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ABSTRACT 
This paper addresses the flexural behaviour of medium-strength, 
and high-performance concrete (HPC) reinforced with macro fibres 
made of basalt fibre reinforced polymer (BFRP) with the intended 
use for marine applications. Mechanical properties of the fibre 
concrete were studied through an experimental programme 
consisting of 18 beam specimens and 45-cylinder samples. In this 
study two types of concrete were used; medium-strength and high-
performance concrete with the compressive strength of 
approximately 60-75 MPa and 90-105 MPa, respectively. The 
aspect-ratio of the used fibres were 65 and 83, respectively. The 
experimental results show that the post-cracking properties of 
macro basalt fibre concrete is a function of the fibre volume 
content. 
 
Keywords: Macro basalt fibres, high-performance concrete (HPC), 
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1. INTRODUCTION  
 

For more than a century concrete has been used as a construction material. However, due to its 
low tensile strength and brittle nature, it traditionally needs to be reinforced with steel bars to 
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meet the structural requirements for concrete structures [1]. For several decades, fibres have been 
used to enhance the structural properties of concrete [2-5]. Previous studies indicated that fibres 
could significantly improve the structural properties of concrete [2-8]. Fibres increase the 
residual tensile strength of concrete by bridging over the cracks and preventing the cracks to 
grow [2, 9]. Therefore, due to the enhancement of tensile capacity, fibres can be used as an 
alternative to rebars. 
 
 
1.1 The corrosion problem  
  
Finding environmental friendly and sustainable solutions for engineering products is the focus of 
many research projects in the world, also within the marine construction sector. According to 
Hooton and Bickley [10], expanding the durability and hence the lifetime of concrete structures 
is the best approach to improve their sustainability. Metallic materials including steel are prone 
to corrosion. The corrosion may reduce the durability of structures, thereby their sustainability 
[11]. Furthermore, it may have adverse economic consequences. Based on the research 
performed by U.S Federal Highway Administration (FHWA) [11] between 1999 and 2001, the 
annual cost of corrosion was estimated to be $276 billion whereby the contribution of civil 
engineering structures was about 8 percent. Furthermore, Zhishena et al. [12] stated that the 
global corrosion cost of maritime structures caused by sea water is about $700 billion annually. 
However, FHWA [11] found that correct corrosion control regime may reduce the corrosion cost 
by 25-30 percent.  
        
In recent years different composite materials and their applications in civil engineering structures 
have been developed [13]. Sustainable composites, reinforced with natural fibres, such as basalt 
fibres may be an alternative for steel in corrosive environments [12, 14, 15]. The main objective 
of this study is to investigate the mechanical performance of Minibars. The Minibars are macro 
fibres made of basalt fibres encapsulated in a vinyl ester matrix [16].   
 
 
1.2 Durability of basalt fibres 
Basalt fibre (BF) with its natural volcanic origin is known as an eco-friendly, non-toxic material 
[14]. Russian scientists developed the continuous basalt fibres in 1953-1954 [15]. The first 
production line of basalt fibres was installed in Ukraine in 1985 [15]. The continuous basalt 
fibres having diameters of 10-20 μm are produced from the melted basalt rock by an extrusion 
process, which is similar to the glass fibre (GF) production line [13-15]. The basalt melting 
temperature is about 1500-1700ºC [14]. Producing basalt fibres is cheaper than glass or carbon 
fibres since it uses less energy and furthermore the input material is only natural volcanic rock 
and no other additives are needed [15, 17]. The chemical composition of basalt and glass fibres is 
very similar chemically [18]. 

In fibre concrete, fibres are exposed to alkali environment of cementitious matrix. Furthermore, 
the fibres may be in contact with other severe substancies such as seawater. Therefore, fibres 
shall have a sufficient resistance to chemical degradation [19]. The durability of basalt fibres is 
under debate. Contradictory opinions are available in the literature whereby few are cited here.  
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Ramachandran et al. [19] report from a study whereby the durability of basalt, Cem-Fill and E-
glass fibres in acidic and alkali environments were examined. Their study showed that soaking of 
fibres in boiling sodium hydroxide (NaOH) solution did not influence the Cem-Fill and basalt 
fibres while the E-glass fibres were corroded. Furthermore, severe degradation has been 
observed while the basalt fibres were immersed in boiling hydrochloric acid (HCl) [19]. Shuni et 
al. [18] also found that basalt fibres have a higher chemical stability in alkali solutions than the 
E-glass fibres.  

Lee et al. [20] studied the chemical stability of basalt and glass fibres in alkali solutions where 
the sizing layer had been removed using acetone. They found that the properties of fibres after 
the treatment depend on the type of alkaline medium and the immersion period. They also found 
that, despite substantial weight reduction of basalt fibres in calcium hydroxide (Ca(OH)2) 
solution, its tensile strength was reduced drastically.   

Moreover, Sim et al. [21] and Scheffler et al. [22] also investigated the durability of basalt and 
glass fibres in alkali environments. Sim et al. [21] showed that only 20 percent of initial tensile 
strength is remaining after immersion of fibres in NaOH solution for periods of 28 days. 
Similarly, Scheffler et al. [22] also found severe degradation in both fibres while they were 
immersed in alkali solutions. In both studies [21, 22], authors found a brittle layer on the fibre 
surface. This layer was found to be the result of chemical reaction between SiO2 and NaOH, 
however, a different corrosion mechanism was observed when fibres were immersed in cement 
solution.    

Girgin and Yıldırım [23] investigated the durability of cement composites reinforced with basalt 
and glass fibres. They found that after 50 cycles of hit-rain ageing test, degradation of 
mechanical characteristics in BF cement composite was more than that of the GF composite. 
However, no trace of deterioration on the surface of fibres was reported [23].  
 
Wei et al. [24] studied the corrosion mechanism of basalt and glass fibre composites 
encapsulated in epoxy resin. The composites were immersed in the seawater for 90 days. The 
authors found that the degradation of composites is due to the penetration/diffusion of ions into 
the composite matrix and hydrolise of its components. They also found that after the treatment, 
BFRP composite maintained about 70 percent of its primary tensile strength.    
 
 
1.3 Mechanical properties of basalt fibre concrete  

 
Mechanical properties of chopped basalt fibre concrete have been subject to several studies 
whereby some are cited here. High et al. [25] investigated the mechanical properties of chopped 
basalt fibre concrete, whereby mixes with water-cement ratios of 0.55 and 0.38 were tested. They 
found that basalt fibres can significantly improve the flexural capacity of concrete, especially for 
mixes with the low water-binder ratio.  
 
Kizilkanat et al. [26] report from a study whereby 12 mm chopped basalt and glass fibre concrete 
with a water-cement ratio of 0.45 were examined. The authors found that adding one volume 
percent of chopped fibres increases the fracture energy by 50 percent. Moreover, Kabay [27] 
show that adding basalt fibres may significantly improve the abrasion resistance as well as the 
fracture energy of concrete.  
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Jing et al. [28] investigated the effect of fibre content and fibre aspect-ratio on mechanical 
properties of chopped basalt fibre concrete. They found that flexural strength and toughness are 
functions of fibre dosage and aspect ratio. However, Ayub et al. [29] found that using more than 
2 percent of chopped fibres may increase the void content and consequently reduce the 
compressive strength.  
 
Li and Xu [30] studied the high-strain-rate properties of basalt fibre reinforced geopolymeric 
concrete. They found that increasing the strength of matrix may increase the energy absorption 
capacity while reducing the ductility of fibre concrete [31]. They also concluded that adding 
fibres may impair the interfacial bonding between the aggregates and the matrix and therefore 
having an adverse effect on the dynamic compressive strength of concrete [30, 31].  
 
 
2. RESEARCH SIGNIFICANCE, AIMS AND SCOPE 

Several studies have investigated the mechanical properties of chopped basalt fibre concrete. All 
these studies acknowledge the positive effect of chopped basalt fibres on mechanical properties 
of concrete. Contrary, very little research is reported about the mechanical properties of macro 
basalt fibre concrete and the use of this type of fibres for structural applications. Based on the 
literature review, there are contradictory results regarding the durability of basalt fibres in the 
severe environments. Previous studies show that the durability of basalt fibres depends on the 
raw material, production process, sizing, diameter of fibres, etc [32]. Furthermore, in basalt fibre 
composites, it also depends on the properties of polymeric matrix encapsulating the fibres. 
Industrial experiences showed that vinyl ester composites are resistant to chemical degradations 
[33]. Minibar macro fibres and basalt fibre rebars are vinyl ester-basalt composites that may be a 
potential alternative for steel in corrosive environments. Motivated by these insights and a 
research mission to improve the durability of marine concrete structures, mechanical properties 
of macro basalt concrete for marine concrete structures are subject to investigation. More 
specifically, the paper provides findings pertaining the effect of fibre content, fibre aspect ratios 
and concrete compressive strength on the post-cracking behaviour of macro basalt fibre concrete. 
It worth mentioning that durability of macro basalt fibres and rebars need to be verified through 
further experiments, however, this is not in the scope of this paper.  
   

3. EXPERIMENTAL PROGRAM  

3.1 Materials, mix proportioning and mixing process  

A Norwegian cement containing fly ash (FA), termed Standardsement FA, provided by the 
Norwegian company Norcem, has been used in this study. Standardsement FA contains 19.2% 
fly ash and 1.7% free lime and satisfies the requirements of NS-EN 197-1:2011 for the Portland 
CEM II/B-M 42.5R. Physical properties and chemical composition of the cement are given in 
Table 1. Additionally, micro silica provided by the Norwegian company FESIL was used as a 
part of binder content. Crushed granite with a maximum aggregate size of 16 mm was used as 
coarse aggregate. Properties of the aggregates are given in Table 2. The surface dry density of 
filler (0-4 mm), sand (0-8 mm) and gravel (0-16 mm) were 2660 kg/m3, 2710 kg/m3 and 2770 
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kg/m3, respectively. A polycarboxylate ether based superplasticizer Mapei Dynamon SX-23 was 
applied in the mix. The investigation was carried out on 43 mm and 55 mm straight macro basalt 
fibres with a helical shape provided by the Norwegian company ReforceTech. The macro basalt 
fibres had a diameter of 0.65 mm and a density of 2100 kg/m3 [16]. The tensile strength and the 
elastic modulus were 1000 MPa and 44 GPa, respectively [16]. The number of fibres per kg was 
27400 and 21600 for 43 and 55 mm fibres, respectively. The concrete mixes were developed to 
satisfy the requirements to medium-strength and high-performance concrete. According to DNV-
OS-C502 [34], the water-binder ratio of concrete mixes for marine applications is limited to 0.4 
for the members in the splash zone and 0.45 for the other parts. For the medium-strength 
concrete, to investigate the effect of silica content on the mechanical properties of the concrete 
matrix, three different water-binder ratios were used. For the high-performance concrete, a 
water-binder ratio of 0.254 was used. Based on the study performed by Kabay [27], void content 
can affect the mechanical properties of fibre concrete. Therefore, to limit the number of effective 
parameters on the flexural behaviour, use of air entering agent is outside of the scope of this 
study. Based on a literature study Yazici et al. [35] stated that 0.5-2.5 volume percent is the 
recommended value for the fibre content. However, for offshore structures, DNV-OS-C502 [34] 
limited the use of fibres to 2%. Therefore, in this study, the fibre content was selected in the 
range of 0.5% to 2%. For the HPC-II-2 concrete mix (Table 4), fibres with a length of 43 mm 
were used. All the other concrete mixes were produced with 55 mm fibres. The composition of 
the concrete mixes is presented in Table 2.   
 
Table 1 - Physical properties and chemical composition of the cement [36]. 
 
   Chemical composition (%)  
Compressive strength (MPa)  CaO 51.01 
1 day 22.0 SiO2 25.98 
2 days  32.7 Al2O3 8.25 
7 days  42.6 Fe2O3 3.94 
28 days 53.8 K2O 1.15 
  Na2O 0.54 
Physical properties    MgO 2.18 
Specific gravity (kg/m3) 3000 Na2O Eq. 1.30 
Specific surface (cm2/g) 4500 TiO2 0.423 
Volume expansion (mm/m) 1 P2O5 0.250 
Setting time (start) min 154 Mn2O3 0.061 
  SO3 3.40 
  Cl- 0.061 
  Ʃ = 97.2 
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Table 2 - Particle size distribution data of the used aggregates. 
 
                   
Sieve size (mm)   

Cumulative (%) finer than  
0-4 mm 0-8 mm 0-16 mm 

16 100 100 91.13 
11.2 100 100 39.03 
8 100 98.45 8.00 
4 96.25 81.42 3.65 
2 74.41 66.73 3.10 
1 58.97 50.88 2.86 
0.5 46.15 33.17 2.60 
0.25 33.1 18.07 2.23 
0.125 19.95 8.25 1.68 
0.063 9.89 2.58 1.06 
 
Table 3 - Concrete mix proportions. 

1 B is the abbreviation for the binder content of the mix including FA cement and silica. 
2  HPC-II mix was used for the fibre size of 43 mm and 55 mm. 
3  The values in the bracket are the fibre volume fraction.  

mixer, and a constant speed of 27.9 rpm was used in the entire mixing process. The process 
started by mixing all the dry ingredients and followed by adding the water and superplasticizer. 
The mixing process continued until a uniform consistency was obtained. As the final step, fibres 
were added manually at a constant rate of approximately 5 g/s. 

 

3.2 Sample preparation and testing procedure 

To investigate the flexural properties of concrete mixes and due to the mixer capacity, two 
replicate prismatic specimens with the dimensions of 150×150×550 mm and five-cylinder 
specimens with a diameter of 100 mm and height of 200 mm were cast. A small-scale concrete 
vibrator was used to obtain the necessary compaction. Since the operation of marine structures, 
specifically concrete barges, starts minimum two months after the construction of the concrete 
part is completed, the hardened properties were also evaluated after sixty days. A plastic layer 
covered the specimens for the first 24 hours before demolding. All samples were cured in 18ºC 
water before performing the hardened concrete experiments at the age of 28 and 60 days.      

The compressive strength test was carried out according to the standard NS-EN 12390-3 [37] 
with a loading rate of 6.28 kN/s. ASTM and European standards present three different methods 
for evaluation of the fibre concrete; ASTM C1399/C1399M-10 [38], ASTM C1609/C1609M-12 

Mixture 
Code 

Cement 
(kg/m3) 

 

Silica 
(kg/m3) 

Filler 
(kg/m3) 

Sand 
(kg/m3) 

Gravel 
(kg/m3) 

Water 
(litres) 

Super 
plasticizer 

(kg/m3) 

Fibre 
(kg/m3) 

[%]3 

W/B1 

MSC-I 473.36 40.24 167.10 1037.55 444.38 205 6.98 19.74 [0.94] 0.4 
MSC-II 473.36 60.36 167.10 1037.55 444.38 197 6.98 19.74 [0.94] 0.369 
MSC-III 496.80 42.23 172.50 1071.34 458.86 207 7.33 41.43 [1.97] 0.384 
HPC-I 780.67 99.53 132.34 821.87 352 197 26.4 14.81 [0.71] 0.224 
HPC-II2 780.20 99.47 131.59 817.20 350 197 26.39 19.74 [0.94] 0.224 
HPC-III 780.20 99.47 128.93 800.46 342.83 197 26.39 39.48 [1.88] 0.224 
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[39] and the European standard for measuring the flexural tensile strength of metallic fibre 
concrete; EN 14651 [40]. In our study, we followed the EN 14651 [40] procedure and RILEM 
TC 162-TDF [41-43] recommendations.  
 
The three-point bending test was performed using a locally assembled testing machine with a 75 
kN upward moving table and an immovable 200 kN load cell unit. All the beam specimens were 
notched on the bottom side after 90º rotation around the longitudinal axis. The mid-span 
deflection was measured using two linear variable displacement transducer (LVDT) sensors 
placed on two sides of the beam; additionally, the crack mouth opening displacement (CMOD) 
was measured simultaneously by means of a clip gauge installed in the notch centre, see Figure 
1. It ought to be mentioned that the test set up was designed in a way that the roller support could 
rotate freely. A 50 Hz acquisition system was used to obtain and register the data. For safety 
reasons, the tests were stopped before the final beam failure.  
 

 
 

Figure 1 -  Experimental set-up of three-point bending test according to EN-14651 [40]. 
 
 
4. EVALUATION OF FLEXURAL BEHAVIOUR  
  
4.1 Equivalent and residual flexural tensile strength 
 
According to RILEM TC 162-TDF [43] and NS-EN 14651:2005 [40] the flexural strength of the 
fibre concrete is characterized based on the load-crack mouth opening displacement (CMOD) 
curve at specified reference points [5]. In this study, the flexural strength of the limit of 
proportionality (LOP) and residual strength of the reference points were calculated by use of Eq. 
(1) and, Eq. (2), respectively [40].   
  
𝑓𝑓ct,L
𝑓𝑓 = 3

2
𝐹𝐹L𝑙𝑙
𝑏𝑏ℎsp2

                                                                                                                                  (1) 
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 𝑓𝑓R,j = 3
2

𝐹𝐹j𝑙𝑙
𝑏𝑏ℎsp2

                                                                                                                                  (2) 

 
Fj (j = 1, 2, 3, 4) is the load at CMOD = 0.5, 1.5, 2.5 and 3.5 mm, respectively.  
 
FL is the load corresponding to the LOP and defined as the highest load value corresponding to 
CMOD ≤ 0.05 mm [43]. Also, l, b and hsp are the beam length, width and height of the fracture 
cross section, respectively [40]. Barros et al. [44] reported a significant scatter of fR values and 
based on their study; they concluded that the equivalent flexural tensile strength (feq) concept 
should be used instead of the fR concept. Hence, in our investigation, we used both feq and fR 
values to assess the post-cracking behaviour of macro basalt fibre concrete. According to 
RILEM TC 162-TDF [43] and Barros et al. [44], two parameters of feq,2, Eq. (3), and feq,3 , Eq. 
(4), were calculated based on the allowable deflections of the serviceability limit state and 
ultimate limit state. These parameters are both functions of the energy absorption capacity of the 
fibre concrete at specified points [43, 44]. 

𝑓𝑓eq,2 = 3
2

𝐷𝐷BZ,2
𝑓𝑓

0.5
𝑙𝑙

𝑏𝑏ℎsp2
                                                                                                                         (3) 

𝑓𝑓eq,3 = 3
2

𝐷𝐷BZ,3
𝑓𝑓

2.5
𝑙𝑙

𝑏𝑏ℎsp2
                                                                                                                         (4) 

 
𝐷𝐷BZ = ∫ 𝐹𝐹(𝛿𝛿)𝑑𝑑𝛿𝛿𝛿𝛿𝑖𝑖

0                                                                                                                         (5) 
 
𝐷𝐷BZ,2
𝑓𝑓 = 𝐷𝐷BZ2 − 𝐷𝐷BZ𝑏𝑏  and 𝐷𝐷BZ,3

𝑓𝑓 = 𝐷𝐷BZ3 − 𝐷𝐷BZ𝑏𝑏  , the values of energy absorption capacity 
corresponding to the deflection of (𝛿𝛿2 = 𝛿𝛿L + 0.65 mm) and (𝛿𝛿3 = 𝛿𝛿L + 2.65 mm), and 𝐷𝐷BZ𝑏𝑏  the 
energy absorption capacity of uncracked concrete are shown in Figure 2 [42, 43]. 𝛿𝛿L is the value 
of the mid-span deflection corresponding to the limit of proportionality [42, 43]. The energy 
absorption capacity of the fibre concrete up to the point (i) is calculated by use of Eq. (5) [45]. 
 
These equations are valid only if 0.5 and 2.5 are given in mm, 𝐷𝐷BZ

𝑓𝑓  in Nmm and l, b, hsp in mm. 
Thus, feq is given in MPa. 
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(a) 

      
(b) 
Figure 2 - Definition of (a)  𝐷𝐷BZ,2

𝑓𝑓  ; and (b)  𝐷𝐷BZ,3
𝑓𝑓  adapted from Barros et al. [44] and RILEM 

TC 162-TDF [42, 43].  
 
 
4.2 Ductility indication 
 
For concrete beams reinforced with steel rebars, the ductility is defined as the ratio of mid-span 
deflection of collapse to the deflection at the rebars’ yielding point [46, 47]. However, this 
definition is not suitable to evaluate the ductility of fibre concrete beams. In different articles, a 
variety of parameters are used for evaluation of the ductility in the fibre concrete elements [48-
51]. In this study, the ductility is defined by Eq. (6) being the ratio of energy absorption capacity 
of fibre concrete to the energy absorption capacity of un-cracked concrete. Eq. (6) is adapted 
from Olivito and Zuccarello [48], Akcay and Tasdemir [50]. 
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𝐼𝐼ductility =
𝐷𝐷BZ
𝑏𝑏 +𝐷𝐷BZ,3

𝑓𝑓

𝐷𝐷BZ
𝑏𝑏                                                                                                                       (6) 

 
 
5. RESULTS AND DISCUSSION  
 
5.1 Compressive strength and bulk density 
 
For all samples, properties of hardened concrete are summarized in Table 4 for the age of 28 
days, but HPC-I-2 is reported for 60 days. Based on the presented results in Table 4, the fibre 
content has a minor influence on the density. The concrete mixes were designed based on the 
volume fraction of ingredients and the aggregate content varied for different combinations. 
Therefore, the effect of fibre content on compressive strength cannot be evaluated in this study.  
 
 
 
5.2 Bulk electrical resistivity  

 
According to Layssi et al. [52], the degree of porosity and conductivity of pore solution in 
concrete directly affects its permeability, chloride ingress resistance, therefore its durability. The 
bulk electrical resistivity can be used to characterize the degree of conductivity of the concrete 
microstructure [52]. In this study, to indirectly assess the durability of specimens in the marine 
environment, uniaxial-alternating current (AC) was used to measure the resistance R (Ω) value of 
the cylindrical specimens.  Bulk electrical resistivity was calculated by Eq. (7) [53, 54].  
 
𝜌𝜌 = 𝑅𝑅 A

𝐿𝐿
                                                                                                                                         (7)   

             
where A (m2) is the surface area of the samples and L (m) is the length of specimens [53, 54]. 
The values of electrical resistivity of the hardened specimens are presented in Table 4.   
 
Table 4 - Mechanical and physical properties of concrete mixtures. 
 
Mixture  
Code and Batch1 

Bulk wet density2 
(kg/m3) 

Bulk resistivity2 

(Ω.m) 
fcm (MPa) 

MSC-I 2452 [14.1] 209.5 [6.3] 61.3 [2.24] 
MSC-II 2425 [24.6] 284.4 [16.5] 75.7 [1.34] 
MSC-III-1 2449 [5.5] 220.8 [7.3] 65.7 [1.39] 
MSC-III-2 2484 [25.9] 225.8 [3.8] 67.8 [1.30] 
HPC-I-1 2450 [20.4] 725.7 [29.2] 96.8 [2.15] 
HPC-I-23 2450 [19.7] 1210.6 [71.1] 106.8 [3.81] 
HPC-II-1 2452 [41.3] 509.4 [ 4.9] 91.9 [2.94] 
HPC-II-2 2421 [34.7] 482.5 [15.3] 96.4 [2.13] 
HPC-III 2378 [8.5] 556.3 [20.2] 90.7 [2.55] 
1 Since the capacity of the concrete mixer was not enough for more than two beams and five concrete cylinders, the 
specimens B5-B14 were made from similar recipes but different batches.  
2 Bulk density and bulk resistivity of concrete cylinders were measured before compression test, and the average 
values are reported. The values in [] show the standard deviation. 
3The mechanical and physical properties of the mix HPC-I-2 at the age of 60 days are presented. 



113 
 

 
Smith [55] recommended a classification for the risk of chloride ingress in concrete based on the 
bulk resistivity. He found that concrete with a bulk resistivity higher than 170 Ω.m indicates very 
low risk and therefore high durability in marine environments [55].      
 
 
5.3 Flexural behaviour   
   
With the data collected during the experiments, the load-CMOD curves were plotted. Figure 2 to 
Figure 6 show the load-CMOD curves of the beams reinforced with different fibre content, fibre 
aspect ratio and matrix compressive strength. Table 5 summarises the test results in different 
loading steps. As it can be seen, the fibre content does not have a noticeable effect on the load 
corresponding to the limit of proportionality (LOP), but FL slightly increased by increasing the 
compressive strength. As it was expected, an increasing trend was observed by increasing the 
fibre content.  
 
Figure 2 shows the results of flexural testing on samples with same composition but from 
different batches. The compressive strengths are slightly different, but the difference in post-
cracking properties is more pronounced. The difference may be due to the distribution and 
directions of fibres in the concrete specimens.  
 
Based on Figure 4, the sample tested at 60 days shows a slight increase in the value of FL due to 
the increase in the tensile strength. However, the difference in post-cracking properties is not 
distinctive. Figure 5 shows the result of concrete reinforced with 43 mm (𝑙𝑙f

𝑑𝑑
=65) and 55 mm 

(𝑙𝑙f
𝑑𝑑

=84) fibres. A comparison between the experimental results of 43 mm and 55 mm fibre 
concrete shows that increasing the aspect ratio leads to higher anchorage length and 
consequently an increase in post-cracking peak and feq,2 values. However, the concrete reinforced 
with 𝑙𝑙f

𝑑𝑑
=65 shows a wider deflection-hardening zone and feq,3 value.  
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Figure 2 - Load-CMOD curves of basalt fibre concrete under flexural test, with a fibre content of 
0.94 % volume fraction and average concrete compressive strengths of 61.3 MPa and 75.7 MPa. 

 
Figure 3 - Load-CMOD curves of basalt fibre concrete under flexural test, with a fibre content of 
1.97 % volume fraction and average concrete compressive strengths of 65.7 MPa and 67.8 MPa.  
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Figure 4 - Load-CMOD curves of basalt fibre concrete under flexural test, with a fibre content of 
0.71 % volume fraction and average concrete compressive strengths of 96.8 MPa and 106.8 
MPa.   

    
Figure 5 - Load-CMOD curves of basalt fibre concrete under flexural test, with a fibre content of 
0.94 % volume fraction and average concrete compressive strengths of 91.9 MPa and 96.4 MPa.    
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Figure 6 - Load-CMOD curves of basalt fibre concrete under flexural test, with a fibre content of 
1.88 % volume fraction and average concrete compressive strength of 90.7 MPa.   
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Table 5 - Experimental results of peak and post-cracking parameters of test specimens. 
 
Beam Code Used Mixture ffct,L 

(MPa) 

fR1 
(MPa) 

fR2 
(MPa) 

fR3  
(MPa) 

fR4 
(MPa) 

feq,2 
(MPa) 

feq,3 
 (MPa) 

B-1 MSC-I 5.32 3.56 2.97 1.73 1.02 3.19  2.47 
B-2 MSC-I 4.32 2.82 3.10 2.49 1.90 2.61 2.69 
Average B1-B2 MSC-I 4.82  3.19  3.04  2.11  1.46  2.90  2.58  
B-3 MSC-II 6.51 7.37 4.96 2.85 1.93 6.92 4.56 
B-4 MSC-II 6.19 6.28 4.13 2.55 1.68 5.72 3.71 
Average B3-B4 MSC-II 6.35  6.83  4.55  2.70  1.81  6.32  4.14  
B-5 MSC-III-1 6.09 9.56 8.25 6.55 4.54 9.26 7.70 
B-6 MSC-III-1 5.96 9.69 7.78 5.15 3.42 9.24 7.09 
Average B5-B6 MSC-III-1 6.03  9.63  8.02  5.85  3.98  9.25  7.40  
B-7 MSC-III-2 6.44 11.34 11.92 10.73 8.65 11.39 11.09 
B-8 MSC-III-2 6.44 11.53 11.74 11.03 8.82 11.49 11.24 
Average B7-B8 MSC-III-2 6.44  11.44  11.83  10.88  8.74  11.44  11.17  
B-9 HPC-I-1 6.75 3.99 2.95 1.47 0.89 3.67 2.52 
B-10 HPC-I-1 6.85 4.87 3.58 1.79 1.24 6.57 3.57 
Average B9-B10 HPC-I-1 6.80  4.43  3.27  1.63  1.07  5.12  3.05  
B-11d HPC-I-2 6.99 4.46 3.12 1.81 1.21 4.09 2.76 
B-12d HPC-I-2 - - - - - - - 
Average B11-B12 HPC-I-2 6.99 4.46 3.12 1.81 1.21 4.09 2.76 
B-13 HPC-II-1 6.60 5.55 4.73 3.14 2.11 5.12 4.19 
B-14 HPC-II-1 6.43 7.45 6.63 3.61 2.32 7.32 5.38 
Average B13-B14 HPC-II-1 6.52  6.50  5.68  3.38  2.22  6.22  4.79  
B-15 HPC-II-2 6.58 5.72 6.85 5.13 3.74 5.90 5.35 
B-16 HPC-II-2 6.36 4.73 5.61 4.18 3.27 4.50 4.65 
Average B15-B16 HPC-II-2 6.47  5.23  6.23  4.66  3.51  5.20  5  
B-17 HPC-III 7.24 10.16 9.58 7.50 6.21 9.69 8.71 
B-18 HPC-III 6.66 10.22 9.79 7.91 6.34 9.89 8.83 
Average B17-B18 HPC-III 6.95  10.19  9.69  7.71  6.28  9.79  8.77  
d The B-11 and B-12 were tested at the age of 60 days. 
 
Many researchers [44, 56-58] have investigated the relationship between aspect ratio, shape, 
volume fraction, the number of fibres in the fracture cross-section, bonding properties, concrete 
compressive strength and the mechanical properties of steel fibre reinforced concrete. Previous 
studies [59] show that post-cracking properties of steel fibre concrete can be presented as a 
function of the number of fibres, fibre volume fraction and the fibre aspect ratio.  
     
In this study, the Pearson product-moment coefficient [60] was used to find the relationship 
between concrete compressive strength, fibre content, ductility and post-cracking properties of 
fibre concrete. The ratio 𝑉𝑉f𝑓𝑓cm

1
𝑛𝑛 is assumed to be the primary parameter for estimation of the 

properties. There are only a limited number of results available regarding the two different fibre 
lengths studied here, therefore, the fibre aspect ratio is not considered in this comparison. 
Furthermore, concrete compressive strength is used to indirectly include the concrete bonding 
properties. This assumption is based on Eurocode 2 [61], whereby the bonding strength of steel 
rebars to the concrete matrix is presented as a function of concrete compressive strength.   
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A large number of n values (n = 1 to 100) were examined and the best correlation for ductility 
was found for n = 2.  For the post-cracking properties, the best correlation was found by using n 
= 3. Table 6 and Figures 7 to 9 show the relationship between these properties. According to the 
fib Model Code 2010 [62], for structural purposes, fibre concrete can be used as a replacement 
for the conventional rebars if the following equations are satisfied for the characteristic values of 
post-cracking parameters: 
  
𝑓𝑓R1K
𝑓𝑓LK

> 0.4                                                                                                                                     (8) 
𝑓𝑓R3K
𝑓𝑓R1K

> 0.5                                                                                                                                     (9) 
 
Barros et al. [44] showed that there is a linear relationship between fR1 and fR4 also between feq2 
and feq3. Table 5 shows the same set of correlations between these parameters for macro basalt 
fibre concrete. The structural capacity of fibre concrete can be estimated based on the results 
presented in Table 5 and the equations presented in Table 6.    
 

 
Figure 7 - Relationship between fibre volume fraction, Vf (%), average concrete compressive 
strength, fcm (MPa) and feq,2 (MPa). 
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Figure 8 - Relationship between fibre volume fraction, Vf (%), average concrete compressive 
strength, fcm (MPa) and feq,3 (MPa). 
 

 
Figure 9 - Relationship between fibre volume fraction, Vf (%) and Iductility.  
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Table 6 - The relationship between the fibre volume fraction, Vf (%), average concrete 
compressive strength, fcm (MPa), ductility and post-cracking parameters of concrete reinforced 
by 55 mm macro basalt fibres. 
 
Relationship between parameters R-squared value 
𝑓𝑓R1 = 1.3051 𝑉𝑉f�𝑓𝑓cm

3  0.922 

𝑓𝑓R2 = 1.1738 𝑉𝑉f�𝑓𝑓cm
3  0.904 

𝑓𝑓R3 = 0.906 𝑉𝑉f�𝑓𝑓cm
3  0.786 

𝑓𝑓R4 = 0.6869 𝑉𝑉f�𝑓𝑓cm
3  0.725 

𝑓𝑓eq,2 = 1.2691 𝑉𝑉f�𝑓𝑓cm
3  0.907 

𝑓𝑓eq,3 = 1.0731 𝑉𝑉f�𝑓𝑓cm
3  0.890 

𝑓𝑓R4 = 0.5233𝑓𝑓R1 0.739 
𝑓𝑓eq,3 = 0.8421𝑓𝑓eq,2 0.934 
𝐼𝐼ductility = 10.031 𝑉𝑉f 0.866 
 
 
6. CONCLUSIONS AND FUTURE STUDIES  
 
An experimental programme was performed, and 18 beams and 45 standard cylindrical samples 
made of macro basalt fibre concrete were tested. Four different fibre volume fractions and two 
different fibre aspect ratios, 65 and 84, were selected for this study. Compressive strength, 
density and bulk resistivity of cylinder specimens were investigated to evaluate the performance. 
Load-crack mouth opening displacement and load-mid span deflection of the beams were 
automatically measured utilising a 50 Hz acquisition system. Based on the analysis of the 
experimental results, the following conclusions are drawn from this study. 
 
 The result of electrical resistivity test indirectly shows that the fibre concrete mixes have 

a high resistance to chloride ingress. 
 By increasing the fibre content, a significant increase in ductility and post-cracking 

flexural strength of fibre concrete was observed. However, the flexural capacity at LOP 
was not notably affected by the fibre content.  

 Based on the Pearson product-moment coefficient, both post-cracking behaviour and 
equivalent flexural strength were found to be a function of 𝑉𝑉f�𝑓𝑓cm

3  and the ductility to be 
a function of 𝑉𝑉f. 

 The results show that for the same fibre volume fraction (0.94%); the fibres with the 
aspect ratio of 65 show a wider deflection-hardening, feq,3 value and smaller standard 
deviation than the fibres with the aspect ratio of 84. However, since only a few samples 
of two different fibres have been tested, it is not possible to draw a conclusion regarding 
the effect of the fibre aspect ratio. Usually by increasing the fibres aspect ratio the 
performance of fibre concrete improves.  

 There is a lack of knowledge about the durability, alkali ageing, shear capacity, fatigue 
behaviour, shrinkage and creep properties of macro basalt fibre concrete. Therefore, the 
authors suggest those properties as potential topics for future studies. Additionally, the 
mechanical behaviour of the hybrid system of macro basalt and chopped basalt fibres and 
the hybrid system of macro basalt fibre concrete and basalt fibre reinforced bars (BFRPs) 
need to be investigated for practical applications.  
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 Use of air-entraining agent could affect the bonding between fibres and concrete matrix. 

Therefore, due to the lack of knowledge, the authors suggest an extensive investigation 
on the bonding mechanism of macro basalt fibre concrete and the effect of entertaining 
air-entraining agent, aggregate size and bond increasing additives on the flexural strength 
of fibre concrete.        

    
Based on the conclusions, this study gives an estimation of the mechanical properties of macro 
basalt fibre concrete. However, the conclusions are based on the selected concrete mixes. The 
bonding mechanism and mechanical properties of fibre concrete are dependent on the 
composition of concrete matrix, mixing procedure, casting and curing conditions. Therefore, for 
structural applications, the designed concrete mix shall be adjusted and tested before casting.    
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