
 

 

EFFECTS OF MACRO-SYNTHETIC FIBERS ON MECHANICAL 

BEHAVIOR AND PERMEABILITY PROPERTIES OF CONCRETE  

Mertcan Sarı (1), Cengiz Şengül (1), Yılmaz Akkaya (1), Fatih Özalp (1,2), Ömer Kaya 

(1,2) and Mehmet Ali Taşdemir (1)
 

(1) Istanbul Technical University, Civil Engineering Faculty, Istanbul 

(2) Iston, Istanbul Concrete Elements and Ready Mixed Concrete Factories, Turkey 

 

 

 

Abstract 

The main objective of this research is to investigate the mechanical behavior, fracture and 

permeability properties of concretes containing steel fibers, basalt fibers and two types of 

macro-synthetic fibers and concrete without fibers. Concrete mixes have the same water-

cement ratio and same fiber volume fraction except one of the steel fiber volume fraction 

which is approximately half of other volume fractions. Surface permeability of all concretes 

and rapid chloride permeability of normal concrete and concretes with macro-synthetic fibers 

were investigated and the results obtained were compared. Concretes which include different 

types of fibers were compared with each other after determining the compressive strength, 

modulus of elasticity, splitting tensile strength, fracture energy and bending strength. Based 

on the test results, following conclusions can be drawn: Fracture energy of plain concrete 

increased up to 10 and 4 times owing to the addition of steel and macro-synthetic fibers, 

respectively. Steel fiber reinforced concretes (SFRCs) presented enhanced toughness and 

ductility when compared to the plain matrix; however, the net bending, compressive strength 

and elastic modulus of the concretes were not significantly affected by the addition of fibers. 

The residual strengths of concretes containing macro-synthetic fibers decreased dramatically 

compared to those of SFRCs.  
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1. INTRODUCTION 

Macro-synthetic and steel fibers are commonly used in the production of prefabricated 

reinforced concrete production, shotcrete applications, and industrial floors. Moreover, these 

fibers are added to high strength/high performance concretes in order to transform them to 

more ductile materials. In this study, mechanical behavior, fracture and some permeability 

properties of plain concrete, macro-synthetic and steel fiber reinforced concretes were 

investigated. These fibers function as a bridge to retard the formation of cracks and their 

propagation. Hence, fiber reinforced concretes absorb much more energy at failure and 

guarantee structural integrity as already pointed out by a number of studies [1-11]. 

2. EXPERIMENTAL WORK 

2.1 Materials and mix proportions 

Portland cement CEM I 42.5 R was used as binder in this study. The specific gravity, 

compressive strength and the specific surface area of the cement were noted to be 3.15 g/cm3, 

58.9 MPa and 3720 cm2/g, respectively. Natural sand, two types of crushed limestone coarse 

aggregates, having 19 mm maximum size, as well as limestone fines were used. 

Superplasticizer was ligno sulfonate based high range water reducing admixture. Steel, basalt 

and two types of macro-synthetic fibers were used in the study. Properties of the fibers are 

given in Table 1.  

 

Table 1: Physical and mechanical properties of fibers. 

Type of fiber 
Length 

(mm) 

Diameter 

(mm) 

Tensile strength 

(MPa) 

Young’s 

modulus (MPa) 

Density 

(kg/m3) 

Steel  60 0.75 1050 210000 7800 

Basalt 50 0.015 4150-4800 98100 1160 

Polyolefin 50 0.5 618 10000 910 

PP-PE* copolymer 54 0.667 550-750 5750 910 

* PolyPropylen- PolyEthylene. 

 

Concrete mixes have the same water-cement ratio of 0.6 and the same fiber volume 

fraction (Vf) of 0.445%, except one of the steel fiber volume fraction, which is approximately 

half of other fiber volume fractions. Notation and definition of mixes are shown in the Figure 

1. In the notation, NC represents normal concrete; CB basalt, CCP PolyPropylene-

PolyEthylene copolymer, CPO polyolefin and CSF steel fiber reinforced concretes, 

respectively. The last digits indicate the weight of the fiber used in the mixture. The curing 

regime was the same and specimens were kept in water at 20 °C for 28 days before testing.  
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Figure 1: Notation and definition of concrete mixes. 

2.2 Test procedure 

In order to investigate the mechanical behavior, fracture and permeability properties of 

concretes, various tests were performed. Compression tests were conducted on Ø150/300 mm 

cylindrical specimens with displacement controlled test machine. The modulus of elasticity 

was also calculated through the slope of stress-strain curve between 5 and 45% of the 

maximum stress.  

The tests for determining fracture energy (Gf) were performed in accordance with the 

recommendation of RILEM 50-FMC Technical Committee [12]. The deflection was 

measured using a linear variable displacement transducer (LVDT). The load was applied to 

the beam using a closed-loop testing machine (Instron 5500R 100 kN maximum capacity). 

The beams prepared for the fracture energy tests were 600 mm in length and 150x150 mm in 

cross section. The depth of the notch of specimens was 25 mm and the length of support span 

was 550 mm. The load (P)-crack mouth opening displacements (CMOD) and P-displacement 

at the mid span curves were determined, simultaneously. The fracture energy was calculated 

by using the following formula given by RILEM 50-FMC Technical Committee [12]: 

Gf=(W0+mgδ0)/Alig  (1) 

where W0, m, g, δ0, and Alig are area under load-deflection curve, weight of the specimen 

between supports, acceleration of gravity, deflection of the specimen at failure for normal 

concrete and at the deflection specified for fibered concretes (i.e. 3,15 mm) and effective 

cross-section, respectively.  

Bending strength of specimens was calculated with the equation given below. 

Fnet=(3PL)/BD2 (2) 

Where P, L, B, D are the ultimate load, distance between supports, width of cross-section and 

depth of cross-section. 

In order to define surface permeability, measurements are carried out at the surface by 

clamping a stainless steel chamber on the smooth surface of the concrete specimen. A 

measurement of the time required for related amounts of air to permeate through the concrete 

was used as an index of the surface conditions in the Figg method [13]. The classification of 

protective quality of cementitious materials is given in the following table. 

Cement 

content 

305 kg/  

Plain concrete (NC) 

Vf=0.445% Polyolefin fiber (CPO4) 

Vf=0.255% Steel fiber (CSF20) 

W/C=0.6 
Vf=0.445% Steel fiber (CSF35) 

Vf=0.445% PP/PE copolymer fiber (CCP4) 

Vf=0.445% Basalt  fiber (CB13) 
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Table 2: Surface air permability classes [13].  

Quality 

category 

Interpretation Time for pressure change (s) Type of material 

0 poor ≤30 Porous mortar 

1 moderate 30-100 20 MPa concrete 

2 fair 100-300 30-50 MPa concrete 

3 good 300-1000 densified, well-cured concrete 

4 excellent ≥1000 polymer-modified concrete 

 

Rapid chloride permeability tests were performed in normal concrete and concretes with 

macro-synthetic fibers in accordance with ASTM C 1202-97 [14] on concrete disc specimens 

with 100 mm diameter and 50 mm thick.  

3. RESULTS AND DISCUSSION 

Cylinder compressive strength values are given in Figure 2. Basalt and 20 kg/m³ steel 

fibers added concretes had less compressive strength than that of plain concrete. The 

maximum strength values were obtained in 35 kg/m³ SFRC concretes. PP-PE copolymer and 

polyolefin fiber reinforced concretes showed nearly the same strength performance of 36.8 

and 37.1 MPa respectively. As seen in Figure 2 that the addition of fiber caused 10% change 

in the compressive strength of plain concrete. 

 

 

Figure 2: Compressive strengths of mixes. 

In the modulus of elasticity test results, concrete containing 35 kg/m3 steel fiber had the 

highest value among all mixes. The copolymer fiber added concretes and normal one had 

close values with polyolefin added concretes. Addition of basalt fibers to the plain concrete 

caused some minor changes. Compressive strength and modulus of elasticity decreased with 

the decrease of fiber content in SFRC concretes (Figure 3). 
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Figure 3: Elastic modulus of concrete mixes. 

In the bending test results, addition of fibers except basalt fiber to the plain concrete increased 

the fracture energy significantly. Load versus deflection curves are shown in the following 

figure.  

 

 

Figure 4: Load versus deflection curves of fiber reinforced and plain concretes.  

Fracture energy calculated using the equation (1) is shown in the Figure 5. PP-PE 

copolymer fiber and polyolefin fiber reinforced concretes have almost the same fracture 

energy of 663 J/m² and 669 J/m², respectively. Both two groups of SFRCs had higher fracture 

energy than the other concretes. As the amount of steel fiber in unit volume increased, the 

fracture energy increased as well. The concretes with the steel fiber content of 0.445% and 

0.225% had the fracture energy values of 1466 J/m² and 1112 J/m², respectively. 
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Figure 5: Fracture energy of plain and fiber reinforced and plain concretes. 

As seen in the Figure 6, all types of fiber reinforced mixtures have slightly higher bending 

strength than plain concrete. SFRCs with the dosage of 35 kg/m³ showed the maximum 

flexural strength. The bending strength of SFRCs increased with the increasing dosage of 

steel fibers. Polyolefin fiber reinforced concretes had higher strength (i.e. 3,58 MPa) than 

other macro-synthetic fiber reinforced concretes. Basalt and copolymer added concretes had 

nearly the same strength values of 3.33 MPa and 3.30 MPa, respectively. 

 

 

Figure 6: Bending strength of fiber reinforced and plain concretes. 
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Figure 7: CMOD-load graphics of fiber reinforced and plain concretes. 

Crack mouth opening displacements (CMOD) were also measured during bending tests. 

Load-CMOD curves, fracture energy and residual flexural strength values are given in Figures 

7, 8 and 9, respectively. Load-CMOD curves of plain and basalt fiber reinforced concretes 

could not reach a CMOD of 2 mm values. SFRCs had the highest load, energy and residual 

flexural strength values within all fiber reinforced concretes. However, the fracture energy 

and residual flexural strength increased with the increasing steel fibers content. The residual 

strengths of concretes containing macro-synthetic fibers, obtained from the relation of load 

versus crack mouth opening displacement, decreased dramatically compared to those of 

SFRCs (Figure 9). 

Air permeability test results and related classifications are given in the Table 3. Based on 

the results obtained, it can be concluded that concretes stayed below the third category, which 

is interpreted as fair and moderate, according to Table 2. 

 

 

Figure 8: Fracture energy-CMOD of fiber reinforced and plain concretes. 
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Figure 9: The residual strengths-CMOD of fiber reinforced and plain concretes. 

The highest surface air permeability results were obtained from SFRCs which might be 

due to insufficient placeability after addition of fibers. PP-PE copolymer reinforced concretes 

showed lowest air permeability among all synthetic fiber reinforced concretes. 

Table 3: Air permeability of fiber reinforced and plain concretes. 

Mixture code t (sec) Interpretation 

CCP4 229 Fair 

CB13 168 Fair 

CPO4 180 Fair 

CSF35 67 Moderate 

NC 150 Fair 

CSF20 74 Moderate 

Rapid chloride permeability test results are given in the Table 4. SFRC concretes could not 

been tested because of high current due to steel fibers during tests. Basalt added concretes are 

classified in the low permeability class as plain concretes. The addition of copolymer and 

polyolefin fibers increased the permeability compared to that of plain concrete. Insufficient 

placeability in concretes with macro-synthetic fibers except basalt fiber, may play role in high 

permeability. 

 

Table 4: Rapid chloride permeability of concretes. 

Mixture code 
Total current 

passed (C) 
 

Permeability 

class 

CCP4 2424 moderate 

CB13 1851 low 

CPO4 2687 moderate 

NC 1675 low 
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3. CONCLUSIONS 

Based on the results obtained in this study, the following conclusions can be drawn: 

Cylindrical compressive strength of the concrete containing steel fiber of 35 kg/m3 is 

higher than the other mixtures. Compressive strengths of the normal concrete and concrete 

mixtures produced with PP/PE copolymer and polyolefin fibers are also high compared to the 

rest of the mixtures. The change in modulus of elasticity, depending on the type of fiber, has a 

similar trend as the compressive strength. Bending strengths of concretes produced with steel 

fiber of 35 kg/m3 is higher than those of the other mixtures.  

Concretes with steel fiber of 35 kg/m3 as well as the concretes containing 20 kg/m3 steel 

fiber have higher fracture energies, also higher residual bending strengths and therefore 

absorb more energy compared to the other mixtures.  

At a specific deflection of 3.15 mm, fracture energy of concretes with macro-synthetic 

fibers increased up to 4.8 times. SFRCs, however, showed a behavior of enhanced toughness 

and ductility when compared to both plain concrete and concretes with macro-synthetic fibers. 

Fracture energy of SFRCs increased up to 9.5 times that of plain concrete. There was no 

contribution of basalt fibers into fracture energy of plain concrete; normal and basalt 

concretes exhibited almost the same mechanical behavior.  

Rapid chloride permeability tests were conducted in all concretes except SFRCs. The RCP 

class of normal concrete and concrete with basalt is low, however, that of other concretes with 

macro-synthetic fibers is moderate. 

The surface air permeability of SFRCs is higher than that of the concrete mixtures with and 

without macro-synthetic fibers. 
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