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Abstract  

High workability, strength, durability and considerable ductility are becoming the major 

serious requirements on construction sites in recent years. High-performance fiber-reinforced 

fluid concrete (HPFRFC) is one of the modern concretes that can be used in some important 

and complicated structures with specific requirements. In this study, workability and 

mechanical properties of fluid High-performance concrete containing metal fibers have been 

investigated experimentally and numerically.  A total of 13 mixtures investigated using a 

response surface (RSM) method. The input variables in the mixtures are the superplasticizer 

(SP) and metal fibers (MF) percentages. The percentage in SP takes as extreme levels 1.80% 

and 2.4%. The metal fibers quantity in the concrete ranging from 23 kg/m3 to 37 kg/m3. The 

slump flow was used to evaluate the rheological properties of mixture at fresh state. For the 

mechanical characterization, compressive and flexural strength tests were used in the 

hardened state. The obtained results show that the metal fibers reduce the workability of 

HPFC mixtures and improve their mechanical properties, especially the ductility. The slump 

flow (spreading) diameter of all mixtures varied between 400 mm and 580 mm, indicating a 

good deformability and mobility. Compressive and flexural strength ranged from 82 to 97 

MPa and 4.5 to 7.53 MPa, respectively. The ductility was conferred on the HPFRFC 

composites, while the brittle failure is replaced by a ductile failure. Moreover, the numerical 

results show that HPFRFC can be produced based on optimized application of 

superplasticizer and metal fiber content. The optimization results indicate that with 30 Kg/m3 

fibers and 2.4% superplasticizer, the maximum 28-day compressive and flexural strength are 

obtained, while meeting EFNARC workability indicators. This study proved that it is possible 

to suitably produce a dense and workable HPFRFC that are much thinner, slenderer, lighter, 

more durable and low cost-effective  for practical application.  
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I. Introduction  
High performance concrete is one of the 

most extensively used materials in all areas 

of modern construction. This type of 

concrete is known for its low porosity and a 

very dense micro-texture [1]. The main 

characteristics of high performance 

concretes, namely the compressive strength, 

modulus of elasticity, creep, permeability, 

have significantly been improved recently. 

The use of this type of concrete has 

considerably increased throughout the 

entire world, over the past few years [2]. 

Indeed, high performance concretes tend to 

progressively replace conventional 

concretes in many applications. 

On the other hand, High performance fluid 

concrete is a new concrete that met the 

requirement of actual modern structures. 

This type of concrete can easily flow to 

reach all points and corners of the 

formwork under the effect of its own 

weight, and without vibration. For this 

reason, the characteristics of the aggregates 

used and the proportions of the mixtures for 

this type of concrete have previously been 

determined by experimentation in order to 

provide the mixture with the most 

appropriate fluidity [3, 4]. The filling 

capacity can be used to define the 

workability and fluidity of high 

performance fluid concrete (HPFC). This 

characteristic depends on two factors: 

deformability and resistance to segregation 

[5, 6]. In this regard, Ozawa and all, proved 

the existence of a relationship between the 

filling capacity and the slump of concrete 

[7]. It is important to know that for low 

values of slump, the flow would tend to 

stop due to the increased friction between 

the particles of concrete. Moreover, for 

higher values of slump, the aggregates can 

on the contrary separate more easily from 

the mortar, and consequently the flow of 

concrete can be stopped due to the 

formation of bridges of aggregates resting 

on obstacles, which can lead to segregation 

in concrete. Further, in order to achieve 

maximum filling capacity, it is required to 

obtain maximum deformability and 

minimum segregation [5]. To achieve high 

performance for fluid concrete, it is 

required to reduce the porosity of the 

mixture either by acting on the particle size 

by adding ultrafine particles [8-10], or by 

including an admixture, such as a super-

plasticizer [11, 12], or both at the same 

time, as is commonly the case. 

Currently, Fiber-reinforced concrete 

constructions have become increasingly 

widespread throughout the world. 

Therefore, several technical guidelines have 

been developed and established to define 

fiber requirements for structural or non-

structural applications in concrete [13]. 

Therefore, high-performance fiber-

reinforced fluid concrete (HPFRFC) is a 

new generation of high-performance 

concrete which has multiple benefits when 

used in areas with high reinforcement 

density. This new type of concrete is 

exceptional both in terms of fluidity and 

mechanical behavior. The workability of 

this concrete is acceptable for some 

structures; it is between that of traditional 

concrete and that of self-compacting 

concrete. In addition, it was shown that this 

concrete is easy to implement and can be 

used for both horizontal (pre-slabs, slabs, 

and floors) and vertical (walls, and 

Columns) applications. This type of 

concrete has a compressive strength greater 

than 50 MPa for a maturity of 28 days, with 

a water-to-cement (W/C) ratio less than 0.4 
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[14]. It is worth emphasizing that the use of 

this type of concrete in most structures of 

works of art ought to be accompanied with 

adequate steel reinforcement. Moreover, it 

should be noted that the high ductility of 

this high performance fluid concrete 

(HPFC) can be achieved by suitably 

choosing the type and size of the aggregate 

used [15-17] or by adding fibers [18, 19]. 

Furthermore, adding fibers to high 

performance fluid concretes provides 

significant residual strength after cracking, 

increases ductility and also improves 

durability [20]. Note that these properties 

depend on a number of factors like the 

aspect ratio (fiber length/equivalent 

diameter), and the volumetric percentage of 

fibers; they are also dependent on their 

physical and mechanical properties. 

Therefore, this type of concrete can 

certainly be employed in building 

structures, such as engineering structures, 

that are often subjected to high stresses. 

In order to reducing the number of 

experimental tests, and therefore reduce the 

research expenses, statistical methods are 

often used to determine the optimum 

mixture and achieve the optimal value of 

each variable in the concrete mixtures. In 

this context, several researchers have 

adopted the statistical approach for the 

experimental design and optimization in 

concrete technology [21, 22]. The Response 

Surface Method (RSM) is one of the most 

statistical methods used providing 

satisfactory results when used to determine 

the quantity of the variables used in 

concrete [23, 24]. The evaluation of impact 

of each variable and the optimization of the 

mixture by using of this method has been 

confirmed by several studies [25–27]. 

Nowadays, this method is used to design 

experiments in variety of applications [28]. 

In this study, the RSM method Central 

Composite Design (CCD), which is one of 

the RSM methods, was used for the purpose 

of optimizing and exploring the 

relationships between various controlled 

variables (factors), such as the percentage 

of superplasticizer (SP), and the metal fiber 

(MF) dosage, as well as their effects on the 

targeted responses, i.e. spreading, 

compression, and three-point flexural. 

Therefore, the analysis of variance 

(ANOVA), a collection of statistical 

models, was used to assess the significance 

of the models developed by the response 

surface method (RSM) as well as their 

correlation coefficients (R2). 

II. Experimental program 

II.1. Properties of the materials used 

Ordinary Portland Cement CEM I 42.5R 

that meets the Algerian Standard (NA442-

2013) [29] was used in the present study. 

The physico-mechanical properties and 

chemical analysis of this cement are 

summarized in Table 01 and 02 

respectively, and its EDX analysis is 

presented in Figure 01. Silica fume (SF) 

that satisfies the requirements of the ASTM 

C1240 Standard [30] was used as a 

cementitious material. Their chemical and 

EDX analysis are presented in Table 02 and 

Figure 02, respectively. 

Siliceous dune sand with a maximum size 

of 5 mm was used as fine aggregate. The 

specific density, absorption rate and 

fineness modulus of this sand calculated 

according to the ASTM C128 and ASTM 

C136 Standards [31, 32], are equal to 2.64, 

0.46% and 2.34, respectively. The EDX 

analysis of this sand is presented in Figure 

03. 

Two crushed stone fractions (G3/8 and 

G8/15) were used as coarse aggregates. The 

specific density and absorption rate of these 

aggregates were calculated according to the 

ASTM C127 standard [33] and were found 

equal to 2.67 and 2.12%, respectively. 

Figure 4 shows the particle size 
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distributions of the sand and gravel used in 

this study. A polymer-based super-

plasticizer named MEDAFLOW Re25 with 

a specific density of 1.08 was used in this 

study for improving the workability of the 

mixes. Double Hooked end Steel Fibers 

have been used for all mix designs (Fig. 5). 

Table 1. Physical and mechanical properties of the used cement 

Characteristics CEM I 42.5 R 

Specific density (kg/m3) 3140 

Normal consistency (%) 25.8 – 26.4 

Hot expansion (mm) 0.25 – 1.0 

Initial set 150 – 190 

Final set 220 – 250 

Compressive strength (MPa)    

2 days        

 

20 – 29  

28 days 42.5 – 52.5 

 

 

 

 

 

Figure 1. EDX analysis of cement used.               Figure 2. EDX analysis of silica fume used. 

 

Table 2. Chemical analysis of cement and silica fume used 

Chemical 

Constituent 

(%) 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SrO TiO2 P2O5 Cl SO3 Loss 

Cement 20.54 4.45 3.41 64.10 3.01 0.67 0.18 0.06 0.25 0.15 0.02 2.22 1.2 

Silica fume 90.45 1.25 0.19 0.15 0.29 0.68 0.16 - 0.04 0.26 0.01 0.29 0.04 

 

 

 

 

 

 

Figure 3. EDX analysis of sand (0/5) used .               Figure 4. Grading curves of sand and  
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                                                                                                            gravels used. 

 

 

 

 

 

 

Figure 5.  Double Hooked end Steel Fibers used. 

Table 3. Properties of double Hooked end 

Steel Fibers used 

Characteristics 

Tensile Strength (MPa)   > 1100 

Density (kg/m3)   7800 

Fiber Length (L), (mm)   30 

Diameter (d), (mm)    0.55 

Aspect Ratio (L/d)    54.55 

 

II.2. Mix proportions of HPFRFC 

The adopted reference formulation in this 

study to determine the different constituents 

of reference mixture is that of base 

formulation for high performance concrete 

[34], with a fixed water-to-binder (W/B) 

ratio equal to 0.30 (Table 4). The dosages 

of superplasticizer was optimizing after to 

achieving an appropriate initial workability. 

In the rest of this work, the formulation of 

the proposed HPFRFC mixtures was then 

developed based on the reference 

formulation. In order to assess the effect of 

the two factors to be controlled, namely the 

percentage of superplasticizer (SP) and the 

dosage of metallic fibers (MF), The cement 

and water quantities were kept constant in 

all the studied mixes., and the dosage of 

superplasticizers and metallic fiber were 

changed compared to the levels provided by 

the CCD method. In this study, the 

superplasticizer is in the range of 1.8–2.4 % 

of the total weight of the powder material 

and metallic fibers is in the range of 23 

kg/m3 to 37 kg/m3 of concrete are selected 

and varied, as presented in Table 5. 

Response Surface Methodology (RSM), 

which presents a variety of response surface 

designs [35], was used in this study for the 

purpose of analyzing and optimizing the 

responses that are influenced by the 

variables under consideration. The Central 

Composite Design (CCD) was also used in 

this study to determine the number of the 

studied experiments. The CCD is an 

augmented version of the factorial plane, 

with central and axial points [36].  

Furthermore, the Design-Expert version-7 

software was used in the experimental 

design, statistical analysis, mathematical 

modeling and optimization of process 

variables for the studied High-performance 

fiber-reinforced fluid concrete (HPFRFC). 

Firstly, the critical variables are determined 

in this method. For modeling and analyzing 

these impacts variables, mathematical and 

statistical techniques are used afterwards 

[37].  
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The relationship and interaction between 

the input factors (percentage of 

superplasticizer and metallic fiber content), 

and responses for the properties of concrete 

in the fresh and hardened state were 

obtained using the analysis of variance 

(ANOVA) [38, 39]. Figure 6 shows the 

classic CCD process for the variables. 

 

 

Figure 6. Central Composite Design (CCD) 

for two variables [40]. 

 

Table 4. Mix proportions of reference HPFC mixture 

Mixture 
W/B 

Ratio 

MF 

(Kg/m3) 

SP 

(%) 
 

Constituent (Kg/m3) 

Water Cement SF Sand G (3/8) G (8/16) 

HPFC 0.30 - 1.50  
145 439.39 43.94 816.02 347.97 646.17 

 

 

The factorial plane points (±) are 

represented by the four corner points. These 

points define the boundaries of the 

operability zone inside which the optimum 

is supposed to exist. The previous points 

are generally outside the boundary line. 

Regarding, the axial design points (±α), 

they are denoted by the four central points. 

The axial points define the operability zone, 

and the zone of interest is inside the 

operability zone [40]. 

It is worth pointing out that the response 

models used in this study were chosen in 

accordance with the fresh and hardened 

properties of the HPFRFC, with variable 

factors such as the superplasticizer 

percentage and metal fiber dosage. By 

choosing the most appropriate model, and 

determining the best fitting conditions, the 

response surface model (RSM) can then  

 

 

easily be described. Moreover, the 

quadratic equations were selected for the 

model that is also described by Equation 

(1).

 
Where y represents the response function;  

∑ 𝛽𝑗𝑗𝑋𝑗
2 + 𝜀

𝑘

𝑗=1
 

is the quadratic effect of one single 

variable; Ʃi<j Ʃi<j βji.xi.xj refers to the 

interaction effect between two variables; β0, 

βi, βii, and βij are the regression coefficients; 

Xi and Xj are the factors under study; k 

represents the number of factors; and 

finally ε is the observed noise error. 

In this work, 13 experimental trials were 

carried out, for the two variables SP and 

FM, using the central composite design 

(CCD) method. It should also be noted that 
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the percentage of SP takes as extreme levels 

1.80% and 2.40%, with a dosage of metallic 

fibers (FM) ranging from 23 kg/m3 to 37 

kg/m3, and a fixed amount of fumed silica 

(SF) that is equal to 10% of cement weight. 

However, the percentages of the other 

components in the concrete mixture remain 

unchanged. Moreover, the binder dosage is 

considered an invariable factor; it was set at 

483.33 kg/m3 of concrete (Table 5). 

 

 

 

Table 5. Mix proportions of HPFRFC mixtures 

Mixture  

No 

SP 

(%) 

MF 

(Kg/m3) 

Water 

(L/m3) 

Cement 

(Kg/m3) 

SF 

(Kg/m3) 

Ratio 

W/B 

Sand 

(Kg/m3) 

G(3/8) 

(Kg/m3) 

G(8/16) 

(Kg/m3) 

HPFRFC1 1.90 (-1) 25 (-1) 145 439.39 43.94 0.30 761,33 367.5 682.5 

HPFRFC2 1.90 (-1) 35 (+1) 145 439.39 43.94 0.30 761,33 367.5 682.5 

HPFRFC3 2.30 (+1) 25 (-1) 145 439.39 43.94 0.30 757,47 367.5 682.5 

HPFRFC4 2.30 (+1) 35 (+1) 145 439.39 43.94 0.30 757,47 367.5 682.5 

HPFRFC5 1.80 (-1.414) 30 (0) 145 439.39 43.94 0.30 762,29 367.5 682.5 

HPFRFC6 2.40 (+1.414) 30 (0) 145 439.39 43.94 0.30 756,79 367.5 682.5 

HPFRFC7 2.10 (0) 23 (-1.414) 145 439.39 43.94 0.30 759,40 367.5 682.5 

HPFRFC8 2.10 (0) 37 (+1.414) 145 439.39 43.94 0.30 759,40 367.5 682.5 

HPFRFC9 2.10 (0) 30 (0) 145 439.39 43.94 0.30 759,40 367.5 682.5 

HPFRFC10 2.10 (0) 30 (0) 145 439.39 43.94 0.30 759,40 367.5 682.5 

HPFRFC11 2.10 (0) 30 (0) 145 439.39 43.94 0.30 759,40 367.5 682.5 

HPFRFC12 2.10 (0) 30 (0) 145 439.39 43.94 0.30 759,40 367.5 682.5 

HPFRFC13 2.10 (0) 30 (0) 145 439.39 43.94 0.30 759,40 367.5 682.5 

 

 

II.3. Manufacturing and tests 

To obtain the fluidity and mobility of 

mixture in an unconfined environment, 

after the mixing process was completed, the 

slump flow of the mixtures was measured 

immediately on the fresh concretes, by 

using the concrete slump cone test (Fig. 7), 

according to the requirements and 

recommendations of ASTM C143 standard 

for slump test [41], These two quantities 

can be determined by measuring the Slump 

or the spread. The slump flow shows the 

spread of fluid concrete in the horizontal 

direction without the presence of any 

obstacles and the final diameter was 

measured in the slump flow test (D1+D2)/2. 

 

Figure 7. Slump flow test for fresh 

HPFRFC mixes. 

After testing HPFRFC mixes in fresh state, 

a number of specimens were then cast in 

lubricated molds without any vibration and 
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compaction in order to determine the 

mechanical properties of different mixtures 

at hardened state. 

To determine the compressive strength of 

mixtures (Cs) at 28 days, three cube 

samples with dimensions of 10×10×10 cm3 

were used for each mixture according to BS 

EN 12390-3 standard [42]. The flexural 

strength (Fs) at 28 days was assessed on 

three prismatic specimens of dimensions 

7x7x28 cm3, according to BS EN 12390-5 

standard [43] (Fig. 8 and 9). 

After filling all the molds, the studied 

samples were kept at environmental 

laboratory with a temperature of 

approximately 21°C, and after 24 h, were 

taken out of the molds and placed in water 

saturated lime at a temperature of 21° C 

until the age of testing. 

 

 

Figure 8. Compressive strength test for 

hardened HPFRFC mixes. 

 

Figure 9. Flexural strength test for 

hardened HPFRFC mixes. 

 

III. Results and discussion 

III.1. Experimental results  

The rheological (slump flow and spreading) 

assessing by the slump flow test, and 

mechanical (28 days compressive and 

flexural strengths) results of the control 

high-performance fluid concrete (HPFC) as 

well as those of the high-performance fiber-

reinforced fluid concrete (HPFRFC) are 

summarized in table 6. From this table it is 

clearly shown that the spreading values in 

the studied mixtures are in the range of 40–

58 cm. On the other hand, the 28-day 

compressive and flexural strength values 

are in the range of 77 – 97 and 4.50 – 7.53 

MPa, respectively. 
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Table 6. Rheological and 28 day’s mechanical test results of HPFRFC. 

Mixtures 
Slump flow 

(cm) 

Sp 

reading 

(cm) 

Cs 

(MPa) 

Fs 

(MPa) 

HPFC 15 - 82 4.50 

HPFRFC1 - 49 93 6.54 

HPFRFC2 - 40 77 7.21 

HPFRFC3 - 51 89 7.30 

HPFRFC4 - 44 85 7.53 

HPFRFC5 - 46 84 6.80 

HPFRFC6 - 58 92 7.45 

HPFRFC7 - 55 97 7.05 

HPFRFC8 - 43 81 7.37 

HPFRFC9 - 50 87 7.00 

HPFRFC10 - 50 87 7.00 

HPFRFC11 - 50 87 7.00 

HPFRFC12 - 50 87 7.00 

HPFRFC13 - 50 87 7.00 

 

III.2. Mathematical models 

The affectation of the independent studied 

variables on the response values for each 

experimental test is provided by the 

ANOVA analysis and its statistical 

parameters (CCD method) are shown in 

Tables 7 and 8, respectively. The effect 

level of the variables on the experimental 

results is determined by the F-value and p-

value. The effect of the variables on the 

response is considered higher with higher 

F-value and lower p-value.  

The p-value indicates the significance of 

the tested defined parameters in the results 

values. If a variable’s p-value is<5 %, it is 

considered as a significant variable and has 

a significant effect on the test response. 

However, the variables with p-value greater 

than 0.05 do not have significant effect on 

the response and are neglected to improve 

the accuracy of the proposed model. In this 

study, the experimental results modeling 

and ANOVA analysis are performed with 

an error level of 4 %.  

Table 7. Variance analysis (ANOVA) for the regression models 

 

Response Source 
Sum of 
squares 

Degrees of 
freedom 

Mean square F-value Probability error  

Spreading 

 

Model 244.34 5 48.87 6.15 0.0169 Significant 

Residual 55.66 7 7.95    

Lack of Fit 55.66 3 18.55    

Pure Error 0.00 4 0.00    

Total 300.00 12     

Cs Model 293.64 5 58.73 20.50 0.0005 Significant 

Residual 20.05 7 2.86    

Lack of Fit 20.05 3 6.68    

Pure Error 0.00 4 0.00    

Total 313.69 12     

Fs  Model 0.86 5 0.17 41.09 < 0.0001 Significant 

Residual 0.03 7 4.18E-003    

Lack of Fit 0.03 3 9.76E-003    

Pure Error 0.00 4 0.00    

Total 0.89 12     
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Table 8. Statistical parameters from the analysis of variance for the regression models 

Response R2 Adjusted R2 
Coefficient of 

variation. % 

Standard of 

deviation 

Adequate 

Precision 
PRESS 

Spreading 0.81 0.68 6.00 2.82 7.30 395.82 

Cs 0.94 0.89 1.94 1.69 15.90 142.57 

Fs 0.97 0.94 0.91 0.07 19.12 0.21 

PRESS: predicted residual error sum of squares. 

 

The determination coefficient (R2) for all 

tests, confirms the correlation between the 

experimental data and the predicted 

responses. Where, the closer the value of 

this coefficient to the number one, the more 

accurate the proposed model [44]. In this 

study, the correlation coefficients, of all test 

results, were relatively high (Table 8), 

which testifies to a good correlation 

between the obtained experimental results 

and the values provided by the model under 

consideration. Note also that all these 

coefficients were obtained by a regression 

method that is based on the least squares 

optimization criteria. 

III.3. Analysis of modelling results 

III.3.1. Spreading (cm) 

Figures 10 (a) and (b) respectively illustrate 

the iso-response curves (2D and 3D) for the 

superplasticizer and fiber content on the 

spreading value of HPFRFC mixtures. 

 
 
 

 

 

 

 

 

 

 

a) 2D Contour diagram.                                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 3D surface diagram. 

 

Figure 10. RSM Analysis diagrams for 

representing slump flow (spreading). 

 

 

It is clearly shown from Figure 7 that the 

spreading increases as the superplasticizer 

(SP) dosage goes up, and decreases with the 

increase in the metallic fibers (MF) content 

; this was done while keeping the values of 

the water-to-binder (W/B) ratio constant in 

the domain of the studied plane. 

The improvement in the spreading is 

certainly due to the presence of the super-

plasticizer which plays the role of 

plasticizer; it can also be attributed to the 
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compatibility of the polymer contained in 

the superplasticizer with the cement used. 

This would then have a positive effect on 

the rheology of concrete. In this study, the 

spread may vary between 40 and 58 cm. 

On the other hand, it was revealed that the 

incorporation of metallic fibers leads to a 

reduction in the workability of concrete. 

This workability decline was found to be 

proportional to the amount of fibers added. 

Moreover, it was also found that the 

inclusion of metallic fibers in concrete 

causes blocking problems. This 

phenomenon is probably due to the shape 

and rigid nature of metal fibers, which is 

not the case for synthetic fibers which are 

more flexible, as previously mentioned by 

Grunewald [45].  

As reported by Güneyisi and Grabois et al. 

[46, 47], increasing fibres in percentages 

have a significant negative effect on the 

fresh properties of concrete as fibres act as 

a threedimensional web negating flow. And 

therefore, act as a barrier to flow thus 

dosage must be optimized so as to provide 

optimal performance for both fresh and 

mechanical properties. These results are in 

accordance with the results obtained by 

other researchers [28,46,48-50], confirming 

that increasing metallic fiber content 

negatively effects the concrete workability. 

Aslani and Kelin [51] observed the same 

results and confirmed that increasing 

superplasticizer content can help overcome 

the flowability reduce. 
 

 

It should be pointed out that the studied 

HPFRFC mixes are characterized by a 

spread varying between 40 and 58 cm, 

indicating that this type of concrete has a 

consistency that varies between that of 

concrete S3 which is quite compact and 

elastic, and that of concrete S5 which is 

very fluid which can make it more 

manageable and easier to place [52]. In 

addition, these concretes are characterized 

for their very high deformability; they are 

also known for their ease of implementation 

under the effect of their own weight, 

without vibrations, even in the case of 

dense reinforcement, as previously reported 

by the French Association of Civil 

Engineering (AFGC, 2000) and other 

authors [52, 53].As presented in Table 8, 

the modeling used made it possible to write 

a model that was used to predict the 

responses in the entire field of study and 

presented by the quadratic equation (Eq. 2). 

This equation has been derived to predict 

the amount of spreading as function to the 

superplasticizer and metallic fiber content. 

The value of R2 and adjusted R2 

coefficients for this experiment are 81% 

and 68%, respectively. 

)2(.88.037.250.012.487.200.45, 22 BAABBACmSpreading 
 

 

III.3.2. Compressive strength 

Figures 11 (a) and (b) present respectively 

the iso-response curves (2D and 3D) for the 

superplasticizer and fiber content effect on 

the compressive strength value of HPFRFC 

mixtures. 

As presented in Table 8, the modeling used 

made it possible to write a model that was 

used to predict the responses in the entire 

field of study and presented by the 

quadratic equation (Eq. 3). This equation 

has been derived to predict the amount of 

compressive strength as function to the 

superplasticizer and metallic fiber content. 

The value of R2 and adjusted R2 

coefficients for this experiment are 94% 

and 89%, respectively. According to Cheng 

Yuan et al. [54], the compressive strength 

of metal fiber-reinforced concretes is 
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always higher than that of non-fiber 

reinforced concrete, as is clearly confirmed 

by the results obtained and presented in 

Table 6. In addition, it was noticed that the 

mechanical behavior of high-performance 

fiber-reinforced fluid concretes (HPFRFC) 

evolved with the percentage of 

superplasticizer (SP) and the proportion of 

metallic fibers (MF) used, except for the 

HPFRFC2 and HPFRFC8 mixes where a 

slight decrease in the compressive strength 

values was noticed in comparison with the 

reference mixture (HPFC); this decrease 

was respectively about 7% and 1% for these 

two mixes. 

 

a) 2D Contour diagram 

 

 

b) 3D surface diagram. 

Figure 11. RSM Analysis diagrams for 

representing compressive strength. 

Regarding the other mixtures, their 

compressive strength increased by around 

18%, which proved that there was good 

compatibility between the super-plasticizer 

(Medaflow Re 25), the type of cement, the 

slenderness of the metallic fibers (ϕ < 0.02), 

and the quantity incorporated. It is 

important to emphasize that short fibers, 

when used in low dosage, do not pose the 

problem of entanglement and the formation 

of pilot “sea urchins”, which is not the case 

when fine fibers are used even in large 

quantities. Therefore, the presence of fibers 

in the matrix slightly increases the porosity, 

but does not cause any drop in the 

compressive strength.  

This means that the incorporation of metal 

fibers, with a good orientation and a 

homogeneous distribution within the 

matrix, significantly improves the ductility 

of the material and also enhances the 

cracking threshold (Figure 12.b). These 

findings are in good agreement with those 

reported by other authors [20, 28, 55]. 

Through the visual examination of crashed 

specimens, it can be seen also that most of 

the cubic specimens showed cracking along 

a line at roughly 45° to the axis, near the 

ends (Figure 12.a). 

 

a) HPFC. 
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b) HPFRFC. 

Figure 12. Failure modes of cube 

specimens at 28 days compressive test. 

 

Therefore, it can be said that incorporating 

fibers in the cimentitious matrix slows 

down the development of microcracks, 

which induces a significant increase in the 

compressive strength; this is in agreement 

with the findings of other researchers [28, 

56]. 

 

III.3.3. Flexural strength  

Figures 13 (a) and (b) present respectively 

the iso-response curves (2D and 3D) for the 

superplasticizer and fiber content effect on 

the flexural strength value of HPFRFC 

mixtures. 

 

 

 

 

 

 

 

 

a) 2D Contour diagram 

 

 

 

 

 

 

 

 

 

 

b) 3D surface diagram 

 

Figure 13. RSM Analysis diagrams for 

representing Flexural strength. 

 

 

As presented in Table 8, the modeling used 

made it possible to write a model that was 

used to predict the responses in the entire 

field of study and presented by the 

quadratic equation (Eq. 4). This equation 

has been derived to predict the amount of 

flexural strength as function to the 

superplasticizer and metallic fiber content. 

The value of R2 and adjusted R2 coefficients 

for this experiment are 97% and 94%, 

respectively.                           

The results illustrated in figures 13.a and 

13.b suggest that the flexural strength is 

quite high for all the concrete mixtures 

under study, and are in good agreement 

with those found in the literature [55-57]. 

Indeed, a clear flexural strength increase 

was observed for all the mixtures under 

study. 
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It can be clearly seen from figure 10, that 

the flexural strength increases as the 

superplasticizer (SP) amounts and metal 

fiber (MF) dosages went up. This increase, 

which is between 45 and 67%, can certainly 

be attributed to the presence of metallic 

fibers in the matrix which play a triple role. 

First of all, they allow the mobilization of a 

greater part of the elastic energy within the 

material; then, they increase the energy 

consumed in the vicinity of cracks (high 

tenacity); finally, they serve as stitching 

elements on the lips of the cracks. Note also 

that after the formation of the cracks, the 

lips remain connected by the fibers (dowel 

action). 

During the flexural tests (figure 14), the 

high performance fluid concrete (HPFC) 

cured specimens showed a brittle type of 

failure (sudden failure); this was certainly 

due to its low tensile strength. However, for 

all the composite concretes, including 

different fiber contents, a ductile fracture 

was observed with a densification of 

microcracks. This may probably be 

attributed to the addition of metal fibers 

which contribute to stop the rapid 

propagation of cracks. The same results 

were found by Majain et al. [28, 57-61]. 

 

 
a) HPFC.                                              

  
b) HPFRFC. 

Figure 14. Typical fracture patterns of 

specimen in flexural strength. 
 

III.4. Perturbation graphs 

The perturbation diagrams illustrated in 

figures 15.a, 15.b and 15.c indicate that B 

has a negative effect, which means that 

when the proportion of metal fibers 

increases, the flow and compressive 

strength decrease, as was previously 

mentioned when the effect of fibers on 

these parameters was studied. On the other 

hand the effect of A and B for the case of 

bending (flexural) are positive in parallel. 

 

a) Slump flow (spreading).  

 

 

 

 

 

 

                      b) Compressive strength. 

 

                       c) Flexural strength. 

Figure 15. Perturbation plot. 
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IV. Conclusions 

This study was conducted with the aim of 

answering some questions relating to the 

evolution of the rheological and mechanical 

properties of high performance fiber-

reinforced fluid concrete. The main 

conclusions drawn from this work are: 

 The workability of the studied HPFRFC 

mixtures is with a spread varying 

between 40 and 58 cm. Indicating that 

this type of concrete has a consistency 

that varies between that of S3 concrete 

and that of S5 concrete which can make 

the HPFRFC more manageable and 

easier to place.  

 The incorporation of metallic fibers 

leads to reduce the workability of 

concrete and the decline in this 

workability was found to be 

proportional to the amount of fibers 

added. 

 The amounts of superplasticizer (SP) 

and metallic fibers (FM) used have a 

significant effect on the mechanical 

properties of HPFRFC. The flexural and 

compressive strengths of HPFRFC are 

significantly greater than those of 

control high performance fluid concrete 

(HPFC).  

 An improvement in the failure mode 

was observed, with a certain ductility 

conferred on the composite concretes 

during the mechanical tests. Indicating a 

replacement of the brittle failure by the 

ductile failure. 

 Based on the data obtained from the 

response surface methods, a high 

correlation between the flexural 

strength and the amounts of components 

incorporated in concrete could be 

developed using the generalization 

capabilities. Some equations were 

developed and the results found were 

validated by means of ANOVA; the 

significance level of the model 

developed was greater than 95%.  

 According to the models established, it 

was shown that our experimental results 

were well correlated with those 

obtained with the theoretical models; 

this was true for all the selected 

responses.  

 The study proved that it is possible to 

suitably produce a dense and workable 

HPFRFC that are much thinner, 

slenderer, lighter, more durable and low 

cost-effective for practical application. 

It was revealed that the considerable 

reduction in the thickness of the 

structures allows for a significant 

economic gain.   
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