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Abstract 
The present study was focused on evaluating the strength and failure properties of hybrid micro-fibre 
concretes containing micro brass and steel fibre additions. Experimental tests were conducted on different 
hybrid fibre concretes containing aligned fibres in the direction of beam axis and the relative mechanical 
performance was compared to randomly distributed fibre additions in concrete. Statistical analysis on the 
test results were used to compare the distinctive performance of fibre combinations at different dosage 
levels. The effect of binder to aggregate ratio and the varying proportions of fibre combinations on the 
concrete properties were assessed in terms of flexural strength, fracture toughness and ductility. The 
statistical analysis of the experimental results indicated the dual action of hybrid fibre combinations in 
improving the composite properties and the crack arresting mechanism of fibres at varying stages of loading 
as observed from the load-CMOD curves. Among the various concretes tested, the hybrid fibre concretes 
containing steel-brass fibres dosages at 1.0% and 0.03%Vf performed consistently in overall mechanical 
properties. 
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1 INTRODUCTION 

Fibre reinforcements using different types of fibres had been well investigated in many research studies. Plain 
concrete undergoes different types of stress mechanisms leading to severe structural deterioration necessitating the 
fatigue endurance. Many investigations over decades had significantly contributed towards achieving high quality 
concrete in terms of long-term sustainability for wider special applications. However, the basic problems in concrete 
arising out during the different harsh environmental conditions leads to internal stress cracking (e.g delayed ettringite 
formation and volumetric drying shrinkage) poses constraint in many concrete structural applications. Mechanisms 
leading to crack arresting during the stress transfer in cementitious matrix are well received in many research studies 
[Balaguru & Shah, 1992]. 

Traditionally steel fibres had been consistent in improving the overall mechanical performance of the brittle 
system. Steel fibres with different types of profiles were studied and are known to improve the fibre matrix bonding 
with increased tensile resistance [Bentur and Mindess, 1990; Yoo, et al., 2014; Markovic et al., 2004]. The end 
anchorages of steel fibres were known to improve the fracture resistance with high fibre pullout resistance [Olivito & 
Zuccarello, 2010]. The surface roughness and complex profiles of steel fibres increase the effective interfacial stress 
transfer from fibre to matrix [Peng et al., 2018]. Many investigations on the fibre pullout resistance had shown reliable 
improvements on the interfacial fibre matrix bond characteristics. The mechanical performance of fibre addition 
depends on critical factors such as aspect ratio, length, diameter, volume fraction/fibre count largely affects on the 
mechanical response [Dancygier & Savir, 2006; Yoo et al., 2015]. 

It is well understood from the earlier studies that fibres tend to get distributed in random fashion due to non 
uniform fibre dispersion at the time of mixing of fibres in concrete. Limited studies had been conducted using hybrid 
fibres to evaluate its dual action in concrete matrix at different scales of cracking [Machine et al., 2008; Quian & 
Stroeven, 2000; Kaan et al., 2019]. Studies have also suggested that reliable outcome of the fibre combinations 
depends on the orientation and dispersion of fibres in concrete matrix [Dancygier & Berkover, 2016]. Hybrid fibre 
additions in concrete tends to reduce the workability and suitable addition of superplasticizers can improve the fibre 
balling thereby envisages the overall mechanical properties. The optimum fibre combinations in-terms of length, aspect 
ratio and volume fraction are desirable to achieve the synergistic interaction of fibres in concrete [Gao et al, 2019]. 
Studies in this direction have provided potential merits for tailoring the concrete properties. Some of the vital 
parameters that control the fibre performance are the calculated volume fraction of fibres, presence of short fibres and 
the orientation of fibres [Banyhussan et al., 2016; Soner et al., 2019]. In addition, the strong fibre-matrix bonding is 
necessarily important for achieving maximum pullout resistance. Tensile improvements of fibre concrete apparently 
increase due to load sharing characteristics andmost essentially with the higher degree of homogeneous fibre 
distribution. Analytical studies in fibre concrete indicated the efficiency of theoretical equations to predict the fibre 
pullout resistance on the load carrying capacity of the fibres. The sufficient bonding length and frictional bond 
resistance during fibre pullout are the known mechanisms identified in many studies. 

The hybrid fibre action in concrete matrix still needs to be explored to identify the possible fibre influence in the 
cementitious matrix during crack widening. Better analysis on the overall flexural response during stressed condition of 
concrete sections requires experimental modeling parameters for evaluating the interaction effects of hybrid fibre 
combinations. In the present study statistical software has been used to analyze the mechanical effects of hybrid fibres 
(steel-Brass) and subjective conclusions based on fibre mechanics has been drawn to validate the fibre properties in 
matrix. The synergistic effects of hybrid fibres in concrete matrix has been systematically explored using both 
experimental and theoretical validations on the mechanical response at varying stress levels of loaded fibre concrete 
specimens. 

2 EXPERIMENTAL METHODOLOGY 

2.1 Materials and properties 

Portland cement of 43 grade cement was used as binder and fine sand of crushed aggregates were used for matrix 
preparation. Locally crushed rock aggregates of 12.5mm size were used in concrete production. The detailed properties 
of various concrete ingredients are provided in Table 1. 

Table 1. Properties of concrete ingredients 

Properties Cement Fine sand Aggregate 

Grade 43 4.75mm passing 12.5mm passing 
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Specific gravity 3.15 2.45 2.61 
Average particle size (mm)/ Fineness 

modulus 
0.015 2.36 7.14 

Bulk density (kg/m3) 3140 2340 2560 
Mortar strength (N/mm2) 46.34N/mm2 

2.2 Fibre types used 

Macro double hooked steel fibres and micro brass fibres were used in this study (as shown in Figure 1) for 
evaluating the fibre synergy and interaction effects on the overall mechanical properties of concrete. The basic 
properties of fibresused in this study are tabulated in Table 2 and these fibres were added in concrete homogenously 
by means of mechanical dispersion and the spreading of fibres in various layers of concrete were ensured. 

 
Figure 1. Hybrid reinforcements used in this study – steel and brass fibres 

Table 2. Properties of fibres used in this study * 

Type of fibres Length (mm) Diameter (mm) Aspect ratio (l/d) Tensile strength (MPa) Failure strain (%) 

Double hooked steel 32 0.48 67 420 8 
Micro Brass 6 0.012 500 465 53 

*as provided by the fibre suppliers 

2.3 Fresh concrete production 

Concrete mixes were designed as per standard procedure [ACI-544, 2018] for a target compressive strength of 
40N/mm2 and was proportioned based on the basic ingredients. As the study was mainly focused on the effect of fibre 
addition in different cementitious matrix, the binder to aggregate ratio was varied to study its influence in the concrete 
properties. The detailed concrete proportions are provided in Table 3. Also, the effect of hybrid fibres in different 
proportions and the alignment of fibres are taken as categorical variables.The significant effect of these factors 
affecting the mechanical properties of concrete are investigated. The details of the different hybrid fibre combinations 
and its corresponding constituent mixes are provided in Table 4. 

Table 3. Concrete proportions used in the experimental study 

Mix Constituents B/TA ratio = 0.23 B/TA ratio = 0.27 B/TA ratio = 0.30 

Cement (kg/m3) 412.23 452.15 430.8 
Sand (kg/m3) 650.21 632.17 618.04 

Coarse Aggregate (kg/m3) 1153.30 1073.45 1034.24 
w/c ratio 0.38 0.38 0.38 

Water (kg/m3) 165.34 156.65 163.70 
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Superplasticizer (kg/m3) 2.0 2.3 2.1 
Concrete compressive strength (28 

days) 
41.23(RCM1) 44.61(RCM2) 42.56(RCM3) 

Steel (kg/m3) 0.2 0.4 0.6 0.8 1 1.2 
Brass 0.01 0.11 0.07 0.05 0.03 0.09 

Note: RCM1, RCM2, RCM3 – refers to reference concrete mixes 

The different fibre proportions for preparing the hybrid fibre concrete mixes are given in Table 4. It can be noted 
that the combinations of fibres in various proportions are added to the reference concrete mixes respectively for a 
selected B/TA (binder to aggregate ratio) given in Table 3. 

Table 4. Fibre proportions used in the study 

Mix ID Fibre alignment B/TA ratio Steel fibre volume fraction 
(%) 

Brass fibre volume 
fraction (%) 

S-B-021 random 0.23 0.2 0.01 
S-B-129 aligned 0.30 1.2 0.09 
S-B-087 aligned 0.27 0.8 0.07 
S-B-103 random 0.30 1.0 0.03 
S-B-065 random 0.27 0.6 0.05 
S-B-041 aligned 0.23 0.4 0.11 

Not: volume fraction of fibresrefers to % by total volume of concrete 

2.4 Mixing, casting and curing of concrete specimens 

Raw ingredients of concrete with calculated proportions as provided in Table 2 are added into a standard concrete 
mixer of 100Kg capacity and dry mixed initially. Later the required amount of mix water and superplasticizer 
(CERAPLAST-300) were added to the concrete mixer followed by the addition of fibres. The wet mix is then transferred 
to the required moulds and casted. After sufficient concealed curing (28 days) the hardened concrete specimens were 
tested respectively and the details of the specimens tested are provided in Table 5. A total of 9 concrete mixes were 
casted (as shown in Figure 2); out of which 3 were reference concrete mixtures (without fibres) namely RCM1, RCM2 
and RCM3. Similarly the hybrid fibre concrete mixes are designated with the first two letters representing the steel (S) 
and brass (B) fibres followed by the volume fractions respectively (S-B-021, S-B-129, S-B-087, S-B-103, S-B-065, S-B-
041). 

Table 5. Details of the concrete specimens casted and tested 

Type of testing Size of specimen Curing age of concrete 
(days) 

Number of specimens 
tested 

Parameters evaluated 

Compression 150mm cubes 28 5 Compressive strength 
Flexural Bending 100X100X100 mm 

prism 
28 5 Fracture strength, toughness, 

ductility 
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Figure 2. Casting of hybrid fibres aligned to beam axis – layered casting 

2.3 Experimental Testing 

Hardened concrete properties were tested as per standard [ASTM C-39, 2018] procedures. Compressive strength 
of concrete cubes of size 150mm was carried in a compressive testing machine (1000KN capacity). Flexural properties 
of concrete were tested using prism specimens of size 100mm X 100mm X 100mm and RILEM TC [1985] standard 
specifications was used for the fracture testing. 

2.3.1 Experimental Test setup 

Mortar tests were carried out as per ASTM C-39 [2018] and the standard test setup is shown in Figure 3. 

 
Figure 3. Mortar test setup 

Flexural bending tests were carried out as per RILEM TC -1985 [Vandewalle et al., 2002] and the standard test 
setup shown in Figure 4. Load controlled flexural machine of capacity 100KN was used to conduct flexural tests and 
displacements were measured using two mechanical dial gauges fixed to the crack notch (10mm depth and 5 mm wide) 
opening (as shown in Figure 5). The average crack opening displacements are measured to compute the fracture 
toughness value for all the tested fibre concrete specimens. The absolute toughness was calculated from the entire 
load-crack opening displacement till the point of complete failure of concrete specimens. The macro cracks were 
measured using graduated scale as shown in Figure 6. 
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Figure 4. Flexural bending test setup 

 
Figure 5. Micro-crack opening displacement measured using mechanical dial gauges 

 
Figure 6. Macro- crack opening measured using graduated scale 

2.3.2 Flexural measurements 

i) Flexural strength of notched specimens were calculated from the following equation 

fcr = P.L/b.(d-dc)2 (1) 
Where, fcr – flexural strength of notched concrete specimen (N/mm2) 
P – failure load (KN) 
L – length of specimen (500mm) 
b – breadth of specimen (mm) 
d – depth of specimen (100mm) 
dc – notch depth (10mm) 
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ii) Fracture toughness 

Ft = area under the entire Load vs.CMOD plot calculated using graphical method 
Ft = ʃ P. Δ (2) Where, Ft – Fracture toughness (N-m) 
P – failure load (KN) 
Δ – crack mouth opening displacement (CMOD, mm) 

2.4 Experimental Design Models 

Experimental models were simulated and tested for its appropriateness in predicting the dual fibre action in 
concrete matrix. Initially, different hybrid fibres of varying proportions were randomly selected for testing using 
statistical design software. The observations of the experimental design were formulated systematically to find the 
effects of the factors affecting the overall response of the hybrid fibre combinations in the concrete system. In order to 
analyze the effects of steel and brass fibres in the concrete matrix four different factors were identified to affect the 
overall response of the concrete namely Fibre alignment, binder to total aggregate ratio, steel fibre and brass fibre 
dosage. The measured responses of the experimental design are flexural strength, fracture toughness and ductility of 
hybrid fibres. The experimental design were formulated in order to conduct random experiments to evaluate the 
maximum fibre performance. Hence, experiments were formulated in random order to evaluate the influence of 
varying fibre properties and proportions on the overall concrete properties. The results were analyzed, interpreted 
using regression equations and hence the outcome of the experimental results can provide the individual effects of 
various factors responsible for the overall composite response of the hybrid fibre concrete system. The detailed 
experimental plan carried out in this study is provided as flow chart in Figure 7 and detailed factors are given inTable 6. 

 
Figure7. Experimental design plan of the study 

Table 6. Experimental design factors used in this study 

Mix ID Fibre alignment B/TA* ratio Steel fibre volume fraction (%) Brass fibre volume fraction (%) 

S-B-021 random 0.23 0.2 0.01 
S-B-129 aligned 0.3 1.2 0.09 
S-B-087 random 0.27 0.8 0.07 
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S-B-103 aligned 0.3 1.0 0.03 
S-B-065 random 0.27 0.6 0.05 
S-B-041 aligned 0.23 0.4 0.11 

Note * denotes binder to aggregate ratio 

3 TEST RESULTS AND DISCUSSIONS 

3.1 Compressive performance of hybrid fibre concretes 

Compressive test results of the various fibre concrete mixes are provided graphically in Figure 8. The addition of 
large volume fraction (1%) of steel fibres compared to brass fibres volume fraction in concrete matrix has not shown 
considerate increase in compressive strength. On the other hand, the gradual increase in brass fibre volume fraction 
with the reduction in steel fibre volume fraction had shown consistent improvements on compressive strength. 
However, a maximum strength of 47.06N/mm2 was obtained with optimum steel-brass fibre (S-B-065) combinations of 
0.6 and 0.5% Vf respectively. The cementitious matrix is efficiently reinforced with fine brass fibres as compared to 
coarse steel fibres. In the case of high volume of steel fibres with large spacing, the interception of crack plane with 
fibres didn’t occur significantly thus not developing effective crack arresting mechanism. The improvement in 
compressive strength was noticed with the gradual increase in the brass fibre addition in the hybrid fibre concretes. 
The fineness of brass fibres envisage more improved matrix strengthening and delay in micro crack formation. In 
addition, the effect of binder to aggregate ratio had shown consistent influence on the fibre performance in the 
cementitious matrix. With the increased binder to aggregate ratio (0.3) the compressive properties of concrete had 
been relatively improved. However, it was evidently noticed during the progress of loading, the concrete specimens 
showed multiple cracking outside the concrete surface with cracks spreading unconditionally at failure. Fibres in 
general do not actively take part in load resistance in compression even though the crack trajectory might intercept 
with fibres. As the process of failure involves in crushing of matrix-aggregate particles rather than produce a direct 
tensile force in which case fibres didn’t have a significant role in load sharing. However, the presence of micro brass 
fibres possibly strengthened the matrix resulting in some appreciable increase in all hybrid fibre concretes. This can be 
evidently seen with an optimum addition of brass fibres in the range of 0.05 to 0.07% provides reasonable matrix 
strengthening. Whereas, for maximum steel fibre substituted concretes the resulting compressive performance was 
not satisfactorily higher than other fibre concrete types. It can be concluded that fibre addition cannot be anticipated 
to provide a higher improvements in compressive strength; but on the other hand fibres control the sudden bursting of 
concrete leading to controlled failure without splitting into fragments. 

 
Figure 8. Compressive strength results of various hybrid fibre concrete mixes 
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3.2 Flexural characteristics of hybrid fibre concretes compared to plain concrete 

The complete flexural bending test results are provided in Table 7 and a detailed experimental result analysis 
using statistical software is subsequently explained in the following sections. The average flexural strength of reference 
concrete mix was found to be 5.20N/mm2 and this reference concrete was not considered in the statistical result 
analysis. Since the other two responses (toughness and ductility) was zero for a plain concrete system due to brittle 
nature and the complete absence of post peak curve due to sudden failure. Load – CMOD curves are drawn from the 
experimental values as shown in Figure 9 and the various fracture parameters are measured. Fracture strength was 
calculated from the peak load and fracture toughness was calculated from the entire load-deformation curve till 
failure. The toughness was calculated from the graph software. The experimental curves show different state of stress-
strain plots depending upon the fibre content. However, the pre-peak strain hardening is influenced by the short brass 
fibres which are evidently seen in concrete mix S-B-065. Crack bridging of steel fibres were observed in concrete mix S-
B-129 which shows the fibre efficiency in terms of fibre availability required for crack closing forces. However, the 
hybrid fibre combinations containing high volume fraction of brass fibres also provided similar toughness values as 
compared to low volume fraction of steel fibres. Steel fibres were effectively bridging cracks without fibre rupture at 
high stress in post peak region as compared to finer and shorter fibres. 

 
Figure 9. Load Vs. CMOD curves for various fibre concrete specimens 

Hence, the test results of all hybrid fibre concretes as compared to reference concrete were evidently confirming 
the improvements on the flexural response with the fibre addition irrespective of type of fibre proportions. Fibres were 
evidently contributing for the overall increase in the pre-peak and post peak strain hardening of the hybrid fibre 
concrete mixes. The results of the load deformation tests are depicted in graphical form to understand the significant 
contribution of different fibre types and its relative presence in volume fraction (%). The individual contributions of 
fibres on the corresponding improvements in concrete properties are analyzed using regression analysis and discussed 
in further sections. The sample calculations for determining the toughness using Graph software is given in Figure 10. 
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Figure 10. Fracture toughness calculation of various fibre concrete mixes using Graph software 

The effect of fibre alignment and elastic modulus has significant influence on the flexural bending resistance of 
fibres aligned in the direction of axis of beam. Reasonable improvement in tensile load resistance is ensured by the 
fibres as loading axis lies to the normal plane [Yao, et al., 2003; Eethar & Mahyuddin, 2011]. However, fibres in random 
distribution provided flexural properties not on par with that of aligned fibres. Homogenously distributed fibres in 
random direction envisage equal stress distribution in mutual orthogonal direction. But effective fibres contributing for 
stress sharing mechanism is limited as compared to aligned fibres. Fibres aligned normal to bending plane caters to the 
direct pullout load and hence stress is being shared effectively by fibres. This leads to either direct pullout or fracture of 
fibres and during this process, additional load resistance leads to improved fracture performance of the hybrid 
concretes. 

Table 7. Flexural test results* of various hybrid fibre concretes 

Mix ID Fibre 
orientation B/TA Steel fibres 

(%) 
Brass 

fibres (%) 
Flexural strength 

(N/mm2) 
Fracture toughness 

(N-m) Ductility (mm) 

     Mean S.D Mean S.D Mean S.D 
S-B-021 random 0.23 0.2 0.01 6.23 0.41 32.23 5.41 2 0.14 
S-B-129 aligned 0.30 1.2 0.09 7.36 0.71 112.43 16.35 14 1.23 
S-B-087 aligned 0.27 0.8 0.07 7.01 0.26 68.52 4.25 9 2.01 
S-B-103 random 0.30 1.0 0.03 7.89 0.67 103.06 12.52 11 3.24 
S-B-065 random 0.27 0.6 0.05 8.23 0.38 56.12 6.68 7 1.34 
S-B-041 aligned 0.23 0.4 0.11 6.54 0.52 72.31 10.49 5 0.25 

Note * denotes the mean value of 5 samples tested for each response measured; S.D refers standard deviation. 

3.3 Statistical analysis on experimental results 

3.3.1 Flexural strength 

The ANOVA result analysis of flexural test results indicated two important measurements namely F-statistics, 
which is a ratio of two variances and it,’s a measure of dispersion of data which are scattered from the mean. Also, the 
larger F-value in Table 8 shows greater dispersion due to randomized concrete mix variants. Similarly, the P-value 
represents the null hypothesis, which represents the level of significance of the fitted regression equation as well as 
the probability of the occurrence of a given event. The p-value of less than 0.05 as given in Table 8 shows the 
consistency of the regression equation for flexural strength. Since the P value is less than 0.05 we reject the null 
hypothesis since no difference exist between the means and can be concluded that a significant difference does exist. 
The P values for B/TA ratio, Steel fibre volume fraction (%), Brass fibre volume fraction (%) and the fitted regression 
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model are found to be below 0.05 the factors are significant. Whereas, in the case of fibre alignment the P value was 
found to be over 0.05, and can be termed as not a significant parameter. Since, fibre alignment is a categorical factor 
and has an indirect effect on the experimental design factors. 

Table 8. ANOVA results of various responses 

Measured parameters 
Flexural strength Fracture toughness Ductility 

F-Value P-Value F-Value P-Value F-Value P-Value 

Regression 206.71 0.052 152.80 0.061 248.53 0.048 
B/TA ratio 471.85 0.029 0.09 0.813 0.30 0.682 

Steel fibre volume fraction (%) 327.84 0.035 5.37 0.259 18.35 0.146 
Brass fibre volume fraction (%) 213.29 0.044 0.51 0.604 2.75 0.346 

Fibre Alignment 0.58 0.586 77.78 0.072 0.00 0.992 
R-sq(%) 99.8 99.8 99.9 

R-sq (pred) (%) 90.7 87.5 92.3 
Std. deviation (N/mm2) 0.34 11.40 1.16 

Coefficient of variance (%) 5.62 34.15 23.01 

The ANOVA results of fracture toughness showed higher dispersion value (F-value) for fibre alignmentas given in 
Table 8. Compared to other parameters which affect the test results the fibre alignment had shown conspicuous P- 
value of less than 0.072 which reject the null hypothesis and can be concluded that a significant difference does exist. 
The ANOVA result analysis of ductility had indicated higher F-value for steel fibre dosage as given in Table 8 which 
showed higher dispersion. Compared to other parameters, which affect the test results, fibre alignment had shown a P- 
value of less than 0.048 which can reject the null hypothesis and can be concluded that a significant difference does 
exist. In general, all the factors do have direct influence on the various responses depending on the type of mechanical 
property measured. 

3.4 Regression Model/ Equation 

Regression analysis is a powerful statistical method which is useful for evaluating the relationship between two or 
more parameters. It can be used to predict the flexural strength of a fibre reinforced concrete for both aligned and 
randomly distributed fibre dispersion in concrete. The below regression Equations 3 to 8 quantifies the aligned and 
randomly distributed steel-brass hybrid fibre concretes respectively. 

i) Flexural strength 

Fibre 
Alignment 

   

Aligned, Flexural Strength = -18.35 + 113.08 B/TA ratio - 8.313 Steel fibre volume fraction (%)  
+ 19.92 Brass fibre volume fraction (%) (3) 

    
Random, Flexural Strength = -18.30 + 113.08 B/TA ratio - 8.313 Steel fibre volume fraction (%) 

+ 19.92 Brass fibre volume fraction (%) (4) 

ii) Fracture toughness 

Fibre Alignment    

Aligned Fracture toughness (N-m) = 31.7 + 71 B/TA ratio + 47.7 Steel fibre volume fraction (%) 
+ 43.9 Brass fibre volume fraction (%) (5) 

Random Fracture toughness (N-m) = 6.8 + 71 B/TA ratio + 47.7 Steel fibre volume fraction (%) 
+ 43.9 Brass fibre volume fraction (%) (6) 

iii) Ductility 

Fibre 
Alignment 
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Aligned Ductility (mm) = -3.52 + 14.4 B/TA ratio + 9.98 Steel fibre volume fraction (%) 
+ 11.46 Brass fibre volume fraction (%) (7) 

Random Ductility (mm) = -3.52 + 14.4 B/TA ratio + 9.98 Steel fibre volume fraction (%) 
+ 11.46 Brass fibre volume fraction (%) (8) 

R-square value given in Table 8 represents the goodness-of-fit measure for linear regression models and provides 
essentially the validity of the regression equations. R-squared also represents a statistical measure of how close the 
experimental data are to the fitted regression line. Since the model value and predicted R2 value is above 90% for all 
the fitted regression equation which indicates the model adequacy to explain all the variability of response data around 
its mean. 

3.5 Effects of various factors on the various observed responses 

3.5.1 Main factor effects 

The various main factor effects plot on the flexural strength charactersitics of fibre concretes are provided in 
Figure 11. The experimental trend lines of individual factors shows the variation of flexural strength. It can be noted 
that the effect of fibre alignment has significant advantage on the improvement in flexural strength. Similarly, the 
effects of increasing the binder to aggregate ratio (0.27 to 0.30) in the concrete mix had shown an increase in the 
flexural strength (7.89 to 8.23 N/mm2). Experimental trends also clearly indicated that the presence of brass fibre 
volume fraction were significant to increase the flexural strength as compared to steel fibres. The flexural strength 
increase was noticeable when the steel fibre content (0.6%) in hybrid fibre concretes was kept lower with the brass 
fibre volume (0.05%) at optimum addition. Even though the fineness of brass fibres does essentially contribute for the 
overall increase in flexural strength; its optimum fibre content envisages for its matrix reinforcement. Hence, more 
presence of brass fibres do affect the integrity of concrete and thereby resulting in poor matrix densification due to 
weak interface void formation. 

 
Figure 11. Main factor effect plot for flexural strength 

The area under the entire Load – CMOD curves (as seen in Figure 10) of concrete specimens were essentially used 
for the estimation of fracture toughness values. The area under the entire toughness of concrete indicates the energy 
absorbing capacity of concrete and hence the large post peak deformation characterized by high-energy absorbing 
capacity. Experimental trendlines in Figure 12 indicate that the maximum presence of steel fibres actually contribute 
for the improvement of the toughness value [Chen & Liu, 2004]. Most importantly, the synergistic action of hybrid 
fibres had witnessed good improvements on the toughness value especially when the hybrid fibre combinations of high 
steel–low brass fibres and low steel-high brass steel fibres are used. This increase in toughness value is primarily due to 
longer steel fibres at high volume fraction which helps in high energy required during fibre pullout or ruptures 
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embedded in the matrix [Wang et al, 2001]. Similarly, the large presence of brass fibres contribute for the effective 
fibre bridging at large crack widths formed at post peak deformation. 

 
Figure 12. Main factor effect plot for fracture toughness 

Post-elastic deformation of the various concrete specimens is measured from Figure 10 and represented using 
main factor effect plot on ductility in Figure 13. The amount of strain sustained by fibre concrete specimens upon 
cracking is referred to as ductility. During the post elastic bending process, the stress transfer mechanism was 
essentially taken care by the fibres from the matrix interface without sudden drop in load carrying capacity [Sun et al., 
2001]. Depending upon the amount of fibre availability, the sudden drop in stress carrying capacity may be controlled. 
The maximum ductility was measured in case of high dosage of steel fibre volume fraction and the hybrids containing 
high steel-low brass fibre (S-B-129) concrete specimens. However, ductility of concrete was also noticeably increased 
with high steel-low brass fibre (S-B-103) combinations. This indicates large brass fibre availability in the crack front 
which can dissipate more fracture energy around the crack vicinity. 
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Figure 13. Main factor effect plot for ductility 

3.5.2 Interaction effects of various factors 

The influence of measured responses among different factors can be more appropriately defined in terms of 
interaction effects. It can be noted from Figure 14 that, an interaction effect between various measured parameters 
exists if the trend lines cross each other. This can be noticed from the graphical trendlines provided in Figure 14 that, 
the interaction effects exist between binder to aggregate ratio and the fibre alignment. Significant difference in aligned 
and random fibres was noticed from the interaction trendlines. Interaction effects were noticed in the case of binder to 
aggregate ratio and fibre alignment; since the change in matrix properties affects the flexural strength. A significant 
flexural strength increase was observed with an increase in the binder to aggregate ratio accompanied by fibre 
alignment. However, no interaction exists between steel fibres and binder to aggregate ratio as the steel fibres are 
longer and upon matrix micro-cracking the stress transfer mechanism is dependent on fibre length. However, the 
interaction effects were pronounced for binder to aggregate ratio and brass fibre volume; as the fibres are finer and 
essentially forms an integral part of the matrix. Thus, subsequent matrix strengthening accounting for composite mix 
interaction between binder to aggregate ratio and brass fibres was noticed. Thus, interaction trends clearly show that 
the brass fibres had shown direct influence on strength compared to steel fibres. Hence, the optimum volume fraction 
of brass fibres combined with steel fibres showed consistently higher flexural performance. 
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Figure 14. Interaction effects of various factors on flexural strength 

Interaction curves show the significance of various parameters in relation to the measured response. In the case 
of interaction effects of flexural toughness as provided in Figure 15, there were no crossovers of trend lines as 
observed from the interaction effects. Trend lines signify that the factor binder to aggregate ratio is independent or 
less influential on the overall improvement of toughness. Whereas, the effect of steel fibres are more phenomenal on 
the toughness improvement as the steel fibres are longer and possess high elastic modulus. As toughness measures the 
post elastic deformation which accounts for longer steel fibres with high elastic modulus [Buratti etal., 2011]. 

 
Figure 15. Interaction effects of various factors on fracture toughness 

On the other hand brass fibres at low volume fraction does not compensate for significant crack closing at larger 
crack widths. In the case of ductility, the interaction effects represented in Figure 16 revealed that the trend lines were 
parallel. Moreover, ductility of aligned fibres is far superior to randomly distributed fibres due to the fact that fibres 
experience direct stress. 
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Figure 16. Interaction effects of various factors on ductility 

3.6 Contour plots 

Contour plots are two-dimensional non-linear curved plots obtained from the experimental results. The variation 
of measured responses w.r.t various factors are represented in contour plots, which can provide a wide range of 
individual factors that, affects the measured responses. The contour plot showed (Figure 17) a maximum response for 
the flexural strength when a binder to aggregate ratio of 0.27 and steel fibre volume fraction of 0.6 is adopted. 

 
Figure 17. Contour plot variation for flexural strength - B/TA Vs. Steel fibre volume fraction 

Similarly, contour plots provided in Figure 18 shown that fracture toughness was maximum for B/TA of 0.3 and 
steel fibre volume of 1.2. This similarity was also noticed in ductility as seen in the contour plot represented in Figure 
19. These trends confirm that both the measured responses (toughness and ductility) are function of post elastic 
deformation or self straining of high elastic modulus steel fibres. Also, the flexural strength is maximum when the steel 
fibre volume and brass fibre volume are kept at optimum level of 0.6% and 0.05% respectively. Fracture toughness is 
maximum when the brass fibre volume fraction is in the range of 0.08% to 0.10% and steel fibre volume of 1.1% to 
1.2%. Ductility is maximum when steel fibre and brass fibre volume fractions are at 1.2% and 0.09% respectively. 
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Figure 18. Contour plot variation for fracture toughness - B/TA Vs. Steel fibre volume fraction 

 
Figure 19. Contour plot variation for fracture toughness - B/TA Vs. Steel fibre volume fraction 

3.7 Comparative analysis of various hybrid fibre concretes 

The variations of flexural strength, toughness and ductility over a wide range of hybrid fibreconmbintaions are 
provided in the contour plots.It can be noted from Figure 20 that, the addition of steel fibres at low volume fraction 
(0.6%) and brass fibres at optimal volume fraction (0.05%) provided enhanced composite flexural strength compared to 
other fibre combinations. Also, the high volume fractions of steel (1.2%) and brass fibres (0.09%) contribute for the 
overall increase in toughness and ductility of the composite system as evidently seen from the contour plots in Figures 
21 and 22. Hence it can be cocluded that fibre combinations with steel and brass combinations at optimal volume 
fractions (1 to 1.2% steel fibre and 0.05 to 0.09% brass fibre) showed a reliable increase on the overall fibre 
synergy.The contour plots indicated that fibre synergy in concrete improves with the type of hybrid fibre combinations. 
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Figure 20. Contour plot variation for flexural strength - Steel fibre vs. Brass fibre 

 
Figure 21. Contour plot variation for fracture toughness - Steel fibre vs. Brass fibre 

 
Figure 22. Contour plot variation for ductility - Steel fibre vs. Brass fibre 

4.0 CONCLUSIONS 

Fibre addition had shown a favorable increase in mechanical strength and thereby resulted in improved crack 
resistance compared to plain concrete specimens. The resulting crack growth at higher loading eventually resulted in 
unstable crack growth propagation leading to unwarranted failure. Fibres of different sizes and types had shown 
promising results on the overall improvement of the concrete properties. The ANOVA results thus confirm the property 
of fibre addition in plain concrete systems. 
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a) Fibre addition had shown marginal strength enhancement compared to plain concrete; as fibres do not contribute 
directly in crushing due to non- straining of fibres in fracture plane other than bending. However, the strength 
increase in hybrid fibre concretes is not originally due to dual action of steel-brass fibres. But it can be justified 
that finer brass fibres do originally contribute for matrix strengthening and hence the marginal strength 
increaseupto 8% occurred in case of steel-brass fibres of 0.6% and 0.05% Vfrespectively. 

b) Maximum flexural strength (8.23 N/mm2) was observed for hybrid concretes containing fibre combinations of 
steel-brass @ 0.6% and 0.05% volume fraction respectively. The effect of fibre orientation (aligned) has 
promulgated for toughness increase in post peak compared to pre peak strain hardening. This suggests that 
before matrix cracking the strengthening effect in matrix is originally contributed for fibres in random orientation. 
Fibres in aligned direction do have little effect in crushing failure as the fibres does not undergo self-straining. 

c) Statistical ANOVA results support the characteristic behavior of different hybrid fibre concretes. As the 
randomized experiments are useful to predict the mechanical response of crossover combinations of different 
hybrids, the regression equations are useful for point predictions. 

d) Toughness and ductility of hybrid composite is a function of elastic modulus of steel fibres and volume fraction. 
Hence, maximum toughness (112.43 N-m) is noticed for steel-brass hybrids of 1.2% Vf and 0.9 Vfrespectively. Fibre 
alignment has significant effect on the post crack yielding (ductility) of hybrid concretes. As compared to random 
orientation, the fibre alignment along beam axis promulgates large strain till failure (without loss in stress carrying 
capacity). Hence, maximum ductility of 14mm was obtained for steel-brass hybrid fibre concretes (S-B-129) with 
maximum volume fraction of steel (1.2%) and brass fibre (0.9%). 

e) The different point predictions and arriving optimal fibre combinations are evidently correlated in contour plots. 

e) The effects of various factors in terms of main effects and its corresponding inter dependence is better correlated 
from the interaction charts. 
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