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1.  PROBLEM  STATEMENT  AND  LITERATURE  REVIEW 

Favourable experiences with fibre reinforced concrete (FRC) resulted in its increasing 

application (Balázs, Polgár, 1999). 

It is well known that FRC can perform advantageously only if the fibres are homogeneously 

distributed in the concrete. Csorba (2006) says that this is one of the key points of FRC 

technology. In order to reach adequate performance the manufacturers of the fibres determine 

the minimum mixing time after addition of fibres into the concrete. 

For economical reasons the concrete plants and the precast concrete manufacturers use the 

shortest possible mixing time after addition of fibres.  

Ready mix concrete suppliers often add fibres to the concrete in the concrete plant during 

mixing or when the concrete is put into the mixing truck so the fibres can be homogenously 

dispersed in concrete. Based on the guidance of European Ready Mixed Concrete Organization 

(ERMCO, 2012) many ready mix concrete supplier are unwilling to allow fibres to be added on 

the job site. This is also prohibited by some national regulations e.g. in Germany. As a result, 

the fibres can mixed with different rates in concrete for 0.5 up to 1.5 hours. 

It has been known for a long time that different fibres may deteriorate in the hardened concrete. 

In some cases deterioration occur because of the alkaline environment (Cohen, Diamond, 1975; 

Bergström, Gram, 1984; Uomoto, Katsuki, 1995; Kopecskó 2004; Merta, Kopecskó, Tschegg, 

2012; Rybin, Utkin, Baklanova, 2013; Elshafie, Whittleston, 2016), however in other cases lack 

of that may cause the corrosion of fibres (Mangat, Gurusamy, 1987; Janotka, Krajcí, Komlos, 

Frtalová, 1989; Erdélyi, Csányi, Kopecskó, Borosnyói, Fenyvesi, 2007-1 and 2007-2; Berrocal, 

Löfgren, Lundgren, Tang, 2015).  

It has rarely been indicated whether mixing in concrete can cause deterioration of fibres. Some 

fibre types (e.g. polymer fibres) are not sensitive to the alkaline environment and they may not 

corrode, however these fibres can also deteriorate during mixing in concrete. 

 

2. OBJECTIVES  OF  PRESENT  PHD  THESIS 

Manufacturers of the fibres have not determined the maximum allowed mixing time after 

addition of fibres to concrete so far. It is an important question whether the properties of fibres 

are significantly influenced by the longer mixing time than the minimum or not. It is also a 

question whether too long mixing has negative effects on the properties of fibres. 

The residual tensile strength and residual flexural strength of FRC is one of the most important 

parameters both for design and for practice. Typically the post-cracking residual flexural 

strength of concrete is improved by the application of steel or macro polymer fibres.  

Application of fibres can be effective in hardened concrete until the fibres fail or are pulled out. 

Typically macro polymer fibres fail, on the other hand steel fibres are pulled out in the critical 

cross-sections. Therefore, the possible influences of mixing time or mixing method on the 

tensile properties of macro polymer fibres and pull out properties of steel fibres with different 

fibre shapes were tested. 

The main emphasis of my PhD research was to study the possible influences of mixing time 

and type of mixing on the flexural properties of steel and macro polymer fibre reinforced 

concretes.  
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My main objectives of present PhD thesis were: 

1. To define and specify the possible deterioration modes of fibres due to mixing in 

concrete.  

2. To determine the possible changes of tensile strength of macro polymer fibres due to 

mixing in concrete. 

3. To determine the possible changes of pull out behaviour of steel fibres due to mixing in 

concrete. 

4. To define the possible effects of mixing time on the post-cracking residual flexural 

strength of FRC with steel or macro polymer fibres. 

 

3. EXPERIMENTAL  STUDIES 

In the experimental programme of my PhD research two types of steel fibres (S1: a fibre without 

coating and another S2: with brass-coating), two types of macro polymer fibres (P1 and P2), 

one type of micro polymer fibre (P3), one type of cellulose fibre (Ce), two types of basalt fibres 

(B1 and B2: with different lengths), one type of bundle of glass fibres (G) and two types of 

braids of hemp fibres (H1: without protection and H2: with lensed oil protection) were tested 

(Fig. 1). 

 

 
Figure 1: Image and optical microscope image of the tested fibres before mixing in concrete 

 

380 kg/m3 cement (CEM I 42.5 N type) content and w/c=0.43 were applied for the concrete 

mixes. Two types of aggregates were used during the experimental study. The same maximum 

aggregate diameter (dmax=16 mm) and fineness modulus (5.6) were used both with recycled 

concrete aggregate and with gravel aggregate. In my PhD thesis the concrete mixtures with 

natural sand (0/4 mm) and natural coarse aggregate (4/16 mm) are called concretes with natural 

sand and gravel aggregates and mixtures with natural sand (0/4 mm) and recycled coarse 

aggregate (4/16 mm) are called recycled aggregate concrete. (Due to the crushing method the 

recycled concrete aggregate was sharper and rougher than the gravel aggregate. The type of 

fibres, fibre content and the amount of plasticizer admixture were different in the different 

mixtures. The consistency was kept to be constant (flow class: F4) for all mixes by using 
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necessary amount of plasticizer admixture. The consistency of fresh concrete was checked 

every 5 minutes according to MSZ EN 12350-5:2009 standard. 

According to Rácz (2008) pan type mixers with activator have one of the most intensive mixing 

effects. At the same time fibres are usually added directly into the concrete mixing transport 

truck which is a drum type mixer that is usually less effective than a pan type mixer. The main 

objective of my PhD research was to study the possible influences of mixing type on the 

properties of fibres as well as the influences on the properties of FRC. Therefore, pan type 

mixer with activator as well as drum type mixer were used in my tests. 

As a first step, all of the mixtures (without fibres) were mixed for 5 minutes in pan type mixer 

with activator. 

The fibres were added then to the fresh concrete mixture. A part of the concrete was additionally 

mixed with a pan type mixer and the other part was additionally mixed with a drum type mixer. 

When test results are presented, the mixing time after adding fibres to the mixtures (2, 5, 15 or 

30 minutes) always appear in the figures. 

3.1. Experiments to determine the possible deterioration modes of fibres due to mixing in 

concrete 

After the specified mixing time (2, 5, 15 or 30 minutes) were reached, 1 litre of the fresh 

concrete was separated. Fibres were isolated from the fresh concrete in the following way: for 

steel fibres a magnet was applied, while other fibres were washed out by adding an additional 

amount of water to the mix and separated using a 0.063 mm size sieve. Separated fibres were 

analysed with optical microscope without mixing and after 2, 5, 15 or 30 minutes mixing in 

concrete. The surface, the shape and the length, hence, the possible deterioration modes of fibres 

were determined for each tested fibre type. 

3.2. Experiments to determine the possible changes of tensile strength behaviour of macro 

polymer fibres due to mixing in concrete 

Tensile tests were carried out on 30 fibres per macro polymer fibre type (P1 or P2), mixing type 

(pan type or drum type mixer), mixing time (0, 2, 5, 15 or 30 minutes) according to EN 14889-

2:2006 standard. 

3.3. Experiments to determine the possible changes of pull out behaviour of steel fibres 

due to mixing in concrete 

Pull out tests of S1 type (hooked end) steel fibres were carried out. Effects of mixing time and 

shape deformation were examined. Concrete with natural sand and gravel as well as recycled 

aggregate concretes with 0.5 V% steel fibres were used in the pull out test specimens. The pull 

out tests were carried out on S1 type steel fibres with “initial shape”, with “deformed shape” 

and with “U shape”. The specimens with the same aggregate type and different mixing times 

were prepared at the same time, using the same mixture. The dimensions of the specimens were 

120×120×360 mm. With this dimensions the possibility of uneven fibre orientation was 

minimized. Samples with approximately 50×50×360 mm dimensions were cut out from the 

specimens for the pull out tests. The fibres were placed into the longitudinal axis of the FRC 

samples. A special loading frame was created for these pull out tests with 40×40 mm free 

surfaces around the tested fibres. 3 pieces of concrete cubes (150 mm) were prepared from each 

mixture (in case of each aggregate type) after 5 or 30 minutes mixing for compressive tests and 

for bulk density tests.   
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3.4. Experiments to determine the possible effects of mixing time on the post-cracking 

residual flexural strength of FRC with steel or macro polymer fibres 

The possible effect on the post-cracking residual flexural strength of FRC with S1, S2 type steel 

fibres and with P1, P2 type macro polymer fibres were tested. 

Three-point bending tests of notched FRC beams (with dimensions of 150×150×600 mm) were 

carried out in crack mouth opening displacement (CMOD) control according to 

EN 14651:2005+A1:2007 standard. The number of the fibres and the experienced 

inhomogeneous fibre dispersions were determined in the failed cross-section. 

The tested beams were also subjected to compression tests. Compression tests of 90 days old 

cubes (150x150x150 mm) were carried out according to MSZ EN 12390-3:2009 standard. The 

concrete cubes were cut from the undamaged parts of the beams. A part of the tested specimens 

was pulverized and the fibres were separated. The density of the concrete material (without 

fibres) were determined with pycnometer according to MSZ EN 1097-7:2008 standard. The 

porosity of the specimens was calculated from the density and the bulk density of the concrete 

and fibres for each fibre content.  

3.5. Experiments to determine the dispersion and orientation of steel fibres within the 

concrete specimens by using Computed Tomography (CT): 

In order to discover future fields of research tests on 3 SFRC beams were carried out by using 

CT. The possible effect of mixing time and amount of fibres on the dispersion and on the 

orientation of steel fibres in the hardened concrete were investigated.  

 

4. NEW  SCIENTIFIC  RESULTS 

Bold indicates the new scientific results while normal texts give explanations for the new 

scientific results. 

Thesis 1: Deterioration modes of fibres during mixing in concrete 

Thesis 1.1.: [2], [3], [6], [17] 

Initial fibre properties (tensile strength, length, surface properties, shape) are normally given by 

the producers of fibres. On the other hand properties of fibre reinforced concrete (FRC) are 

influenced by the fibres after mixing in concrete. Therefore, the determination of the possible 

effects of mixing is important for the properties of fibres and FRC. 

My experiments indicated different changes of fibre properties for different fibres due to 

mixing. The mechanical deterioration methods depended mainly on the fibre material. 

I developed and introduced a classification method of the possible deterioration modes of 

different fibres due to mixing in concrete and are summarized in Table 1.  

Detailed description of the different deterioration modes and some typical examples were 

described in my PhD dissertation. I referred all the time to the deterioration modes with the sign 

which is defined in Table 1 (in parentheses, after the name of the deterioration mode). 
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Table 1: Deterioration modes of fibres influenced by mixing in concrete 

Fibre type Type of fibre deterioration during mixing in concrete 

Steel fibre (I) 
deformation of shape (I/1) 

abrasion of coating (if exist) (I/2) 

Macro polymer fibre 

(II) 

surface 

deterioration (II/1) 

abrasion of surface pattern (II/1/1) 

nap of surface (II/1/2) 

abrasion of fibre material (II/1/3) 

deterioration 

starting from the 

end of fibre (II/2) 

disintegration of fibre end (II/2/1) 

opening of fibre end (II/2/2) 

longitudinal splitting of fibre 

(II/2/3) 

destruction of fibre 

(II/3) 

local damage of fibre (II/3/1) 

notch in fibre (II/3/2) 

shortening of fibre length (II/3/3) 

opening of fibre in its middle 

portion (II/3/4) 

aggregate penetration into the fibre (II/4) 

Micro polymer fibre 

(III) 

local damage of fibre (III/1) 

notch in fibre (III/2) 

shortening of fibre length (III/3) 

Cellulose fibre (IV) shortening of fibre length (VI/1) 

Mono basalt fibre 

(V) 
shortening of fibre length (V/1) 

Bundle of glass 

fibres (VI) 

disintegrating of bundle end (VI/1) 

disintegration to mono fibres (VI/2) 

shortening of fibre length (VI/3) 

Braid of hemp fibres 

(VII) 

disintegration of braid (VII/1) 

shortening of fibre length (VII/2) 

aggregate penetration into the braid (VII/3) 

 

Examples of the different deterioration modes in case of macro polymer fibres due to mixing 

in concrete are presented in Fig. 2 and Fig. 3. 

 
Figure 2: Surface deterioration (II/1) of P1 type macro polymer fibre (the mixing time is 

indicated on the top of photos) 
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Figure 3: Deterioration of macro polymer fibres (P1 fibre), 

a) disintegration of fibre end (II/2/1), b) opening of fibre end (II/2/2),  

c) longitudinal splitting of fibre (II/2/3), d) local damage of fibre (II/3/1),  

e) notch in fibre (II/3/2), f) aggregate penetration into the fibre (II/4),  

g) opening of fibre in its middle portion (II/3/4), h) shortening of fibre length (II/3/3)  

 

Thesis 1.2.: [13], [15] 

I experimentally verified that deterioration modes and degrees of deterioration of fibres 

significantly depend on the material properties, production technology, size and coating 

of fibres, respectively. 

According to present test results II/3 type of deterioration (destruction of fibre) was typical for 

P1 type macro polymer fibre, while II/2 type of deterioration (deterioration starting from the 

end of fibre) was usually observed in case of P2 type macro polymer fibres (Fig. 4). (Portions 

indicated by the brackets on the right side of the Fig. 4-a and -b present the ratio of the 

deterioration modes after 30 minutes mixing in concrete.) 

 
Figure 4: Ratio of deteriorated macro polymer fibres without mixing and after 2, 5, 15 or 

30 minutes mixing in pan type mixer in case of recycled aggregate concrete, 

    a) P1 type macro polymer fibre,                         b) P2 type macro polymer fibre 
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Different deterioration modes can be explained by the different production technologies and 

different cross-sectional dimensions of fibres (Fig. 5). 

 
Figure 5: Optical microscope images of macro polymer fibres without mixing in concrete, 

     a) P1 type macro polymer fibre,                           b) P2 type macro polymer fibre 

 

Thesis 1.3.: [13], [15] 

I experimentally verified that the amount of deteriorated fibres and the degree of 

deterioration increase as the mixing time increases. The amount of deteriorated fibres and 

the degree of deterioration depend on the type of mixer and the type of aggregate. 

Surface deterioration (II/1) was observed for all macro polymer fibres after mixing in concrete. 

The amount of abraded fibres increased as the mixing time increased. According the test results 

the amount of the fibres with II/2 type of deterioration or II/3 type of deterioration increased as 

the mixing time increased (Fig. 6).  

 
Figure 6: Ratio of deteriorated P2 type macro polymer fibres without mixing and after 2, 5, 

15 or 30 minutes mixing in concrete with natural sand and gravel aggregates 

     a) mixed in drum type mixer,                  b) mixed in pan type mixer 
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According to the test results the ratio of II/2 type (deterioration starting from the end of fibre) 

and II/3 type deteriorated (destruction of fibre) macro polymer fibres depends on the type of 

mixer (Fig. 6) as well as the type of aggregate (Fig. 7). 

 
Figure 7: Ratio of deteriorated P2 type macro polymer fibres without mixing and after 2, 5, 

15 or 30 minutes mixing in pan type mixer 

     a) with concrete with natural sand and gravel aggregates,          b) with recycled 

aggregate concrete 

 

According to the test results the ratio of II/2 type and II/3 type deteriorated macro polymer 

fibres (P1 and P2 type) was higher after mixing in crushed recycled aggregate concrete 

compared to mixing in concrete with natural sand and gravel aggregates (Fig. 7). It could be 

explained by the sharper surface of crushed recycled aggregate compared to the surface of 

gravel aggregate. 

 

Thesis 2: Changes of tensile strength of macro polymer fibres during mixing in concrete 

Thesis 2.1.: [3], [6], [15], [17] 

I experimentally verified that load bearing capacity of macro polymer fibres that suffer 

surface deteriorated (II/1) only, gradually decreases as the mixing time increased. The 

decrease in load bearing capacity of macro polymer fibres depends on the type of fibre, 

the type of mixer and the type of aggregate. 

The tensile force vs. displacement curves of P2 type macro polymer fibres without mixing and 

after 5 or 30 minute mixing in concrete with natural sand and gravel aggregates with drum type 

mixer and with pan type mixer are presented in Fig. 8. 

Fig. 8 indicate that the inclination of the force vs. displacement curves of deteriorated fibres 

that suffered surface deterioration only decreased more significantly in case of mixing in pan 

type mixer (Fig. 8-b) than in drum type mixer (Fig. 8-a). It also verifies that the degree of 

deterioration depends on the type of mixer. 
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Figure 8: Tensile force vs. displacement curves of P2 type macro polymer fibres without mixing 

(0 min) and after 5 or 30 minutes mixing in concrete with natural sand and gravel 

aggregates       a) with drum type mixer,                                      b) with pan type mixer 

 

Thesis 2.2.: [6], [13], [15], [17] 

I experimentally verified that tensile force vs. displacement curve of macro polymer fibres 

depends on the type of deterioration which occurred during mixing in concrete and the 

tensile force vs. displacement curve may include even sudden changes. 

According to the test results (Fig. 9) load bearing capacity of macro polymer fibres could be 

significantly less if some typical deterioration modes occurred (e.g. local damage of fibre) than 

load bearing capacity of intact fibre (0 min). These deterioration modes were observed already 

after 2 minutes long mixing of concrete and the number of deteriorated fibres increased as 

mixing time increased. Therefore the efficiency of macro polymer fibres can decrease as mixing 

time increases. 

 
Figure 9: Tensile force vs. displacement curves of deteriorated P2 type macro polymer fibres 

(results of single deteriorated fibres) mixed in concrete with natural sand and gravel 

aggregates with pan type mixer, for better comparison average results of 30 pieces of 

surface deteriorated fibres are also represented) 

a) ···· local damage of fibre (II/3/1), b) – – opening of fibre in its middle portion (II/3/4)  
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Thesis 3: Changes of pull out behaviour of steel fibres during mixing in concrete  

Thesis 3.1.: [16] 

I experimentally verified that the shape deformation (deterioration I/1) of hooked end 

steel fibres without coating can increase the pull out force – by more than 25% – if other 

parameters are constant.  

According to the tests results the maximum pull out force was higher in case of fibres with 

shape deformation than in case of fibres with initial shape (Fig. 10-a). Some tested fibres with 

shape deformation were broken during the test. (The pull out force was higher than the load 

bearing capacity of the steel fibre.) Break of the steel fibres with initial shape and with similar 

anchorage length was not observed. 

 

Thesis 3.2.: [16] 

According to the tests results the pull out behaviour of fibres with U shape was significantly 

different from the pull out behaviour of fibres with initial shape (Fig. 10-b). Failure (crashing) 

of concrete was observed in case of pull out tests of U shape fibres. 

I experimentally verified that the failure of the concrete can occur instead of pull out 

failure of the fibres whenever the steel fibres suffer sufficiently high deformations during 

mixing in concrete which result U shape to the fibres. In case of similar anchorage lengths, 

the maximum pull out force corresponding to the failure of concrete is higher, but the 

behaviour is more brittle compared to the pull out failure of the fibre. 

 
Figure 10: Pull out force vs. displacement curves of S1 type steel fibres used in concrete with 

natural sand and gravel aggregates (mixing time: 5 minutes after addition of fibre), for 

better comparison average pull out force vs. displacement curves of intact fibres with 15 

or 25 mm anchorage length are also represented,         

a) - - - deformed shape fibre,           b) - - - U shape fibre 
 

Thesis 4: Effect of mixing time on post-cracking residual flexural strength of FRC with 

steel or macro polymer fibres 

Thesis 4.1.: [4], [7], [10], [13], [15], [16], [17] 

I experimentally verified that the increase of mixing time of steel fibres in concrete from 

5 minutes to 30 minutes slightly increases (by maximum 10%, in case of 0.3-0.5 V% fibre 

content) the post-cracking residual flexural strength of steel fibre reinforced concrete 

beams (Fig. 11), if the other parameters are constant.  
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The main reason for this was the increased compressive strength and advantageous behaviour 

of deformed steel fibres as the mixing time increased.  

According to the test results this positive effect increased as the amount of fibres (0.3 V% to 

0.5 V%) increased. 

 
Figure 11: Flexural stress-CMOD curves of three-point bending tests of SFRC beams with 

0.3 V% and or with 0.5 V% steel fibres mixed in pan type mixer with gravel aggregate  

     a) with S1 type steel fibre,                                  b) with S2 type steel fibre 
 

Thesis 4.2.: [4], [7], [10], [13], [15], [17] 

I experimentally verified that in case of longer mixing time than the required (in my case 

15 and 30 minutes instead of 5 minutes), the post-cracking residual strength of FRC beams 

with macro polymer fibres can decrease considerably (Fig. 12) if the other parameters are 

constant.  

The main reason for this observation was that the tensile capacity of the tested macro polymer 

fibres decreased as the mixing time increased. 

According to the tests results this negative effect increased as the amount of fibres (0.3 V% to 

0.5 V%) increased. 

 
Figure 12: Flexural stress-CMOD curves of three-point bending tests of FRC beams with 

0.3 V% or with 0.5 V% macro polymer fibres mixed in pan type mixer with gravel 

aggregate  

  a) with P1 type macro polymer fibre,               b) with P2 type macro polymer fibre  
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5.  POSSIBLE  APPLICATIONS  OF  THE  NEW  SCIENTIFIC  RESULTS 

Main reason of my PhD research was to extend the knowledge of fibre reinforced concretes. 

Test results of my thesis indicated that information on the properties of intact fibres (without 

mixing) is not sufficient. My test results confirmed that properties of fibres could be changed 

during mixing in concrete, as a consequence, the properties of hardened FRC could be changed, 

respectively. 

My test results indicated different changes of fibre properties for different fibres types due to 

mixing which could influence the behaviour of FRC. 

Based on my test results the long mixing time of SFRC can be favourable for the post-cracking 

residual flexural strength. On the contrary, longer mixing time than the shortest allowed can 

have negative effects on the post-cracking residual flexural strength of FRC with macro 

polymer fibres.  

My thesis draws attention to the importance of possible types of fibre deterioration during 

mixing in concrete that should be taken into account during design and application of FRC.  

Recognition of this phenomenon is highly important because neglecting it can lead to decrease 

of safety in some cases. 

 

6. FUTURE  PERSPECTIVES  

Presented observations on the behaviour of fibres should be extend in the future to provide more 

information for the manufacturers of the fibres and for the designers. 

In the future the possible deterioration modes and degrees of deterioration of fibres should be 

tested with other concrete compositions (fibres, aggregates) as well as other types of mixers.  

Based on the presented results modification of the design methods for FRC will be possible. 

This modified design method will be able to take into account the decreased load bearing 

capacity of fibres if it is necessary. A possibility to take into account the decreased load bearing 

capacity can be the application of correction factors which depend on the fibre material and the 

mixing method. To determine these correction factors additional tests and evaluation of their 

results are necessary. 

My test results showed that orientation and dispersion of fibres can be effectively tested by CT. 

By execution of higher number of CT tests determination of the possible effects of mixing time 

and fibre content on the dispersion and orientation of fibres in concrete is possible. 
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