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Preface 
 
 
This study has been carried out within COIN - Concrete Innovation Centre - one of presently 14 
Centres for Research based Innovation (CRI), which is an initiative by the Research Council of 
Norway. The main objective for the CRIs is to enhance the capability of the business sector to 
innovate by focusing on long-term research based on forging close alliances between research-
intensive enterprises and prominent research groups. 
 
The vision of COIN is creation of more attractive concrete buildings and structures. Attractiveness 
implies aesthetics, functionality, sustainability, energy efficiency, indoor climate, industrialized 
construction, improved work environment, and cost efficiency during the whole service life. The 
primary goal is to fulfil this vision by bringing the development a major leap forward by more 
fundamental understanding of the mechanisms in order to develop advanced materials, efficient 
construction techniques and new design concepts combined with more environmentally friendly 
material production.  
 
The corporate partners are leading multinational companies in the cement and building industry and 
the aim of COIN is to increase their value creation and strengthen their research activities in Norway. 
Our over-all ambition is to establish COIN as the display window for concrete innovation in Europe. 
 
About 25 researchers from SINTEF (host), the Norwegian University of Science and Technology - 
NTNU (research partner) and industry partners, 15 - 20 PhD-students, 5 - 10 MSc-students every year 
and a number of international guest researchers, work on presently eight projects in three focus areas: 
 
• Environmentally friendly concrete 
• Economically competitive construction 
• Aesthetic and technical performance 
  
COIN has presently a budget of NOK 200 mill over 8 years (from 2007), and is financed by the 
Research Council of Norway (approx. 40 %), industrial partners (approx 45 %) and by SINTEF 
Building and Infrastructure and NTNU (in all approx 15 %). 
 
For more information, see www.coinweb.no 
 
 
 
 
 

 
 

Tor Arne Hammer 
Centre Manager 
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Summary 
 
One of COIN’s overall targets is to increase the residual bending strength towards 15MPa. A working 
hypothesis has been that the ductility of fibrous concrete increases with decreasing concrete 
compressive strength due to lower crack load and also lower maximum loads. The objective of the 
following study has therefore been to confirm this hypothesis, and to investigate the influence of 
paste/matrix composition and properties, workability and compressive strength on the ductility of the 
test-specimen. Influence of fibre type, fibre combinations and fibre dosages have also been studied.  
 
A number of preliminary mixes were tested before selecting two mixes for incorporation of different 
fibre types, dosages and combinations. Maximum aggregate size was the main parameter separating 
these two mixes. Both mixes were workable, but not self-compacting. 
 
The proportionality limit was slightly increased with increasing fibre content (0-1volume %). The 
increase was larger for steel fibres than for synthetic fibres.  
 
The concrete with smaller maximum aggregate size (dmax= 8mm) had more promising ductility 
properties than the concrete with larger aggregates (dmax = 16 mm). 
 
The beam specimens cast with dmax= 8mm and 0.5% of both steel and synthetic fibres fulfilled the 
ductility requirements best. The same concrete with 0.5 or 1.0% steel fibres is also promising 
considering ductility.  
 
The residual bending strength fR,3 (crack width = 2.5mm) is 4.5MPa for the 11-5 concrete with 0.5% of 
both fibre types. Although this is far away from the overall COIN-target of 15 MPa, increased fibre 
content can easily bring us higher up. 
 
Suggestions for further work include 

 further development of the concretes developed within this study  
 verification of the ductility-experience of the present investigation in structural elements of 

larger dimensions 
 development of new test method for study of fibre distribution under casting  
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1 Background  
Plain unreinforced cementitious materials are characterized by low tensile strengths and low tensile 
strain capacities; they are brittle materials. Reinforcement is therefore needed before they can be used 
as construction materials. Traditionally, this reinforcement has consisted of continuous reinforcing 
bars which could be placed in the structure at appropriate locations to withstand the imposed tensile 
and shear stresses. Reinforcing concrete structures after this traditional method is generally a rather 
expensive and time-consuming process for designers as well as for constructors. The reinforcement 
design participates with about 50 % in the total design costs, and with around 30 % in the total work 
costs (Markovic et al. 2003). Fibre reinforcement, on the other hand, has the advantage of being 
significantly less labour-intensive than rebar reinforcement. A concrete reinforced by fibre would 
imply increased industrialization of the construction process, improved work environment, and cost 
efficiency. Fibre reinforcement is therefore a focus area within COIN. 
 
Fibres as opposed to rebars are discontinuous and most commonly randomly distributed throughout 
the cementitious matrix. They are therefore not as efficient in withstanding tensile stresses as rebars. 
However, because they tend to be more closely spaced than conventional reinforcing rebars they are 
better at controlling cracking. Because of these differences fibre reinforcement has been found to 
perform better than traditional rebars for applications such as: 

 Thin sheet components in which traditional reinforcing bars cannot be used  
 Components which must withstand locally high loads or deformations such as tunnel linings, 

blast resistant structures or precast piles which must be hammered into the ground 
 Components in which fibres are added primarily to control cracking induced by humidity or 

temperature variations, such as slabs and pavements (Bentur and Mindess 2007) 
 
The mixture composition of fiber reinforced cementitious materials is a compromise between 
acceptable workability and improved efficiency in the hardened state. Fibers need to be 
homogeneously distributed and clustering of fibers must be counteracted in order to optimize the 
performance of the fiber. Generally, the resistance to flow has been found to increase with increasing 
fiber factor (V·l/d where V is the fiber volume, l is the length and d the diameter of the fiber), 
increasing coarse aggregate content and decreasing paste content (Groth 2000, Khayat and Roussel 
1999). This is explained by increased internal porosity of the granular skeleton, decreased layer 
thickness around each particle and increased friction. The critical fiber content is surpassed when a 
stiff structure of the granular skeleton makes flow under concretes’ own weight impossible (Balaguru 
and Najm 2004, Grünewald 2004). 
 
Self-compacting concrete (SCC) may render benefits in terms of achieving more uniform fibre 
dispersion. Fibers will, however, reduce the flowability of a SCC due to their long shape and high 
specific surface compared with aggregate of the same volume. While keeping a stable mixture, the 
workability of the concrete itself should, therefore, be as high as possible to compensate for the effect 
of the fibers. A certain yield stress and plastic viscosity of the cement paste is, on the other hand, 
required in order to obtain a stable mix and avoid segregation (Ferrara et al. 2007, Oh et al 1999, 
Grünewald and Walraven 2001). Stability of SCC can be achieved in at least three ways: By aid of 
fines and/or filler, by aid of chemical stabilizer or a mixture of both fines and stabilizer (Takada, et al. 
1998, Kim et al. 1996, Corradi et al. 2003). Apart from ensuring stability, environmental concerns are 
contributing to filler and powder technology (i.e. supplementary cementitious materials (SCM)) 
becoming an integral part of modern concrete proportioning. The environmental concerns embody 
both damages caused by the extraction of raw material and CO2 emissions during cement 
manufacturing.Work on binder systems which opens for production of allround cements with 
considerably reduced clinker content and thus correspondingly reduced CO2 emission from the 
production is therefore an integral part of COIN (De Weerdt and Justnes 2009, De Weerdt et al. 2008).  
 
In 2008 COIN arranged a Creative Forum where the participants were invited to identify ideas that has 
the potential to innovate concrete as a material and how it is produced. One of the emerging ideas was 
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the development of standard concrete with tensile strength of 15 MPa. The challenge has been taken 
by COIN’s fibre project in which the overall target has been defined into increasing the residual 
bending strength towards 15MPa. One way of ensuring high residual bending strength is to produce a 
composite with strain hardening behaviour. This implies that upon reaching the first crack during 
loading (either in tension or bending) additional straining of the composite will require an increase in 
load (Bentur and Mindess 2007). Strain hardening behaviour has been obtained for high performance 
composites as illustrated by Figure 1 and Li et al. (2002). Ultra-High Performance Fiber Reinforced 
Concretes (UHPFRC) are cementitious composites also known as reactive powder concretes which 
exhibit compressive strength >150 MPa, tensile strength > 8 MPa and strain-hardening behavior under 
uniaxial tension. The mix design of UHPFRC differs significantly from that of normal and high 
strength concretes: UHPFRC mix compositions are characterized by high cement, superplasticizer and 
silica fume contents. Furthermore, the water-binder ratio is lower than 0.20. The size of the coarsest 
aggregate used in UHPFRC generally lies between 0.5 and 4 mm. Aggregates are thus replaced by 
crushed quartz and sand in order to improve the compactness and homogeneity of the concrete. Strain-
hardening behavior of Ultra-High Performance Fiber Reinforced Concretes has been achieved by 
incorporating more than 2 vol.% steel fibers (Richard and Cheyrezy 1995). High performance 
composites such as UHPFRC are expensive and thus special products. A challenge would therefore be 
to develop an all-round strain hardening composite. The working hypothesis for this project is that the 
ductility of fibrous concrete increases with decreasing concrete compressive strength due to lower 
crack load and also lower maximum loads.  
 
Using a single type of fiber may improve the properties of fiber reinforced concrete to a limited level. 
The concept of hybridization with two different fibers incorporated in a common concrete mix can, 
however, offer more attractive engineering properties since the presence of one fiber enables the more 
efficient utilization of the potential properties of the other (Sahmaran et al. 2007, Yao et al. 2003, 
Kobayashi and Cho 1982). Although not investigated extensively, the use of two or more fiber types in 
the same concrete mix is considered promising. Banthia and Bindiganavile (2001) found for example 
that that a blend of macro- and micro-steel fibers lead to a closer fiber-to-fiber spacing, which reduced 
the micro-cracking and increased the concrete tensile strength. 
 

 

Figure 1: Schematic description of strain softening and strain hardening behavior of fiber reinforced 
composites (ACI 2005) 
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2 Objectives of the study 
The main objective of the fibre activity within COIN is to produce a composite with residual bending 
strength towards 15MPa. The concrete should be an all-round product with economical composition.  
 
To ensure even fibre distribution the concrete should be highly workable and should thus be designed 
after the principles of SCC.  
 
Future all-round cements will probably contain supplementary cementitious materials both due to 
environmentally concerns and due to the powders’ reactive and stabilizing properties. Extensive work 
on supplementary cementitious materials is currently undertaken in COIN. Chemical synergetic effects 
have been proven for fly ash and limestone. It has also been proven that ordinary clay can be used as 
cement replacement when calcined at medium temperature (De Weerdt and Justnes 2009, De Weerdt 
et al. 2008). This project will thus base the concrete design on materials and material combinations 
studied within these projects.  
 
A working hypothesis for the study is that the ductility of fibrous concrete increases with decreasing 
concrete compressive strength due to lower crack load and also lower maximum loads. The project 
aims therefore to produce concrete with low compressive strength, here defined as approximately 
30MPa.  
 
The literature indicates that the critical fiber content is 2 - 4 vol.% for traditional concretes and SCC. 
Strain-hardening behavior of Ultra-High Performance Fiber Reinforced Concretes has, moreover, been 
achieved by incorporating more than 2 vol.% steel fibers (Richard and Cheyrezy 1995). Increasing the 
fiber content above 2 % seems, however, to demand new casting techniques or a change of the fiber 
reinforced concrete concept as exemplified by SIFCON and textile reinforced concrete (Vikan 2007). 
This study aimed therefore to produce concretes with a maximum fiber volume of 1% to ensure 
castability. The final objective of the study was to investigate the effect of hybridization with two 
different fiber types on the concrete tensile strength. 
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3 Experimental 
The materials selected for the study reflects that the matrix should consist of alternative binder 
combinations in line with COIN’s objective of developing concretes with reduced environmental 
impact.  
 
The experimental work consisted of two parts: Firstly concrete compositions without fiber additions 
were designed and tested in order to obtain high degree of workability and compressive strengths of 
approximately 30 MPa. A selection of concrete mixes was thereafter selected as basis for fiber 
reinforced concretes. The workability of the final mixes fiber containing was measured before samples 
were cast, cured and mechanical properties measured.  
 

3.1 Materials 

 Cement: CEM I 42.5 R (Norcem Standard), density 3120 kg/m3, Blaine 370-380 m2/kg, C3A 7% 
 Limestone powder (Norcem), density 2700 kg/m3, typical Blaine 360 m2/kg 
 Calcinated clay, “Trial 5” (calcinated 45 min at 750oC) density 2700 kg/m3 
 Silica fume obtained from a ferro-silicon manufacturer consisting of 94.80% SiO2. Density was 

2200 kg/m3. The specific surface is typically 22,000 m2/kg.  
 Gneiss/Granite aggregates of following fractions were used: Årdal 0/2 mm natur, Årdal 0/8 mm 

SKB, Årdal 8/16 mm lab. Sieve curves are given in Appendix  
 Admixtures 

o Polyacrylic superplasticizer (Dynamon SP130), dry solids 30 ± 1.5% 
o Viscosifyer (Viscostar 3KN), dry solids 2.2 ± 0.5%  

 Fibres 
o Steel fibres with hooked ends, Dramix 65/60, length 60 mm, tensile strength 1000 MPa 
o Polyolefin fibres with continuously embossed surface, Barchip Shogun, length 48 mm, tensile 

strength 550 MPa 
 

                  
 
                     48 mm                                                                                     60 mm 

Figure 2: Illustration of plastic fibre with close-up (left) and steel fibre (right) 

 
 

3.2 Concrete composition 

A number of preliminary mixes were tested with regard to workability and compressive strength 
before selecting mixes for incorporation of different fibre types, dosages and combinations. The 
particle-matrix model was used for the concrete design (Smeplass and Mørtsell 2001). In this model 
the matrix phase consists of water, admixtures and solid material with a particle size smaller than 
0.125 mm. The particle phase consists of aggregate larger than 0.125 mm. The matrix content of all 
mixes was 393 l/m3. Mixture 11 had a maximum particle size of 8 mm, while mix 12-13 had a 
maximum particle size of 16 mm. Mixture 12-17 explores the effect of replacing 30 volume percent 
cement with fly ash, limestone powder, calcined clay and silica fume. Unfortunately the water-powder 
ratios are not kept constant for mix 12-17, but varies within the range 0.76-0.82. 
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Concrete compositions are given in Table 1 and Table 2. Applied admixture dosages are given in 
Table 3.  
Generally, the resistance to flow has been found to increase with increasing fiber factor (V·l/d where V 
is the fiber volume, l is the length and d the diameter of the fiber), increasing coarse aggregate content 
and decreasing paste content (Groth 2000, Khayat and Roussel 1999). This is explained by increased 
internal porosity of the granular skeleton, decreased layer thickness around each particle and increased 
friction.  
Mixture 12 was chosen as basis for further experiments with different fibre combinations since it 
obtained a 28 days compressive strength of approximately 30 MPa. Mixture 11 was chosen as basis 
for the second test series in order to investigate the effect of maximum aggregate size. Applied fibre 
dosages of mixture series 11 and 12 are given in Table 4. Admixture dosages are kept constant within 
each series to be able to study the effect of fibre addition on castability. 
 

Table 1: Concrete mix proportions 

Mix no. Dmax 
Paste 
(l/m3) 

Matrix 
(l/m3) 

Cement, 
(vol%) 

Fly 
ash 

(vol%)

Limestone 
powder 
(vol%) 

Clay 
(vol%)

Silica 
fume 

(vol%) 
w/p 

11 8 mm 346 

393 

80  20   0.66
12 

16 mm 

339 100     0.76
13 339 70  30   0.79
14 339 70 20 10   0.82
15 339 70  10 20  0.79
16  70  20 10  0.79
17  70  20  10 0.80

 

Table 2: Concrete mix design. All units are given in kg/m3 

Mix 
no. 

Cement  Water  
Fly 
Ash 

Lime-
stone 

Clay 
Silica 
fume 

0-2 
mm 

0-8 
mm 

8-16 
mm 

11 291 235  58   254 1142  
12 319 

242 

    480 600 634 
13 223  83 480 600 634 
14 223 45 27.6   480 600 634 
15 223  27.6 55.2  480 600 634 
16 223  55.2 27.6  480 600 634 
17 223  55.2  22.5 480 600 634 

 

Table 3: Admixture dosages given as percentage of the cementitious powders cement, fly ash, 
limestone powder, clay and silica fume. 

Mix 
no. 

Superplasticizer 
(wt% of powder) 

Stabiliser 
(wt% of powder) 

11 1.0 0.4 

12 0.2 1.3 

13 0.2 1.3 

14 0.2 1.4 

15 0.2 1.3 

16 0.2 1.3 

17 0.2 1.3 
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Table 4: Fibre dosages of concrete mixture 11-ref to 11-5 and 12-ref to 12-5 

Concrete mix no Plastic fibre Steel fibre 
Vol% kg/m3 Vol% kg/m3 

11-ref, 12-ref - - - - 
11-1, 12-1 0.5 4.6 - - 
11-2, 12-2 1.0 9.1 - - 
11-3, 12,3   0.5 39.0 
11-4, 12-4   1.0 78.0 
11-5, 12-5 0.5 4.6 0.5 39.0 

 
 

3.3 Mixing procedure  

A forced pan mixer with a volume of 50 litres from Eirich was used to prepare the concretes. The 
volume of the concretes batches was approximately 48 litres. The mixing procedure was as follows: 

 1-2 minute dry mixing of powders, aggregates and fibres 
 2 minutes while adding mixing water and half the amount of superplasticizer (previously 

intermixed with the water) and retarder 
 2 minutes pause 
 1 minute addition of remaining superplasticizer until aimed slump flow value was reached  
 1 minute mixing 

 
The concrete used for the BML run was remixed together with the rest of the concrete and used for 
casting samples. 
 

3.4 Measurement of fresh properties 

Measurement of slump, slump flow, air content and fresh density was measured directly after mixing.  
 
The rheological properties of the mortars were measured directly after mixing with a BML concentric 
viscometer with inner and outer diameter of 200 and 400 mm respectively. The rheometer measures 
the toque (T) produced on the stationary inner cylinder while the outer cylinder is rotation at various 
speeds. The Bingham model is thereafter applied by the software with the relationship: 
 
 Torque = G + H·Speed  [Nm]       (1) 
 
were  

G is a measure of the fore necessary to start a movement of the concrete [Nm] 
H is is a measure of the resistance of the concrete against flow [Nm·s] 

 
The computer software uses the Riner-Rivlin equation to convert the measured constants (G and H) to 
the Bingham parameters yield stress (τy) and plastic viscosity (μp). The Bingham equation is: 
   py          (2) 

were 
 τ is the shear stress [Pa] 

τy is the yield stress [Pa] 
μp is the plastic viscosity [Pa·s] 
  is the shear rate [s-1] 

 
The rheological properties of the concrete were measured by using following set-up test set-up:  

Maximum rotational speed: 0.3 rps (rounds per second) 
Minimum rotational speed: 0.05 rps 
T/N points: 7 (number of rotational speed steps) 
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Transient time: 0 sec (time between each step) 
Sampling interval: 4sec 
Number of sampling points: 150 
Total duration of the measurement: 64 seconds 

 
The measuring procedure is illustrated in Figure 3. The segregation coefficient (Seg) is defined 
according this procedure as the relative change of the slope of the flow curve (plastic viscosity) due to 
a sudden increase in the rotational speed, and is calculated as follows: 
 

%100
'





H

HH
Seg          (3) 

 
H’ is measured at the segregation point for which the rotational speed is 2/3 of maximum (i.e. 0.20 
rps). 
 

 

Figure 3: Measurement set-up of the BML viscometer 

 
 

3.5 Casting 

Cubes (100x100x100mm) were cast for determination of compressive strength. The cubes were all 
cast in one pour without compaction or vibration in order to avoid fibre segregation and fibre 
alignement. A trowel was used along the form sides and edges to ensure filling of corners. The forms 
were covered with plastic and cured in laboratory atmosphere for 24 hours. The samples were 
thereafter demoulded and cured in water bath until time of testing. 
 
Three 150x150x550 mm beams were cast for each of mixture within series 11 and 12. Method of 
casting and curing was identical as described above for cubes. Visual observations indicated that the 
fibres were evenly distributed without alignment into any given direction or formation of balls. 
 

3.6 Measurement of hardened concrete properties 

Compressive strength of the cubes were measured according to NS-EN 12390-3:2009. 
 
Flexural tensile strength tests were carried out on 150x150x550 mm beams according to NS-EN 
14651: 2007: Test method for concrete with metallic fibres – Measurement of bending strength, see 

Segregation 
point 
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Figure 4. Equivalent bending strengths at the proportionality limit (1st crack) and at 4 different 
predefined crack widths (CMOD1-CMOD4) as shown in Figure 5 were determined for all the fibre 
reinforced beams and the corresponding reference beams without fibres of series 11 and 12.  
 
Notations: 

fct,L  =Bending strength corresponding to 1st crack (proportionality limit),  
  or at maximum crackwidth=0,05 mm if strain hardening occurs. 

fR,1  = Residual bending strength corresponding to 0,5 mm crackwidth 
fR,2   = Residual bending strength corresponding to 1,5 mm crackwidth 
fR,3   = Residual bending strength corresponding to 2,5 mm crackwidth 
fR,4   = Residual bending strength corresponding to 3,5 mm crackwidth 

 
 

 

Figure 4: Principle of beam test according to NS-EN 14651: 2007 
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Figure 5: Principle for determination of proportionality limit (1st crack) and the predefined crack 
widths (CMOD1-CMOD4) 
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4 Results and discussion 

4.1 Fresh concrete properties 

Fresh and rheological properties of concretes without fibre are given in Table 5 and Table 6. The BML 
software calculates yield stress and plastic viscosity by aid of the Bingham model. Note the high 
segregation coefficient of mixture 11 and 12. Fresh properties obtained for these mixes will thus not 
be discussed for these mixes.  
 
Addition of fibres increases the water demand of concrete. This effect in line with remixing of the 
concretes directly before casting, ensured that the cured samples were not inhomogeneous due to 
segregation and bleeding. 
 
Note that mixture 11 has maximum particle size 8 mm, while the other mixtures are concretes with 
maximum diameter 16 mm. Water-powder ratio and admixture dosages deviates also markedly from 
the other mixtures. Wallevik (2003) showed that a good correlation between the measured yield stress 
of concrete and mortar. No such relationship could however be found for plastic viscosity. Direct 
comparison of mixture 11 with mixture 12-17 will thus be speculative. Mixture 11 will, however, give 
indications of the effect of maximum particle size on the flexural tensile strength of the composites. 
 
The high air content of mixture 11 is caused by the smaller aggregate size compared to the other 
mixtures. This effect is also seen by the results given in Table 7. Increased air content has been 
reported to reduce the plastic viscosity while having little or no effect on the yield stress. The relative 
impact of increased air content is, however, difficult to predict (Wallevik 2003).  
 

Table 5: Fresh properties of concrete mixes without fibre addition  

Mix no. Plastic/steel fibre 
(vol%) 

Slump 
(mm) 

Slump flow 
(mm) 

Air 
(%) 

Density 
(kg/m3) 

11 - 240 460 5.0 2225 
12 - 260 550 1.0 2330 
13 - 270 570 0.9 2320 
14 - 275 610 0.6 2305 
15 - 250 465 0.9 2315 
16 - 250 486 1.0 2310 
17 - 250 490 1.4 2290 

 
 

Table 6: Rheological properties measured by the BML viscometer on concrete mixes without fibre 
additions. The measurements were not repeated. Note the high segregation coefficients for mixture 11 
and 12.  

Mix no. Yield Stress 
(Pa) 

Plastic Viscosity 
(Pa*s) 

R2 Segregation 
coefficient 

11 6.7 43.2 0.98 38.1 
12 4.9 9.4 0.99 24.1
13 56.9 12.4 0.99 10.4 
14 33.5 10.0 0.98 9.1 
15 145.1 13.2 0.96 6.3 
16 110.8 16.3 0.97 13.9 
17 91.0 14.9 0.99 9.3 
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4.1.1 Influence of cementitious replacement 

Figure 6 illustrates the effect of replacing 30 volume% cement with pure limestone powder or a 
mixture of limestone powder and fly ash or calcined clay. The paste volume and matrix content is 
constant within the test series. Mixture 12 and 13 illustrate that workability is somewhat increased as 
30 volume% cement is replaced by limestone powder. The surface fineness of the two materials are 
similar (370-380 kg/m2 for cement and 360 kg/m2 for limestone powder). The increased workability 
flow is probably caused by reduced water demand since limestone is an inert material which does not 
consume water in order to form hydration products. Limestone will, moreover, pack between the 
cement grains and disperse them. Finally, the superplasticizer saturation dosage of limestone is lower 
than cement’s (Vikan 2005, Vikan and Justnes (2007), Vikan and Kjellsen (2008). Cement will 
consume superplasticizer during hydration, meaning that adsorbed superplasticizer molecules will be 
embedded by the cement hydration products. Limestone being a non-hydrating material will not 
consume superplasticizer in a similar way and will thus leave more superplasticizer to actively 
disperse the cement particles. 
 
The results show that adding fly ash together with limestone powder increased the workability. The 
water reducing effect of fly ash has been attributable to three mechanisms. First, fine particles of fly 
ash get adsorbed on the oppositely-charged surfaces of cement particles and prevent them from 
flocculation. Secondly, the spherical shape and the smooth surface of fly ash particles help to reduce 
the inter-particle friction in a concrete mixture and thus facilitate mobility. Thirdly, the “particle 
packing effect” is responsible for reduced volume of cement paste needed to plasticize the system 
(Malhotra and Metha 2005). 
 
Calcined clay reduced workability particularly by increasing the yield stress. Porosity and high 
fineness of the clay particles might be reasons for the increased water demand (Noor-ul-Amin 2010).  
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Figure 6: Effect of limestone (LS) in combination with fly ash (FA) or clay on concrete slump flow 

 
Figure 7 illustrates how the yield stress increases (and castability decreases) as the content of calcined 
clay increases on the behalf of limestone powder. 
 
Mixture 15-17 contains limestone powder together with calcinated clay or silica fume as cement 
replacement. Silica fume at the given dosage reduced workability in line with previous findings 
(Vikan and Justnes 2007). Similar workability reduction was found for calcined clay when the 
replacement ratio was kept constant at 10%.  
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Figure 7: Influence of calcined clay on the Bingham parameters of fresh concrete. 

 
 

4.1.2 Influence of fibre type and dosage 

Fresh properties of concretes with fibre additions, series 11 and 12, are given in Table 7. Mixture 12 
had a 90 mm larger slump flow than mixture 11 as given by Table 5. Mixture 12 is exactly within the 
lower end of self-compactivity with a slump flow level of 550 mm. Mixture 11 is on the other hand 
not self-compacting. 
 

Table 7: Fresh properties of concrete series 11 and 12 

Mix no. Plastic/steel fibre 
(vol%) 

Slump 
(mm)

Slump flow 
(mm)

Air 
(%)

Density 
(kg/m3) 

11 - 240 460 5.0 2225 
11-1 0.5/- 250 510 4.3 2225 
11-2 1.0/- 235 460 4.0 2215 
11-3 -/0.5 250 535 6.7 2205 
11-4 -/1.0 250 535 8.4 2195 
11-5 0.5/0.5 240 515 6.9 2195 
12 - 260 550 1.0 2330 

12-1 0.5/- 240 435 1.9 2305 
12-2 1.0/- 205 425 2.1 2290 
12-3 -/0.5 240 485 2.2 2315 
12-4 -/1.0 215 470 3.3 2300 
12-5 0.5/0.5 220 465 3.0 2300 

 
The slump flow value of mixture 11 is maintained or even increased by the addition of fibre. This 
indicates that some of the surplus water responsible for segregation tendencies is adsorbed by the fibre 
surface. The slump flow of mixture 12 is on the other hand reduced by fibre addition. 
 
Workability is found to be higher for mixtures with steel than plastic fibres. This is surprising 
considering the polymer fibre being shorter than the steel fibres. The relative high surface of the 
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polymer fibre adsorbing water might be one reason for the reduced workability. Relative high 
flexibility of the polymer fibre compared to the relative stiff steel fibre might be another. 
 
 

4.2 Hardened concrete properties 

4.2.1 Compressive strength 

The compressive strength of mixture 11 increased with the addition of fibre (see Table 8). The plain 
mixture without fibre addition was unstable and had a segregation coefficient of 38.1. Addition of 
fibre increased the stability of the mixture. Increased stability combined with thorough mixing ensured 
that homogenous samples of mixture 11-1 to 11-5 were cast. Increased compressive strength with the 
addition of fibre might thus be an effect of improved stability by fibre addition. No effect of fibre 
inclusion can be found for mixtures within series 12. 
 
Compressive strength of concrete is reduced as 30 volume% cement is replaced the supplementary 
materials limestone powder, fly ash, calcined clay and silica fume. The highest reduction of 
compressive strength was found replacement with 30% limestone powder (compare mixture 12 and 
13). The compressive strength is higher for mixtures were cement is replaced with a combination of 
limestone powder and a pozzolan as seen by comparing mixture 13 with 14-17. There is no marked 
effect of pozzolans after 6 days of curing. The compressive strength is, however, clearly higher for 
mixtures with pozzolans after 28 and 91 days of curing. Note that altering the there ratio between 
limestone powder and pozzolan from 1:2 to 2:1 did not have any marked effect on compressive 
strength (see mixture 14 and 15 versus 16 and 17).  
 

Table 8: Compressive strengths. Abbreviations: C = cement, L = Limestone, FA = Fly ash, SF = 
Silica fume  

Mix no. Matrix 
composition 

(vol.%) 

Plastic/steel fibre 
(vol%) 

Compressive Strength (MPa) 
6 days 28 days 91 days 

11 80C-20L - 14.4 23.1 - 
11-1 80C-20L 0.5/- 23.1 29.2 - 
11-2 80C-20L 1.0/- - 27.2 - 
11-3 80C-20L -/0.5 - 25.3 - 
11-4 80C-20L -/1.0 - 25.2 - 
11-5 80C-20L 0.5/0.5 - 25.3 - 
12 100C - 25.1 32.9 38.5 

12-1 100C 0.5/- - 32.8 - 
12-2 100C 1.0/- - 32.4 - 
12-3 100C -/0.5 - 32.7 - 
12-4 100C -/1.0 - 29.7 - 
12-5 100C 0.5/0.5 - 31.4 - 
13 70C-30L - 14.1 18.6 23.2 
14 70C-20FA-10L - 14.6 19.9 28.5 
15 70C-10L-20Clay - 16.4 27.1 31.7 
16 70C-20L-10Clay - 14.8 23.2 28.1 
17 70C-20L-10SF - 14.4 23.2 29.0 
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4.2.2 Load – Deflection 

Figure 9 presents the measured load-deflection curves for the bending tests of the mixes in series 11 
and 12. Each curve represents an average of three similar beams. The corresponding results in terms of 
the bending strength parameters according to NS-EN 14651 are presented in Table 9 and Figure 8.  
 

Table 9: Measured bending strengths 

Mix no. Synth/ steel 
fibre 

fct,L fR,1 fR,2 fR,3 fR,4 

11 -/- 2,90 0,2 0 0 0 
11-1 0.5/- 3,2 1,3 1,5 1,6 1,5 
11-2 1.0/- 3,3 1,8 2,4 2,5 2,5 
11-3 -/0.5 3,2 2,9 3,3 3,4 3,5 
11-4 -/1.0 4,1 5,0 5,3 5,2 5,0 
11-5 0.5/0.5 3,5 4,0 4,5 4,5 4,3 
12 - 3,2 0,2 0 0 0 

12-1 0.5/- 3,7 1,1 1,2 1,4 1,3 
12-2 1.0/- 3,7 2,4 2,9 3,0 2,9 
12-3 -/0.5 4,2 2,9 3,5 3,8 3,8 
12-4 -/1.0 4,5 5,5 5,9 5,4 5,3 
12-5 0.5/0.5 3,9 3,4 4,1 4,3 4,2 
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Figure 8: Different bending strength values according to NS-EN 14651 versus fibre volume for 
mixture series 11 (proportionality limits and residual bending strengths). 

 
 
The following observations can be made: 
The proportionality limit (1st crack strength) is in general between 0.3 and 1.0 MPa larger for the 
mixes in series 12 (dmax=16) than for the corresponding mixes in series 11 (dmax=8). Addition of steel 
fibres leads to a larger increase in the proportionality limit than synthetic fibres do.  
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Considering the residual bending strength values in the range between 0.5 and 3.5mm crack width, 
which are interesting for design both in service limit states and ultimate limit states, it is seen that they 
increase nearly linearly with increasing fibre volume for both synthetic and steel fibres. This is 
illustrated by curves for fR1 and fR3 in Figure 6. 
 
To fulfil the minimum reinforcement rules for load carrying structures mainly exposed to bending, as 
beams and slabs, without reinforcing bars, the residual bending strength, fR,3, should be larger than the 
proportionality limit, fct,L, for the concrete without fibres: Monotonous increase of the load-deflection 
curve after occurrence of the first crack (i.e. limit of proportionality) indicates formation of a number 
of small cracks. Marked drop of the load-deflection curve after the proportionality limit is on the other 
hand indication of a large crack/fissure developing at the notch of the beam. The principle of higher 
residual bending strengths than the proportionality limit, fct,L, for the concrete without fibres is only 
fulfilled for the concretes with 0.5 or 1.0% steel fibres and the concrete with 0.5% of both fibre types. 
However, the concretes with 1% synthetic fibres have residual bending strengths, fR,3 rather close to 
this. 
 
In general the best ductility is achieved if the load is increasing monotonically with increasing crack 
width. This is not achieved for the concretes with synthetic fibres only which all have sudden drops in 
load just after the proportionality limit. The steel fibre concretes in series 12 also have sudden drops in 
load capacity just after cracking (0.5%) and around 1.0 mm crack width (1.0%) which might lead to 
crack localization and failure. The mixes in series 11 are considerably more promising. This is 
probably due to the effect of dmax in the crack initiating phase as discussed by (Li et al 2003).  
 
The concrete which seems to be most promising considering ductility is the 11-5 concrete with 
dmax=8mm and 0.5% of both steel and synthetic fibres. The steel fibres prevent the drop in load just 
after the proportionality limit which is a major problem for the mixtures with synthetic fibres only. On 
the other hand this concrete also utilizes that the synthetic fibres are relatively more beneficial than 
steel fibres at larger crack widths and therefore results in improved ductility compared to the concretes 
with steel fibres only.   
 
The residual bending strength fR,3 which refers to a crack width of 2.5mm, is 4.5MPa for the 11-5 
concrete with 0.5% of both fibre types. This is still quite a distance away from the overall COIN-target 
of 15 MPa, anyway increased fibre amount and further optimization of this concrete can easily 
increase this value. 
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Figure 9: Load-deflection curves for the bending tests of mixes in series 11 and 12 
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5 Conclusions 

5.1 Fresh properties - Castability 

5.1.1 Mix design 

A working hypothesis for the study is that it is easier to achieve sufficient ductility of fibrous 
concrete with decreasing concrete compressive strength due to lower crack load and also 
lower maximum loads. The project aims therefore to produce concrete with low compressive 
strength, here defined as below 30MPa.  
 
Future all-round cements will probably contain supplementary cementitious materials both 
due to environmental concerns and due to the powders’ reactive and stabilizing properties. 
Extensive work on supplementary cementitious materials is currently undertaken in COIN. 
This project has thus based the concrete design on materials and material combinations 
studied within these projects. A number of preliminary mixes, denoted mixture 11-17, were 
tested with regard to workability and compressive strength before selecting mixes for 
incorporation of different fibre types, dosages and combinations. Mixture 11 had a maximum 
particle size of 8 mm, while mix 12-13 had a maximum particle size of 16 mm. Mixture 12-
17 explores the effect of replacing 30 volume percent cement with fly ash, limestone 
powder, calcined clay and silica fume. 
 
Mixture 12 was chosen as basis for concretes with fibre additions since it obtained a 28 days 
compressive strength of approximately 30 MPa which was aimed for. Mixture 11 was 
chosen as basis for the second test series in order to investigate the influence of maximum 
aggregate size. 
 
To ensure even fibre distribution the concrete should be highly workable. Mixture 12 was 
just within the lower end of self-compactivity with a slump flow level of 550 mm. Mixture 
11 was on the other hand not per definition self-compacting. 
 
Reference mixture 11 and 12, not containing any fibre additions, were segregating. Addition 
of fibres increases the water demand of concrete. This effect in line with remixing of the 
concretes directly before casting, ensured that the cured samples were not inhomogeneous 
due to segregation and bleeding. 
 

5.1.2 Addition of fibre 

The slump flow value of mixture 11 was maintained or even increased by the addition of 
fibre indicating that surplus water responsible for segregation tendencies was adsorbed by 
the fibre surface. The slump flow of mixture 12 was on the other hand reduced by fibre 
addition. 
 
Workability is found to be higher for mixtures with steel than plastic fibres.  
 

5.2 Hardened concrete properties 

The proportionality limit is slightly increasing with increasing fibre content. The increase is 
larger for steel fibres than for synthetic fibres.  
 
The concrete with dmax= 8mm has more promising ductility properties than the concrete with 
16 mm dmax. 
 



Concrete residual bending strength – Experimental study 

 23 
 

The beam specimens cast with dmax= 8mm and 0.5% of both steel and synthetic fibres 
fulfilled the ductility requirements best. The same concrete with 0.5 or 1.0% steel fibres is 
also promising considering ductility.  
 
The residual bending strength fR,3 (crack width = 2.5mm) is 4.5MPa for the 11-5 concrete 
with 0.5% of both fibre types. Although this is far away from the overall COIN-target of 15 
MPa, increased fibre content can easily bring us higher up. 
 
An objective of the study was to investigate the effect of hybridization with two different 
fibre types on the concrete tensile strength, and the combination of long end hooked steel 
fibres and macro synthetic fibres with embossed surface seems promising considering the 
residual bending strength - crackwidth relation.  
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6 Suggestion for further work 
 
Development of a new simple test method where the fresh concrete’s ability to keep the 
fibres homogenously distributed under casting and transportation should be given priority.  
 
Further development of the concrete used in the 11-series with dmax=8mm considering 
alternative cement replacement materials such as fly ash, limestone filler and calcined clay 
as used in mixture 13-17. 
 
Investigate mixture 11, or similar mixes with increased fibre content and other combinations 
of synthetic and steel fibres, for instance 0.5% steel and 1.0% synthetic or 1% of both to 
increase the residual bending strength towards the overall COIN-target of 15MPa. 
 
Verify the ductility-experience of the present investigation in structural elements of larger 
dimensions, for instance beams planned for moment- or shear failure.  
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APPENDIX 
 
A1: Sieve curve mixture 11 
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A2: Sieve curve mixture 12-17 
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