-2 vs.

FRC-1
1 S-1 FRC-175

ZP 305 0.82 3.49 ref. ref. ref. ref.
2 S-2 FRC-1150

ZP 305 1.48 5.03 + 80 % ref. + 44 % ref.
3 S-3 FRC-275

ZP 305 1.10 3.57 ref. + 34 % ref. + 2 %
4 S-4 FRC-2150

ZP 305 1.83 4.33 + 66 % + 24 % + 21 % + 21 %
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Figure 7.3: Measured deflections at cracking load and at failure load of steel fibre
reinforced concrete slabs made of concrete mix FRC-1 and FRC-2 applying 75 kg/m3

and 150 kg/m3 Dramix® ZP 305 hooked-end steel fibres

7.2.3 Crack development and failure line

After bending tests of steel fibre reinforced concrete slabs, crack pattern was analysed
as a function of steel fibre content and characteristic fibre direction.

Failure lines of slabs can be seen in Photo 7.2. Photos were made after bending
tests representing deformations at different failure load levels. Failure loads as well as
the schematic representation of the characteristic fibre directions are also presented on
the Photo 7.2. Photos indicate that directions of crack propagations were more or less
parallel with the characteristic fibre direction. However, crack propagation was effected
by the used concrete mix and applied fibre content as well. In the case of concrete mix
FRC-2 (for S-3 and S-4) smaller amount of cracks were developed on the surface of
slabs, than in the case of concrete mix FRC-1 (for S-1 and S-2), considering the same
fibre content. In case of both concrete mixes, 75 kg/m3 fibre content resulted more
cracks than 150 kg/m3 fibre content.
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acr acr
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Figure 7.4: Load vs. deflection relationships for steel fibre reinforced concrete slabs

Photo 7.2: Crack patterns and failure loads of steel fibre reinforced concrete slabs.
Characteristic fibre directions are indicated on the photos.
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7.2.4 Effect of compressive strength

Cracking load as well as failure load of steel fibre reinforced concrete slabs as a
function of concrete strength measured on 240×100×100 prims are summarised in
Figure 7.5 - 7.6. Effect of concrete mix (FRC-1 and FRC-2) and Dramix® ZP 305
hooked-end steel fibre contents (75 kg/m3 and 150 kg/m3) are illustrated in Figure 7.5
and Figure 7.6. Dotted and continuous lines indicate cracking loads and failure loads,
respectively. Vertical dotted lines sign the steel-fibre reinforced concrete slabs, S-1, S-2,
S-3 and S-4.

Figure 7.5: Cracking load as well as failure load of steel fibre reinforced concrete
slabs as a function of the concrete strength and Dramix® ZP 305 hooked-end steel fibre
content. Dotted lines and continuous lines indicate the cracking load and failure load,

respectively.

Figure 7.6: Cracking load as well as failure load of steel fibre reinforced concrete
slabs as a function of the concrete strength and the concrete compositions (FRC-1 and
FRC-2). Dotted lines and continuous lines indicate the cracking load and failure load,

respectively.
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Diagrams indicate that structural performance of steel-fibre reinforced concrete slabs
are strongly depend on the steel fibre content and on the concrete mix as well. However,
tendencies in cracking loads and in failure loads are different.

Considering the same steel fibre content Figure 7.5 indicates that cracking load
as well as failure load increased by the change of concrete mix from FRC-1 (for S-1 and
S-2) to FRC-2 (for S-3 and S-4).

By 9.90% increment in compressive strength in case of slab S-2 (made of FRC-
1, 150 kg/m3 steel fibres) 21% and 25% increment in cracking load and in failure was
obtained related to slab S-4 (made of FRC-2, 150 kg/m3 steel fibres).

Otherwise for S-3 (made of FRC-2, 75 kg/m3), 12.6% increment in concrete
strength yield to 10% and 12% increment in cracking load and in failure load related to
slab S-1 (made of FRC-1, 75 kg/m3), respectively.

However, for both concrete mix lower cracking load and failure load was
obtained by the use of 75 kg/m3 fibre content related to mixes containing 150 kg/m3

steel fibres, even if the concrete strength increased.
Main reason of the observed phenomena and tendencies shown in Figure 7.5 and

in Figure 7.6 may lie in the higher porosity of concrete mix containing 150 kg/m3 steel
fibres. However, despite of the lower concrete strength of mixtures made with 150
kg/m3 steel fibres, both cracking load and failure load of slabs increased, related to the
mixtures containing 75 kg/m3 steel fibres.

7.3 Conclusions

Based on the experimental results on bending tests of steel fibre reinforced concrete
slabs the following main conclusions can be drawn:

1. New test method as well as test set-up were developed for bending test of simply
supported steel fibre reinforced concrete slabs.

2. Cracking load of steel-fibre reinforced concrete slabs are strongly effect by the
applied steel fibre content and the concrete mix.

3. Failure load of steel-fibre reinforced concrete slabs are also strongly effect by the
applied fibre content and the used concrete mix.

4. Deflection measured at cracking load of steel-fibre reinforced concrete slabs is
effect by the applied steel fibre content and the used concrete mix.

5. Deflection measured at failure load of steel-fibre reinforced concrete slabs are
effect by the applied steel fibre content and the used concrete mix.

6. Significant post cracking behaviour was observed after cracking of steel fibre
reinforced concrete slabs which was proportional to the applied steel fibre
content.

7. Crack propagation and crack distribution of slabs were effect by the
characteristic fibre direction. Direction of the main crack propagation was more or
less parallel to the characteristic fibre direction.

8. Steel fibre reinforcement can effectively be used to reduce crack width, to
control crack propagation and crack distribution of steel fibre reinforced concrete
slabs. Smaller amount of cracks were developed applying higher steel fibre
content.
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Figure A1: 3D representation of load (F) versus crack width (a) relationships of beams 
RC-A1…RC-A3 measured at each load steps at the high of the tensioned steel bars. The 

horizontal axis of the diagram indicates the position of the cracks along the beam. 
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Figure A2: 3D representation of load (F) versus crack width (a) relationships of beams 
RC-A4…RC-A6 measured at each load steps at the high of the tensioned steel bars. The 

horizontal axis of the diagram indicates the position of the cracks along the beam. 
 

0.00

0.04

0.08

0.12

0.16

0.20

C
ra

ck
 w

id
th

, a
 [m

m
]

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

Position of crack, x [mm]

F [kN]

RC-A4 - φφφφ6/240 - 0 V% Dramix® ZC 30/.5

Fu = 21.6 kN Shear failure

25 kN

0 kN

F F

f c = 37.58 MPa

f sp = 1.57 MPa

0.00

0.04

0.08

0.12

0.16

0.20

C
ra

ck
 w

id
th

, a
 [m

m
]

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

Position of crack, x [mm]

RC-A5 - φφφφ6/240 - 0.5 V% Dramix® ZC 30/.5

Fu = 35.1 kN Shear failure

25 kN

0 kN

F F

f c = 39.85 MPa

f sp = 2.62 MPa

0.00

0.04

0.08

0.12

0.16

0.20

C
ra

ck
 w

id
th

, a
 [m

m
]

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

Position of crack, x [mm]

F [kN]

RC-A6 - φφφφ6/240 - 1.0 V% Dramix® ZC 30/.5

Fu = 35.0 kN Bending failure

25 kN

0 kN

F F

f c = 38.55 MPa

f sp = 3.63 MPa



 
 
 
 

Appendix 
 

�� � �

 

 
Figure A3: 3D representation of load (F) versus crack width (a) relationships of beams 
RC-A7…RC-A9 measured at each load steps at the high of the tensioned steel bars. The 

horizontal axis of the diagram indicates the position of the cracks along the beam. 
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Figure A4: 3D representation of load (F) versus crack width (a) relationships of beams 
RC-B1…RC-B3 measured at each load steps at the high of the tensioned steel bars. The 

horizontal axis of the diagram indicates the position of the cracks along the beam. 
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Figure A5: 3D representation of load (F) versus crack width (a) relationships of beams 
RC-B4…RC-B6 measured at each load steps at the high of the tensioned steel bars. The 

horizontal axis of the diagram indicates the position of the cracks along the beam. 
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Figure A6: 3D representation of load (F) versus crack width (a) relationships of beams 
RC-B7…RC-B9 measured at each load steps at the high of the tensioned steel bars. The 

horizontal axis of the diagram indicates the position of the cracks along the beam. 
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Figure A7: Crack distributions of beam RC-A1 having 0V% Dramix® ZC 30/.5 hooked-

end steel fibres and of beam RC-B1 having 0V% D&D® 30/.5 crimped steel fibres at 
different load levels. The horizontal doted line indicates the mean crack width at the 

given load step. 
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Figure A8: Crack distributions of beam RC-A2 having 0.5V% DRAMIX® ZC 30/.5 

hooked-end steel fibres and of beam RC-B2 having 0.5V% D&D® 30/.5 crimped steel 
fibres at different load levels. The horizontal axis of the diagrams indicates the position 
of the cracks. The horizontal doted line indicates the mean crack width at the given load 

step. 
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Figure A9: Crack distributions of beam RC-A3 having 1.0 V% Dramix® ZC 30/.5 

hooked-end steel fibres and of beam RC-B3 having 1.0 V% D&D® 30/.5 crimped steel 
fibres at different load levels. The horizontal axis of the diagrams indicates the position 
of the cracks. The horizontal doted line indicates the mean crack width at the given load 

step. 
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Figure A10: Crack distributions of beam RC-A4 having Ø6/240 stirrup reinforcement 

and 0 V% Dramix® ZC 30/.5 hooked-end steel fibres and of beam RC-B4 having Ø4/240 
stirrup reinforcement and 0 V% D&D® 30/.5 crimped steel fibres at different load 
levels. The horizontal axis of the diagrams indicates the position of the cracks. The 

horizontal doted line indicates the mean crack width at the given load step. 
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Figure A11: Crack distributions of beam RC-A5 having Ø6/240 stirrup reinforcement 

and 0.5 V% Dramix® ZC 30/.5 hooked-end steel fibres and of beam RC-B5 having 
Ø4/240 stirrup reinforcement and 0.5 V% D&D® 30/.5 crimped steel fibres at different 
load levels. The horizontal axis of the diagrams indicates the position of the cracks. The 

horizontal doted line indicates the mean crack width at the given load step. 
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Figure A12: Crack distributions of beam RC-A6 having Ø6/240 stirrup reinforcement 

and 1.0 V% Dramix® ZC 30/.5 hooked-end steel fibres and of beam RC-B6 having 
Ø4/240 stirrup reinforcement and 1.0 V% D&D® 30/.5 crimped steel fibres at different 
load levels. The horizontal axis of the diagrams indicates the position of the cracks. The 

horizontal doted line indicates the mean crack width at the given load step. 
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Figure A13: Crack distributions of beam RC-A7 having Ø6/120 stirrup reinforcement 

and 0 V% Dramix® ZC 30/.5 hooked-end steel fibres and of beam RC-B7 having Ø4/120 
stirrup reinforcement and 0 V% D&D® 30/.5 crimped steel fibres at different load 
levels. The horizontal axis of the diagrams indicates the position of the cracks. The 

horizontal doted line indicates the mean crack width at the given load step. 
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Figure A14: Crack distributions of beam RC-A8 having Ø6/120 stirrup reinforcement 

and 0.5 V% Dramix® ZC 30/.5 hooked-end steel fibres and of beam RC-B8 having 
Ø4/120 stirrup reinforcement and 0.5 V% D&D® 30/.5 crimped steel fibres at different 
load levels. The horizontal axis of the diagrams indicates the position of the cracks. The 

horizontal doted line indicates the mean crack width at the given load step. 
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Figure A15: Crack distributions of beam RC-A9 having Ø6/120 stirrup reinforcement 

and 1.0 V% Dramix® ZC 30/.5 hooked-end steel fibres and of beam RC-B9 having 
Ø4/120 stirrup reinforcement and 1.0 V% D&D® 30/.5 crimped steel fibres at different 
load levels. The horizontal axis of the diagrams indicates the position of the cracks. The 

horizontal doted line indicates the mean crack width at the given load step. 
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Figure A16: load vs. crack number relationships for RCA1…A3 and RC-B1…B3 

 
 

Figure A17: Load vs. crack number relationships for RCA4…A6 and RC-B4…B36 
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Figure A18: Load vs. crack number relationships for RC-A7…A9 and RC-B7…B9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A19: Load vs. crack spacing  relationships for RC-A1…A3 and RC-B1…B3 
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Figure A20: Load vs. crack spacing  relationships for RC-A4…A6 and RC-B4…B6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A21: Load vs. crack spacing  relationships for RC-A7…A9 and RC-B7…B9 
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Figure A22: Load vs. summ of crack width relationships 
for RC-A1…A3 and RC-B1…B3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A23: Load vs. sum of crack width relationships 
for RC-A4…A6 and RC-B4…B6 
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Figure A24: Load vs. sum of crack width relationships 
for RC-A7…A9 and RC-B7…B9 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure A25: Load vs. mean crack width relationships 

for RC-A1…A3 and RC-B1…B3 

0.0
0.5
1.0
1.5
2.0
2.5
3.0

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
 [m

m
] RC-A9

RC-A8
RC-A7

0.0
0.5
1.0
1.5
2.0
2.5
3.0

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
 [m

m
] RC-B9

RC-B8
RC-B7

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
be

nd
in

g [
m

m
]

RC-A9
RC-A8
RC-A7

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
be

nd
in

g [
m

m
]

RC-B9
RC-B8
RC-B7

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
sh

ea
r [

m
m

] RC-A9
RC-A8
RC-A7

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
sh

ea
r [

m
m

] RC-B9
RC-B8
RC-B7

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
m

 [m
m

] RC-A3
RC-A2
RC-A1

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
m

 [m
m

] RC-B3
RC-B2
RC-B1

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
m

,b
en

di
ng

 [m
m

]

RC-A3
RC-A2
RC-A1

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
m

,b
en

di
ng

 [m
m

]

RC-B3
RC-B2
RC-B1

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
m

,s
he

ar
 [m

m
] RC-A3

RC-A2
RC-A1

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

0 5 10 15 20 25 30 35 40

Load, F [kN]

w
m

,s
he

ar
 [m

m
] RC-B3

RC-B2
RC-B1



 
 
 
 

Appendix 
 

��� �

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A26: Load vs. mean crack width relationships 
for RC-A4…A6 and RC-B4…B6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A27: Load vs. mean crack width relationships 
for RC-A7…A9 and RC-B7…B9 
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Figure A28:   Load versus number of cracks relationship (F – Σn), 

Load versus sum of crack widths relationship (F – Σa), 
Load versus mean crack width relationship (F – amean), 
Load versus mean crack spacing relationship (F – smean) 
for beams RC-A1 and RC-A3 (Series A) represented in the first column 
and for beams RC-B1 and RC-B3 (Series B) represented in the second 
column). 

0.00

0.02

0.04

0.06

0.08

0.10

5 10 15 20 25 30 35

Load, F [kN]

a m
ea

n [
m

m
]

RC-A1 - No stirrups
0 V% hooked-end fibres

RC-A3 - No stirrups
1.0 V% hooked-end 

fibres

0
5

10

15
20

25
30

35

5 10 15 20 25 30 35

Load, F [kN]

N
um

be
r 

of
 c

ra
ck

s

RC-A3 - No stirrups
1.0 V% hooked-end fibres

RC-A1 - No stirrups
0 V% hooked-end fibres

0

50

100

150

200

250

0 5 10 15 20 25 30 35

Load, F [kN]

s m
ea

n [
m

m
] RC-A3 - No stirrups

1.0 V% hooked-end fibres

RC-A1 - No stirrups
0 V% hooked-end fibres

0.00

0.50

1.00

1.50

2.00

2.50

5 10 15 20 25 30 35

Load, F [kN]

ΣΣ ΣΣa
 [m

m
]

RC-A1 - No stirrups
0 V% hooked-end fibres

RC-A3 - No stirrups
1.0 V% hooked-end fibres

0
5

10
15
20
25
30
35

5 10 15 20 25 30 35
Load, F [kN]

N
um

be
r 

of
 c

ra
ck

s

RC-B3 - No stirrups
1.0 V% crimped fibres

RC-B1 - No stirrups
0 V% crimped fibres

0.00

0.50

1.00

1.50

2.00

2.50

5 10 15 20 25 30 35

Load, F [kN]

ΣΣ ΣΣa
 [m

m
]

RC-B3 - No stirrups
1.0 V% crimped fibres

RC-B1 - No stirrups
0 V% crimped fibres

0.00

0.02

0.04

0.06

0.08

0.10

5 10 15 20 25 30 35

Load, F [kN]

a m
ea

n [
m

m
]

RC-B1 - No stirrups
0 V% crimped fibres

RC-B3 - No stirrups
1.0 V% crimped fibres

0

50

100

150

200

250

0 5 10 15 20 25 30 35

Load, F [kN]

s m
ea

n [
m

m
] RC-B3 - No stirrups

1.0 V% crimped fibres

RC-B1 - No stirrups
0 V% crimped fibres



 
 
 
 

Appendix 
 

��� �

 

 
Figure A29:   Load versus number of cracks relationship (F – Σn), 

Load versus sum of crack widths relationship (F – Σa), 
Load versus mean crack width relationship (F – amean), 
Load versus mean crack spacing relationship (F – smean) 
for beams RC-A4 and RC-A6 (Series A) represented in the first column 
and for beams RC-B4 and RC-B6 (Series B) represented in the second 
column). 
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Figure A30:   Load versus number of cracks relationship (F – Σn), 

Load versus sum of crack widths relationship (F – Σa), 
Load versus mean crack width relationship (F – amean), 
Load versus mean crack spacing relationship (F – smean) 
for beams RC-A7 and RC-A9 (Series A) represented in the first column 
and for beams RC-B7 and RC-B9 (Series B) represented in the second 
column). 
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Figure A31: Strain distribution in the mid-section of beams RC-A4…RC-A6 in loading. 
Horizontal axis of the diagram indicates the position of the strain gauges, vertical axis 

of the diagram indicate the measured concrete strain. 
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Figure A32: Strain distribution in the mid-section of the beams RC-A7…RC-A9 in 
loading. Horizontal axis of the diagram indicates the position of the strain gauges, 

vertical axis of the diagram indicates the measured concrete strain. 
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Table A1: Measured crack widths for beams RC-A1 
Measured crack width along the beam containing 0V% DRAMIX® ZC 30/.5 hooked-end steel fibres

Load
F [kN] S B B S S S S S B B B S B B B S S S B B S S B S S B B

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

371 996 1141 1336 1472 1564 449 588 901 1184 1278 673 801 1057 758 1406 1797 524 1640 288 627 943 1533 1695 739 1113

1.0 0.040

2.0 0.045 0.040 0.010 0.000 0.000 0.000 0.000 0.035 0.000 0.000

3.0 0.050 0.025 0.010 0.045 0.000 0.000 0.050 0.045 0.025 0.000

5.0 0.055 0.040 0.055 0.055 0.015 0.000 0.000 0.050 0.040 0.030 0.030 0.055 0.030

7.0 0.060 0.045 0.055 0.055 0.025 0.010 0.005 0.055 0.040 0.045 0.025 0.060 0.035 0.015

10.0 0.060 0.045 0.055 0.065 0.050 0.030 0.005 0.065 0.045 0.045 0.050 0.090 0.045 0.030 0.040 0.020

15.0 0.060 0.050 0.055 0.100 0.050 0.040 0.010 0.075 0.050 0.045 0.090 0.105 0.050 0.050 0.045 0.050 0.000 0.020 0.030 0.030

17.5 0.100 0.100 0.060 0.105 0.055 0.050 0.010 0.100 0.050 0.050 0.090 0.105 0.050 0.060 0.045 0.050 0.025 0.030 0.040 0.040 0.015 0.010 0.020 0.000 0.010
20.0 0.110 0.100 0.055 0.110 0.065 0.050 0.010 0.100 0.050 0.060 0.105 0.105 0.070 0.060 0.050 0.050 0.050 0.050 0.050 0.050 0.025 0.050 0.020 0.000 0.010 0.030 0.005

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

 
 

Table A2: Measured crack widths for beams RC-A2 
Measured crack width along the beam containing 0.5V% DRAMIX® ZC 30/.5 hooked-end steel fibres

Load
F [kN] B B B S S S B B S B S S S S B B B B S S S S S S B S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

927 772 1192 1351 643 414 1275 1002 557 1116 231 306 481 683 731 831 883 1063 167 1484 1618 1552 351 603 1128 1398 1848

2.0 0.000

3.0 0.000 0.000 0.000

4.0 0.000 0.000 0.000 0.000

5.0 0.000 0.010 0.000 0.000 0.015 0.000 0.000

7.0 0.000 0.035 0.000 0.005 0.030 0.000 0.125

10.0 0.000 0.045 0.040 0.050 0.030 0.005 0.000 0.000 0.000 0.025 0.000 0.005 0.000 0.040 0.035

15.0 0.015 0.060 0.040 0.060 0.045 0.010 0.025 0.000 0.055 0.015 0.000 0.005 0.025 0.050 0.045 0.010 0.010 0.000 0.030 0.010

17.5 0.050 0.070 0.050 0.060 0.050 0.020 0.045 0.040 0.055 0.030 0.000 0.015 0.035 0.055 0.055 0.040 0.015 0.000 0.023 0.025 0.050 0.015

20.0 0.050 0.070 0.050 0.060 0.055 0.050 0.045 0.050 0.055 0.040 0.000 0.025 0.035 0.055 0.060 0.045 0.025 0.000 0.045 0.045 0.060 0.035 0.020 0.025

22.5 0.055 0.100 0.060 0.060 0.060 0.090 0.060 0.075 0.055 0.040 0.000 0.035 0.050 0.060 0.080 0.065 0.035 0.020 0.045 0.055 0.060 0.050 0.025 0.045 0.035 0.010 0.045
25.0 0.060 0.105 0.075 0.075 0.060 0.090 0.060 0.075 0.055 0.050 0.000 0.050 0.055 0.060 0.080 0.065 0.040 0.020 0.000 0.060 0.100 0.060 0.045 0.050 0.050 0.010 0.040

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

 
 

Table A3: Measured crack widths for beams RC-A3 
Measured crack width along the beam containing 1V% DRAMIX® ZC 30/.5 hooked-end steel fibres
Load
F [kN] S B B B S S B S B B S S B B B S B B B S S S B S S S S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

F [kN] 1317 717 1013 1043 618 1404 1268 561 1196 1156 1358 1496 784 853 877 1467 816 956 927 364 1612 686 1002 425 488 647 307 1763

1.0 0.000

2.0 0.000 0.035

3.0 0.000 0.035 0.020

5.0 0.005 0.040 0.030 0.040 0.000 0.025

7.0 0.005 0.045 0.045 0.045 0.000 0.035 0.000 0.000 0.000

10.0 0.005 0.050 0.050 0.050 0.005 0.045 0.040 0.000 0.005 0.000 0.000 0.000

12.5 0.005 0.060 0.055 0.060 0.005 0.050 0.050 0.000 0.020 0.000 0.000 0.000 0.050 0.015 0.040 0.000

15.0 0.040 0.070 0.065 0.075 0.010 0.050 0.050 0.010 0.040 0.010 0.015 0.000 0.060 0.015 0.050 0.010 0.000 0.005

17.5 0.020 0.070 0.080 0.080 0.025 0.055 0.050 0.025 0.050 0.020 0.020 0.000 0.065 0.010 0.050 0.025 0.020 0.010 0.000 0.030

20.0 0.040 0.085 0.090 0.100 0.040 0.055 0.060 0.030 0.050 0.030 0.020 0.000 0.080 0.035 0.055 0.030 0.030 0.015 0.005 0.035 0.050 0.035 0.030

22.5 0.040 0.095 0.100 0.130 0.045 0.055 0.060 0.045 0.060 0.030 0.020 0.000 0.080 0.035 0.065 0.040 0.045 0.035 0.015 0.035 0.050 0.040 0.030 0.050 0.020 0.060

25.0 0.050 0.095 0.120 0.130 0.050 0.055 0.060 0.050 0.060 0.030 0.025 0.000 0.100 0.045 0.065 0.040 0.045 0.035 0.015 0.045 0.050 0.055 0.030 0.050 0.035 0.060
30.0 0.050 0.100 0.120 0.150 0.050 0.060 0.060 0.050 0.080 0.040 0.025 0.000 0.100 0.030 0.070 0.035 0.045 0.045 0.015 0.045 0.050 0.055 0.035 0.050 0.040 0.060 0.045 0.040

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]
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Table A4: Measured crack widths for beams RC-A4 
Measured crack width along the beam containing φ 6/240 - 0V% DRAMIX® ZC 30/.5 hooked-end steel fibres
Load
F [kN] B B B S S S S S S S B B B S S B B B B B S S S B B S S B S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

857 1018 1193 296 511 610 1630 222 1521 1727 823 965 1300 336 755 1161 913 1128 1263 1578 1557 397 565 1168 1226 1378 452 1048 1451 1320

1 0.000 0.000 0.000

2 0.000 0.000 0.000 0.000 0.000 0.000

3 0.010 0.000 0.000 0.020 0.000 0.000 0.020 0.000

4 0.010 0.020 0.000 0.020 0.000 0.000 0.020 0.000
5 0.020 0.020 0.020 0.030 0.000 0.010 0.030 0.000 0.020 0.020

7 0.035 0.020 0.025 0.035 0.000 0.010 0.035 0.000 0.025 0.030 0.000 0.020 0.000

10 0.040 0.045 0.030 0.040 0.000 0.010 0.035 0.000 0.030 0.030 0.000 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

15 0.055 0.045 0.070 0.050 0.050 0.025 0.045 0.040 0.030 0.030 0.015 0.060 0.000 0.010 0.040 0.050 0.050 0.030 0.040 0.040 0.000 0.020 0.045 0.045 0.020 0.020

20 0.060 0.050 0.060 0.050 0.050 0.025 0.060 0.045 0.040 0.040 0.030 0.070 0.025 0.015 0.050 0.060 0.050 0.040 0.045 0.045 0.000 0.030 0.045 0.050 0.025 0.020 0.000 0.040 0.010 0.030

25 0.070 0.060 0.060 0.050 0.040 0.025 0.060 0.120 0.040 0.040 0.030 0.080 0.025 0.020 0.050 0.070 0.050 0.050 0.045 0.045 0.020 0.040 0.050 0.060 0.030 0.035 0.000 0.045 0.020 0.050
30 0.100 0.080 0.100 0.050 0.080 0.025 0.070 0.130 0.020 0.020 0.070 0.100 0.025 0.030 0.060 0.120 0.080 0.050 0.060 0.060 0.020 0.050 0.060 0.090 0.050 0.050 0.000 0.050 0.050 0.050

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

 
 

Table A5: Measured crack widths for beams RC-A5 
Measured crack width along the beam containing φ 6/240 - 0.5V% DRAMIX® ZC 30/.5 hooked-end steel fibres

Load
F[kN] B S B B S S S B S B S B B B S B B B S S S S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 18 19 20 21 23 24 25

896 1738 1005 1229 1348 524 584 849 686 1111 1434 951 1165 1288 344 720 445 1044 1487 1591 1528 1364 1664

2.0 0.000

3.0 0.000

4.0 0.000

5.0 0.030 0.000

7.0 0.050 0.000 0.060 0.000 0.000 0.040

10.0 0.050 0.000 0.100 0.000 0.000 0.050 0.010 0.020 0.010 0.020 0.000

15.0 0.070 0.035 0.115 0.025 0.050 0.055 0.030 0.065 0.050 0.040 0.010 0.010 0.000 0.000

20.0 0.100 0.050 0.120 0.045 0.050 0.055 0.090 0.070 0.080 0.060 0.030 0.030 0.000 0.025 0.010 0.010 0.000 0.040 0.040 0.020

25.0 0.130 0.060 0.120 0.070 0.120 0.090 0.200 0.100 0.100 0.090 0.050 0.050 0.020 0.030 0.100 0.030 0.020 0.065 0.065 0.040 0.045
30.0 0.130 0.010 0.120 0.100 0.120 0.050 0.200 0.120 0.130 0.090 0.070 0.070 0.020 0.060 0.120 0.080 0.020 0.075 0.075 0.040 0.050 0.040 0.000

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

 
 

Table A6: Measured crack widths for beams RC-A6 
Measured crack width along the beam containing φ 6/240 - 1V% DRAMIX® ZC 30/.5 hooked-end steel fibres

Load
F [kN] S S B S B S B S B B B B B S S S S S B B B S S S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1441 402 1255 341 767 540 866 1312 947 716 1032 1150 1208 1741 284 452 602 660 822 1016 1072 1360 1412 1587 637

2 0.000

3 0.000 0.000

4 0.000 0.000 0.000

5 0.000 0.010 0.000 0.000

7 0.000 0.010 0.000 0.000 0.000

10 0.000 0.015 0.010 0.000 0.000 0.035 0.015 0.015 0.010

15 0.000 0.025 0.030 0.000 0.055 0.050 0.040 0.040 0.035 0.020 0.000 0.010 0.000 0.000

20 0.000 0.030 0.055 0.000 0.055 0.060 0.040 0.060 0.050 0.025 0.000 0.020 0.000 0.000 0.010 0.035 0.025 0.000 0.000 0.000 0.000 0.040 0.010 0.010

25 0.010 0.035 0.055 0.030 0.070 0.065 0.045 0.065 0.055 0.050 0.050 0.015 0.000 0.000 0.010 0.040 0.030 0.010 0.050 0.050 0.020 0.045 0.040 0.025
30 0.020 0.040 0.110 0.050 0.100 0.065 0.050 0.100 0.090 0.055 0.055 0.020 0.000 0.000 0.020 0.050 0.045 0.010 0.055 0.055 0.025 0.050 0.040 0.045 0.030

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]
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Table A7: Measured crack widths for beams RC-A7 
Measured crack width along the beam containing  φ 6/120 - 0V% DRAMIX® ZC 30/.5 hooked-end steel fibres

Load
F [kN] S S S S B B B B B B S S S S B B B B S S S S S S S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

300 410 532 648 704 778 876 1010 1128 1250 1350 1472 1592 1708 950 1050 818 1194 368 465 587 1308 1420 1536 1644 208

5.0 0.000 0.000 0.050 0.000 0.040 0.040 0.020 0.000 0.000 0.000 0.030 0.050 0.000 0.000

7.5 0.000 0.010 0.060 0.040 0.050 0.060 0.030 0.030 0.000 0.020 0.050 0.070 0.000 0.000 0.000 0.000

10.0 0.010 0.010 0.060 0.050 0.050 0.050 0.030 0.030 0.000 0.010 0.050 0.080 0.000 0.000 0.000 0.040 0.030 0.040

12.5 0.030 0.020 0.070 0.070 0.050 0.050 0.050 0.050 0.070 0.040 0.050 0.080 0.000 0.000 0.030 0.050 0.050 0.060 0.020 0.020 0.030 0.010 0.030 0.030 0.030

15.0 0.030 0.010 0.070 0.070 0.060 0.050 0.060 0.060 0.070 0.050 0.060 0.080 0.040 0.000 0.030 0.060 0.050 0.060 0.030 0.030 0.030 0.020 0.040 0.030 0.030

17.5 0.040 0.010 0.070 0.080 0.060 0.070 0.060 0.060 0.070 0.050 0.060 0.080 0.040 0.030 0.040 0.060 0.050 0.070 0.040 0.040 0.040 0.040 0.040 0.040 0.030

22.5 0.030 0.020 0.080 0.080 0.080 0.080 0.080 0.080 0.070 0.060 0.070 0.080 0.060 0.030 0.050 0.080 0.070 0.090 0.050 0.050 0.040 0.050 0.050 0.040 0.040 0.030

25.0 0.030 0.020 0.070 0.090 0.080 0.120 0.080 0.080 0.070 0.080 0.080 0.100 0.050 0.040 0.050 0.080 0.070 0.080 0.050 0.050 0.080 0.050 0.060 0.040 0.050 0.030

30.0 0.020 0.030 0.100 0.050 0.130 0.120 0.015 0.100 0.120 0.100 0.140 0.070 0.030 0.120 0.120 0.110 0.080 0.120 0.050 0.050 0.140 0.070 0.080 0.040 0.070 0.070

35.0 0.010 0.000 0.130 0.050 0.150 0.160 0.015 0.120 0.130 0.090 0.140 0.090 0.030 0.200 0.170 0.130 0.120 0.170 0.030 0.030 0.170 0.070 0.100 0.020 0.080 0.070

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

 
 

Table A8: Measured crack widths for beams RC-A8 
Measured crack width along the beam containing φ 6/120 - 0.5V% DRAMIX® ZC 30/.5 hooked-end steel fibres

Load
F [kN] B S S S S S B B B B S B B B S S S S B

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

860 397 1601 1360 278 482 732 997 1108 1220 576 921 1155 1295 1408 621 678 1565 1080

3 0.000 0.000 0.000 0.000

4 0.000 0.000 0.000 0.000

5 0.000 0.000 0.000 0.000

6 0.000 0.000 0.000 0.000

7 0.000 0.000 0.000 0.000

8 0.000 0.000 0.000 0.000 0.000

9 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

10 0.030 0.010 0.020 0.000 0.000 0.000 0.010 0.000 0.000 0.010

15 0.040 0.030 0.020 0.040 0.010 0.000 0.010 0.000 0.000 0.030 0.000 0.000 0.000 0.000 0.000

20 0.050 0.030 0.020 0.050 0.050 0.060 0.020 0.000 0.000 0.030 0.000 0.000 0.000 0.050 0.000 0.070 0.040

25 0.060 0.040 0.020 0.060 0.050 0.110 0.020 0.000 0.000 0.040 0.000 0.040 0.000 0.060 0.050 0.070 0.070 0.000
30 0.060 0.120 0.020 0.070 0.050 0.130 0.040 0.000 0.000 0.040 0.080 0.040 0.000 0.090 0.050 0.070 0.090 0.000 0.000

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

 
 

Table A9: Measured crack widths for beams RC-A1 
Measured crack width along the beam containing  φ 6/120 - 1V% DRAMIX® ZC 30/.5 hooked-end steel fibres

Load
F [kN] S B S S B S B S B B S S S S B B B B S B S S B B

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1382 882 1113 360 1182 585 838 700 982 1076 1314 1590 465 615 774 1024 1276 290 1442 1192 1540 1680 940 721

3 0.000

4 0.000 0.000 0.000

5 0.000 0.000 0.000

6 0.000 0.000 0.000 0.000 0.000

7 0.000 0.000 0.000 0.000 0.000 0.000

8 0.000 0.000 0.000 0.000 0.000 0.000

9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

10 0.040 0.040 0.050 0.020 0.030 0.000 0.000 0.040 0.040 0.040 0.040 0.040

15 0.060 0.060 0.050 0.040 0.050 0.000 0.000 0.050 0.050 0.040 0.050 0.050 0.050 0.000 0.020 0.020 0.000 0.000

20 0.070 0.100 0.070 0.040 0.090 0.000 0.050 0.060 0.060 0.050 0.060 0.060 0.070 0.050 0.020 0.030 0.000 0.000 0.000 0.000 0.000 0.000

25 0.070 0.150 0.090 0.050 0.090 0.000 0.060 0.090 0.090 0.060 0.090 0.090 0.080 0.070 0.050 0.050 0.000 0.000 0.000 0.000 0.000 0.030 0.030

30 0.090 0.150 0.110 0.050 0.100 0.000 0.060 0.100 0.100 0.070 0.100 0.100 0.080 0.120 0.050 0.050 0.050 0.050 0.000 0.080 0.000 0.030 0.030 0.050

35 0.090 0.210 0.170 0.040 0.100 0.000 0.070 0.110 0.110 0.110 0.110 0.110 0.130 0.160 0.050 0.100 0.050 0.050 0.000 0.130 0.000 0.040 0.060 0.070

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]
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Table A10: Measured crack widths for beams RC-B1 

Load
F [kN] B S B S S S S B B B B B S S B B B B B B S S S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

731 628 887 1318 1391 1615 1437 731 789 926 1034 855 438 532 977 1065 1136 1173 1211 1273 1524 1563 597 1492

4 0.000

5 0.020

7 0.020 0.045 0.025 0.040 0.020 0.030 0.035 0.020

10 0.040 0.050 0.035 0.050 0.035 0.045 0.035 0.025 0.035 0.035 0.000 0.045

13 0.045 0.050 0.040 0.050 0.040 0.045 0.035 0.020 0.040 0.045 0.000 0.045 0.045 0.010 0.035 0.030 0.045

15 0.050 0.050 0.040 0.055 0.040 0.050 0.035 0.015 0.050 0.045 0.010 0.050 0.045 0.035 0.045 0.040 0.045 0.040 0.030 0.045 0.015 0.015

18 0.050 0.050 0.045 0.055 0.045 0.050 0.040 0.015 0.050 0.050 0.010 0.055 0.045 0.035 0.045 0.050 0.050 0.045 0.030 0.050 0.020 0.020 0.025 0.025

20 0.055 0.080 0.045 0.060 0.050 0.055 0.040 0.010 0.060 0.055 0.010 0.065 0.050 0.050 0.050 0.055 0.050 0.055 0.045 0.060 0.025 0.025 0.025 0.030

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

Measured crack width along the beam containing 0V% D&D® - 30/.5 crimped fibres

 
 

Table A11: Measured crack widths for beams RC-B2 

Load

F [kN] S S S S S S B B B B S B B B S B S S S S S B B S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

411 1576 1313 524 593 667 809 749 998 1158 1506 1093 899 1231 1406 1039 1443 1683 1684 486 1764 338 1262 1182 1638

1 0.000 0.000

2 0.000 0.000

3 0.000 0.000 0.000

5 0.030 0.010 0.040 0.015 0.010 0.040 0.025 0.015 0.040 0.030

7 0.030 0.010 0.045 0.020 0.050 0.050 0.020 0.030 0.040 0.040 0.030 0.035 0.040

10 0.045 0.010 0.050 0.025 0.035 0.055 0.020 0.040 0.050 0.045 0.035 0.045 0.045 0.035 0.020 0.045 0.010 0.005 0.020

13 0.045 0.010 0.070 0.035 0.050 0.065 0.025 0.050 0.050 0.050 0.040 0.055 0.045 0.045 0.045 0.050 0.015 0.005 0.040 0.020 0.015

15 0.055 0.015 0.070 0.040 0.050 0.090 0.050 0.055 0.060 0.050 0.040 0.055 0.050 0.045 0.045 0.045 0.015 0.020 0.050 0.020 0.030 0.040

18 0.055 0.015 0.075 0.045 0.060 0.100 0.055 0.065 0.070 0.050 0.055 0.060 0.060 0.045 0.050 0.065 0.015 0.020 0.050 0.030 0.030 0.045 0.040

20 0.055 0.015 0.080 0.050 0.070 0.115 0.065 0.075 0.075 0.050 0.055 0.090 0.060 0.055 0.055 0.065 0.015 0.020 0.050 0.030 0.045 0.050 0.050 0.040

23 0.070 0.020 0.100 0.050 0.100 0.140 0.350 0.075 0.100 0.050 0.060 0.085 0.060 0.060 0.060 0.090 0.025 0.025 0.055 0.055 0.050 0.050 0.060 0.050 0.030
25 0.120 0.020 0.100 0.080 0.130 0.145 0.100 0.080 0.100 0.055 0.060 0.120 0.085 0.075 0.100 0.100 0.025 0.025 0.060 0.060 0.050 0.050 0.060 0.050 0.030

Position of the appeared crack along the beam x[mm]

Cracks

Type of crack (B: bending crack; S: shear crack)

Measured crack width along the beam containing 0.5V% D&D® - 30/.5 crimped fibres

 
 

Table A12: Measured crack widths for beams RC-B3 
Measured crack width along the beam containing 1V% D&D® - 30/.5 crimped fibres
Load

F [kN] S S S B S B B B B B B S B S S B S S S B B S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

438 496 636 874 689 1019 1337 773 1073 1154 1238 1554 968 1494 583 941 344 1416 1633 823 1192 402 286

2 0.020 0.005

3 0.025 0.010

5 0.025 0.020 0.005 0.010

7 0.030 0.025 0.005 0.025 0.025 0.005 0.030 0.015 0.015 0.035 0.030 0.005

10 0.030 0.030 0.010 0.045 0.045 0.005 0.045 0.020 0.025 0.040 0.030 0.005 0.005 0.005 0.040 0.005

13 0.030 0.035 0.025 0.045 0.050 0.015 0.045 0.035 0.040 0.050 0.040 0.025 0.005 0.005 0.050 0.005 0.020 0.010 0.010

15 0.030 0.045 0.025 0.045 0.050 0.025 0.045 0.030 0.040 0.050 0.020 0.025 0.015 0.005 0.050 0.010 0.020 0.010 0.010 0.015

18 0.035 0.045 0.040 0.050 0.065 0.045 0.045 0.040 0.050 0.050 0.035 0.035 0.025 0.005 0.050 0.010 0.020 0.010 0.020 0.015 0.030

20 0.035 0.050 0.040 0.050 0.080 0.045 0.055 0.045 0.060 0.060 0.050 0.040 0.040 0.010 0.060 0.035 0.025 0.015 0.020 0.035 0.030 0.010

23 0.050 0.050 0.050 0.050 0.100 0.045 0.075 0.050 0.060 0.060 0.050 0.045 0.050 0.010 0.100 0.040 0.025 0.020 0.020 0.040 0.030 0.025 0.005

25 0.050 0.050 0.050 0.050 0.105 0.050 0.080 0.050 0.060 0.075 0.050 0.045 0.050 0.020 0.110 0.050 0.025 0.020 0.020 0.045 0.030 0.025 0.015
30 0.060 0.055 0.050 0.050 0.135 0.055 0.130 0.050 0.100 0.075 0.055 0.045 0.055 0.020 0.125 0.055 0.025 0.025 0.020 0.045 0.045 0.050 0.015

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]
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Table A13: Measured crack widths for beams RC-B4 
Measured crack width along the beam φ 4/240 containing 0V% D&D® - 30/.5 crimped fibres

Load
F [kN] B S B B B S S B B S S S S B B S S B B B S S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

1132 1767 824 1032 1178 1407 1956 918 1247 523 624 678 332 758 974 1318 429 869 1014 1071 1872 1803 368

4 0.035 0.025

5 0.045 0.030

7 0.045 0.020 0.030 0.030 0.020 0.030 0.020 0.040 0.035

10 0.045 0.030 0.035 0.150 0.040 0.035 0.025 0.045 0.045 0.040 0.035 0.040 0.005 0.045 0.000 0.050

15 0.075 0.030 0.045 0.020 0.050 0.045 0.035 0.050 0.050 0.040 0.055 0.065 0.005 0.055 0.005 0.050 0.050 0.025 0.010 0.050 0.035

20 0.095 0.045 0.050 0.025 0.065 0.050 0.040 0.060 0.065 0.055 0.090 0.100 0.010 0.100 0.005 0.055 0.060 0.045 0.015 0.055 0.035 0.020

25 0.100 0.050 0.080 0.025 0.080 0.085 0.050 0.085 0.075 0.055 0.135 0.140 0.010 0.105 0.005 0.090 0.075 0.055 0.045 0.060 0.040 0.040 0.070

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

 
 

Table A14: Measured crack widths for beams RC-B5 
Measured crack width along the beam φ 4/240 containing 0.5V% D&D® - 30/.5 crimped fibres

Load
F [kN] B S B B B S S S B B B B B B B S S S S S B S S B S S S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

981 1829 906 1106 773 491 571 641 1265 1193 709 817 1048 1155 861 1337 1447 369 416 1621 1017 1379 257 1221 326 1724 392 514

2.0 0.010 0.000 0.000

3.0 0.015 0.010 0.025

5.0 0.015 0.020 0.025 0.020 0.020

7.0 0.030 0.020 0.040 0.040 0.020 0.025 0.025 0.000 0.025 0.025

10.0 0.040 0.020 0.045 0.045 0.020 0.055 0.040 0.035 0.035 0.035 0.040 0.030 0.025 0.040

12.5 0.045 0.020 0.050 0.050 0.040 0.040 0.045 0.040 0.045 0.040 0.045 0.040 0.040 0.045 0.025 0.045 0.025

15.0 0.050 0.020 0.060 0.050 0.045 0.045 0.050 0.045 0.045 0.045 0.050 0.040 0.040 0.045 0.040 0.050 0.035 0.015

17.5 0.050 0.020 0.070 0.060 0.050 0.045 0.050 0.050 0.050 0.045 0.060 0.040 0.050 0.050 0.040 0.055 0.045 0.020 0.010 0.015

20.0 0.060 0.020 0.080 0.075 0.060 0.050 0.050 0.050 0.050 0.045 0.065 0.040 0.050 0.050 0.045 0.075 0.045 0.025 0.010 0.030 0.045 0.005

22.5 0.075 0.020 0.080 0.075 0.090 0.050 0.050 0.055 0.045 0.050 0.090 0.045 0.050 0.050 0.050 0.060 0.045 0.030 0.010 0.030 0.045 0.005 0.035 0.040

25.0 0.075 0.020 0.100 0.075 0.095 0.055 0.055 0.075 0.050 0.060 0.090 0.050 0.060 0.060 0.050 0.080 0.050 0.030 0.010 0.030 0.050 0.020 0.040 0.045 0.025

27.5 0.090 0.020 0.100 0.085 0.095 0.060 0.055 0.080 0.060 0.060 0.105 0.055 0.065 0.065 0.050 0.090 0.050 0.015 0.010 0.045 0.055 0.030 0.050 0.045 0.035 0.025 0.050

30.0 0.100 0.025 0.115 0.090 0.100 0.065 0.075 0.090 0.060 0.080 0.110 0.070 0.075 0.075 0.050 0.090 0.050 0.015 0.010 0.045 0.055 0.035 0.050 0.045 0.040 0.025 0.075 0.020
32.5 0.130 0.020 0.120 0.090 0.100 0.065 0.050 0.090 0.080 0.090 0.130 0.085 0.085 0.085 0.090 0.100 0.080 0.020 0.010 0.050 0.060 0.050 0.065 0.050 0.030 0.025 0.013 0.020

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]

 
 

Table A15: Measured crack widths for beams RC-B6 
Measured crack width along the beam φ 4/240 containing 1V% D&D® - 30/.5 crimped fibres
Load
F [kN] h ny ny h h h h h h ny ny ny h h ny ny h ny ny ny ny ny ny ny h ny ny

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

936 1588 587 1044 1238 743 988 808 1176 389 457 654 701 876 1392 527 1093 1329 1425 1482 1739 1512 1771 292 796 1693 238

2.0 0.025

3.0 0.030

5.0 0.035 0.005

7.0 0.045 0.005 0.040 0.030 0.040

10.0 0.055 0.001 0.045 0.045 0.030 0.015 0.020 0.005

12.5 0.070 0.020 0.045 0.045 0.035 0.040 0.025 0.005 0.015 0.015 0.015 0.020 0.040 0.040 0.035

15.0 0.080 0.025 0.060 0.045 0.045 0.040 0.025 0.040 0.015 0.020 0.020 0.025 0.045 0.050 0.035 0.020 0.020 0.050 0.045 0.020 0.025

17.5 0.100 0.035 0.060 0.050 0.055 0.045 0.040 0.045 0.025 0.020 0.030 0.045 0.050 0.050 0.040 0.025 0.040 0.060 0.050 0.030 0.030 0.020 0.010 0.040

20.0 0.105 0.045 0.075 0.055 0.065 0.045 0.040 0.045 0.020 0.025 0.040 0.045 0.055 0.060 0.040 0.040 0.050 0.060 0.055 0.030 0.030 0.025 0.030 0.040

22.5 0.120 0.045 0.075 0.055 0.085 0.045 0.045 0.050 0.060 0.040 0.050 0.050 0.060 0.090 0.050 0.040 0.050 0.090 0.055 0.030 0.030 0.040 0.040 0.045

25.0 0.135 0.050 0.085 0.075 0.100 0.050 0.045 0.050 0.080 0.045 0.050 0.050 0.075 0.095 0.055 0.045 0.050 0.100 0.095 0.030 0.035 0.040 0.040 0.050

27.5 0.150 0.055 0.095 0.100 0.100 0.050 0.045 0.050 0.090 0.050 0.050 0.055 0.100 0.095 0.065 0.050 0.060 0.100 0.095 0.030 0.035 0.050 0.050 0.050 0.050 0.045

30.0 0.150 0.070 0.100 0.105 0.135 0.050 0.050 0.050 0.095 0.050 0.050 0.080 0.100 0.105 0.065 0.065 0.060 0.140 0.105 0.030 0.035 0.050 0.050 0.050 0.050 0.045 0.050
35.0 0.170 0.070 0.110 0.150 0.150 0.050 0.550 0.050 0.115 0.100 0.050 0.100 0.125 0.135 0.150 0.070 0.060 0.120 0.150 0.030 0.035 0.050 0.050 0.050 0.070 0.035 0.070

Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]
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Table A16: Measured crack widths for beams RC-B7 
Measured crack width along the beam φ 4/120 containing 0V% D&D® - 30/.5 crimped fibres

Load
F [kN] B B S B B B S B S S S B B S B S S S S S S S S S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

891 1298 639 1029 755 1126 552 1231 426 1579 1482 814 1193 1415 960 1353 697 293 486 360 1656 1722 1742 232

2.0 0.000 0.000

4.0 0.015 0.010 0.020 0.040

5.0 0.025 0.050 0.025 0.035 0.035 0.045

7.0 0.030 0.025 0.050 0.050 0.040 0.045 0.045 0.010 0.025 0.005 0.020 0.035 0.020 0.025

10.0 0.050 0.025 0.055 0.055 0.045 0.055 0.055 0.030 0.045 0.020 0.030 0.045 0.035 0.040 0.045 0.030 0.030 0.020

12.5 0.060 0.055 0.060 0.065 0.050 0.065 0.075 0.040 0.050 0.020 0.040 0.050 0.045 0.030 0.055 0.035 0.050 0.025

15.0 0.080 0.060 0.090 0.080 0.050 0.090 0.080 0.050 0.050 0.035 0.050 0.050 0.050 0.045 0.055 0.045 0.075 0.025 0.045

17.5 0.100 0.065 0.095 0.080 0.075 0.100 0.080 0.050 0.050 0.045 0.050 0.060 0.050 0.050 0.065 0.050 0.085 0.025 0.050 0.030 0.025 0.010

20.0 0.105 0.080 0.095 0.100 0.080 0.100 0.085 0.055 0.055 0.050 0.050 0.070 0.070 0.055 0.080 0.050 0.095 0.035 0.060 0.040 0.030 0.010

22.5 0.115 0.090 0.095 0.100 0.090 0.100 0.090 0.050 0.055 0.050 0.055 0.070 0.070 0.055 0.095 0.050 0.100 0.040 0.070 0.050 0.030 0.010

25.0 0.140 0.090 0.095 0.075 0.095 0.120 0.105 0.060 0.055 0.050 0.055 0.095 0.090 0.055 0.100 0.050 0.115 0.040 0.100 0.050 0.035 0.015
30.0 0.170 0.115 0.070 0.100 0.105 0.120 0.160 0.065 0.040 0.060 0.120 0.100 0.090 0.060 0.115 0.060 0.150 0.040 0.200 0.050 0.045 0.015 0.045 0.010

Position of the appeared crack along the beam x[mm]

Cracks

Type of crack (B: bending crack; S: shear crack)

 
 

Table A17: Measured crack widths for beams RC-B8 

Load
F [kN] B B B B S S S B S S B B S S S B S S S S B S S S S S B S S B

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

916 762 1019 1220 667 1571 521 1274 1511 597 835 1152 1381 697 962 1106 1446 335 446 412 1174 1316 1626 1691 1814 222 729 1358 1769 822

1.0 0.020 0.000 0.000

2.0 0.030 0.000 0.000 0.010

3.0 0.030 0.000 0.010 0.015

4.0 0.035 0.005 0.020 0.015 0.030 0.025

5.0 0.035 0.010 0.020 0.015 0.030 0.030

7.0 0.045 0.025 0.030 0.030 0.045 0.030

10.0 0.050 0.040 0.030 0.035 0.045 0.040 0.025 0.025 0.005

12.5 0.060 0.045 0.045 0.045 0.050 0.040 0.030 0.030 0.005 0.010 0.020 0.015 0.045

15.0 0.070 0.050 0.050 0.045 0.050 0.045 0.035 0.035 0.005 0.015 0.030 0.020 0.045 0.020 0.005 0.030 0.030

17.5 0.085 0.050 0.050 0.045 0.050 0.050 0.040 0.045 0.010 0.025 0.040 0.020 0.045 0.020 0.005 0.030 0.040 0.045 0.010

20.0 0.095 0.060 0.065 0.045 0.050 0.050 0.050 0.050 0.010 0.040 0.040 0.020 0.050 0.035 0.015 0.035 0.050 0.045 0.020 0.040 0.035 0.020 0.025

22.5 0.100 0.075 0.065 0.050 0.055 0.060 0.055 0.055 0.015 0.050 0.050 0.020 0.055 0.045 0.020 0.050 0.050 0.050 0.020 0.045 0.045 0.035 0.040 0.040

25.0 0.100 0.075 0.090 0.055 0.055 0.060 0.060 0.075 0.015 0.050 0.040 0.025 0.060 0.050 0.030 0.050 0.050 0.050 0.030 0.045 0.045 0.035 0.040 0.040 0.350

30.0 0.110 0.100 0.110 0.040 0.065 0.075 0.075 0.090 0.015 0.060 0.050 0.045 0.105 0.050 0.040 0.055 0.090 0.055 0.055 0.055 0.050 0.050 0.040 0.050 0.065 0.040 0.050 0.045 0.030

32.5 0.120 0.100 0.140 0.040 0.075 0.050 0.105 0.100 0.005 0.090 0.055 0.050 0.115 0.070 0.050 0.090 0.100 0.070 0.040 0.065 0.050 0.050 0.030 0.090 0.100 0.040 0.055 0.045 0.040

35.0 0.100 0.115 0.150 0.030 0.100 0.090 0.105 0.100 0.005 0.065 0.095 0.060 0.150 0.095 0.060 0.090 0.090 0.100 0.025 0.090 0.060 0.050 0.020 0.050 0.100 0.030 0.055 0.040 0.030 0.030

Measured crack width along the beam φ 4/120 containing 0.5V% D&D® - 30/.5 crimped fibres
Type of crack (B: bending crack; S: shear crack)

Cracks

Position of the appeared crack along the beam x[mm]
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Table A18: Measured crack widths for beams RC-B9 

 

 
 



 
 
 
 

Subject Index 

 
 

Subject Index 
 
 
A Compressive toughness 18 

Conclusions 34, 68, 127, 163 Acrylic fibre 16 
Aggregates 36 Concrete 15 

Concrete mixes 35 A-glass fibre 16 
Concrete mixers 37 Air content 36 
Concrete strain 136, 137, 138 Anisotropic features 33 
Construction material 15 Anchorage properties of fibre 32 
 Aramid fibre 16 
D Axially prestressed member 18 

 
B  

Debonding of fibre 23 
Deformed fibres 15 
Deep beam 18, 31 Balling effect 32 
Ductility 16 Bamboo fibre 16 
Dry mixing 36 Behaviour in compression19, 44, 46, 54 
Draw-in 134, 135, 139, 140, 142, 144 Behaviour in tension 22, 24, 53 
 Bending 15, 65, 66, 122, 160 
E Bending failure 105, 106, 160 

Bond 22, 23, 150 
Brittleness 22 

E-glass fibre 16 
Elephant grass fibre 16 

 Energy absorption 16, 27, 115 
C Experimental programme 101, 131 

 Camber 134, 147, 148, 149 
F Characteristic fibre orientation 40 

Cellulose fibre 16 Failure mode 104, 106, 107, 108 
Cement based material 16, 33  110, 160, 161 
Cracking behaviour 23, 115 Failure load 104, 106, 107, 108 
Crack width 115, 116, 118, 119  110, 160, 161 
Crack development 115, 116 Fibre aspect ratio 15, 16, 19, 32 
Crack pattern 116, 117 Fibre applications 16, 17, 30, 31 
Crack spacing 115, 116, 118 Fibre length 15, 16 
Crimped fibre 15, 37, 38 Fibre diameter 15, 16 
Cross-section of fibre 15 Fibre orientation 18, 26, 32, 35 
Coconut fibre 16 Fibre reinforced concrete 15 
Collocated fibre 15 
Compression 15, 18 

Fibre reinforced corbels 32 
Fibre reinforced slab 18 

Compressive strength 20, 21, 44, 46, 49 Fibre reinforced wall 32 
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Subject Index 
Flexural toughness 15, 26, 29, 63, 65 
 66 

  
N 

Four point bending 102, 106, 107 
Force-flow 73 

Natural fibre 15 

Formworks 38 
NEG AR glass fibre 16 
Number of crack 116 

 Nylon 16 
G   

P  Glass fibre 15, 16 
Gradual release 133, 134, 136, 137 Partially prestressed member 18 
 
H  

Paddled fibre 15 
Plain concrete 18 
Polyester fibre 16 High steel fibre content 23 
Polyethylene fibre 16 High strength concrete 15 
Polypropylene fibre 15 High performance concrete 15 
Porosity 18, 36 Hooked-end fibre 15, 37, 38 

 
I  

Post-peak behaviour 18 
Prestressed pretensioned concrete 
beams 131, 133, 134 Impact resistance 33 
Prestressing force 133, 134, 139, 142 Industrial floor 33 
Prestressing tendon 133, 134  

K  Punching shear strength 18 
Pull-out of fibre 23 Krizotil fibre 16 
 Krocidolit fibre 16 

 
L  

R  
Reinforcing bar 102, 107, 108 
Reinforcing detail 101, 103, 107, 108 Literature review 20, 21, 24, 26, 52, 53 

 62, 63  
S  Load – deflection relationship 27, 66 
SIFCON 33  110, 114, 162 
Sisal fibre 16 Localised fibre yielding 23 
Shear behaviour 102, 105, 106, 107 Low steel fibre content 23 
Shear failure 104, 105, 106, 107  
Shear reinforcement ratios 109, 110 M 
 112 Material compositions 35 
Shear span to depth ratio 31 Material properties 15 
Shear strength 18, 105 Mean crack width 116, 118, 119 
Steel fibre 15 Mean crack spacing 116, 118, 120 
Steel fibre reinforced concrete 15, 101 Mechanical model 72, 76 
Steel fibre reinforced concrete beam  Mechanical device 72, 76 
 101, 106, 107 Medium steel fibre content 23 
Stirrup reinforcement102, 105, 106, 107 Mixing process 18 
Straight fibre 15 Mixing sequence 36 
 Modelling 71, 122, 126, 127, 128 

 129, 151 Stress – strain relationship 23, 28, 47 
 51, 74, 122, 124, 125 Modulus of elasticity 16, 18 

Mortal 16 Splitting strength 15, 18, 24, 26, 53, 57 
Stainless fibre 16 Multiple cracking 25 
Sudden release 133, 134, 138, 145 
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Subject Index 
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Superplasticizer 36 
 
T 
Tension 15 
Tensile strength 22, 24, 26 
Test specimens 35, 38, 39, 42, 43 
 101, 131, 132 
Toughness indexes 15, 26, 29, 66 
Transfer length of tendon 31, 150 
 153, 154, 155,156, 157, 158 
Transfer mechanism of fibres 23 
 
U 
Undulated fibre 15 
  
W  
Water to cement ratio 36, 50, 61 
Workability of concrete 35 
Wood fibre 16 


