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10 
 Basalt fibers infused with boron oxide (BBF) can be successfully used as a concrete dispersed11 

reinforcement.12 
 Radiation shielding properties of plain concrete and concrete reinforced with basalt fibers13 

infused with boron oxide (BBF) are investigated.14 
 Mechanical and fracture properties of plain concrete and concrete reinforced with basalt fibers15 

infused with boron oxide (BBF) are compared.16 
 Fracture process zone development using Digital Image Correlation is determined.17 
 Non-cracked and cracked material is analysed on the basis of 3D X-Ray micro-CT images.18 

19 
Abstract 20 

21 
The paper presents experimental investigations of the radiation shielding, mechanical and fracture 22 
properties of concrete reinforced with 5 kg/m3 of novel basalt fibers infused with boron oxide (BBF). 23 
However, further studies concerning other dosages i.e. 1 kg/m3, 10 kg/m3, 15 kg/m3 and 20 kg/m3 are 24 
currently carried out. Experiments with neutron source revealed that addition of BBF as a dispersed 25 
concrete reinforcement could improve the neutron radiation shielding of plain concrete by up to 25%. 26 
On the basis of mechanical tests, it turned out that compressive strength, tensile splitting strength and 27 
flexural of concrete reinforced with BBF were lower by up to 15% than analogous values for plain 28 
concrete. Simultaneously, shrinkage strain of BBF concrete was lower by about 10% than of plain 29 
concrete. Fracture process zone development on the surface of samples was investigated by Digital 30 
Image Correlation (DIC) using camera with the 36 megapixel matrix that allowed to obtain pixel size 31 
of 18 µm resulting in the length resolution equal approximately 60 pixel/mm whereas analyses of 3D 32 
material micro-structure, air voids, width and curvature of crack were carried out by X-ray micro-33 
computed tomography (micro-CT) with 0.2 mm brass filter, voltage and the current equal 130 keV 34 
and 61 µA, respectively. The voxel size of the X-ray micro-CT was 39.68 microns. Experiments 35 
revealed that basalt fibers infused with boron oxide as a concrete dispersed reinforcement improved 36 
the ability of limiting micro-cracking area and bridging macro-cracking by up to 28%.  37 

38 
Keywords: air voids, boron-basalt fibers, concrete, crack, Digital Image Correlation, fracture zone, 39 
radiation shielding, X-ray micro-CT 40 

41 
1. Introduction42 

43 
The application of concrete as a protective material in engineering structures intended for radioactive 44 
materials has been investigated for many years [1-12]. Structural concrete is designed not only to 45 
protect the population but also the external environment against the harmful effects of nuclear 46 
radiation. Nowadays, radioactive radiation is widespread which causes that shielding against it is 47 
a very important topic and is the subject of engineers’ and scientists’ research. A valuable shielding 48 
material in addition to increased protective ability should have the required strength as well as 49 
adequate durability. It is the fracture phenomenon that has a major impact on the durability of 50 
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concrete structures leading simultaneously to the reduction of material strength [13-15] thus, it is 51 
absolutely necessary to take an effort with aim to minimize cracking formation and evolution. 52 

53 
The idea of using basalt fibers infused with boron oxide additive as a dispersed concrete 54 
reinforcement in order to improve material radiation shielding properties and broaden the 55 
possibilities of application BBF concrete for protection against nuclear energy has been developed by 56 
Gulik and Biland [16]. Initial investigations of radiation shielding properties of concrete reinforced 57 
with BBF were presented in detail by Zorla et al. [17] where theory of process for producing the 58 
basalt-boron fibers was also described. The idea of basalt fibers infused with boron oxide (BBF) is 59 
based on the assumption that the protective properties of concrete will be improve while maintaining 60 
its mechanical properties with parallel improvement of material durability obtained due to limiting of 61 
micro-and macro-cracking. Uniform distribution of basalt fibers is their advantage over steel and 62 
polymers fibers. Nowadays, general research knowledge in the field radiation shielding properties of 63 
concrete reinforced with basalt fibers infused with boron oxide is quite limited [17-18]. Moreover, 64 
the phenomenon of fracture evolution in concrete reinforced with BBF is almost completely 65 
unrecognized. 66 

67 
The main goal of this manuscript is experimental research of radiation shielding properties as well as 68 
mechanical properties on the basis of compressive strength test, tensile splitting strength test, 69 
shrinkage test, tensile and residual strength in 3-point bending test. Besides, fracture phenomenon i.e. 70 
crack formation, evolution, shape and width in plain concrete and concrete reinforced with basalt 71 
fibers infused with boron oxide (BBF) was carefully investigated. At first, fracture process zone 72 
formation and evolution in terms of localized zone width, height and length, on the surface of 73 
samples, was measured and visualized by Digital Image Correlation (DIC) using NIKON D800 74 
digital camera with the 36 megapixel matrix that allowed to obtain pixel size of 18 µm resulting in 75 
the length resolution equal approximately 60 pixel/mm. Digital Image Correlation (DIC) technique 76 
has already been efficiently used to experimentally analyze fracture phenomenon in a variety of 77 
materials [19-28]. Thereafter, 3D fracture phenomenon in terms of formation, evolution, width, shape 78 
and curvature of cracks was observed within a non-destructive X-ray micro-computed tomography 79 
(micro-CT) technique using SkyScan 1173 equipment. X-ray micro-computed technique is nowadays 80 
one of the most popular methods that gives the opportunities of effective analyses of material micro-81 
structure as well as fracture phenomenon [29-41]. DIC and micro-CT tests delivered very useful 82 
quantitative information about fracture phenomenon in concrete reinforced with basalt fibers infused 83 
with boron oxide (BBF). 84 

85 
The main objective and novelty of this study are the investigations of the radiation shielding 86 
properties and mechanical properties of concrete reinforced with innovative basalt fibers infused with 87 
boron oxide (BBF) combined with the quantitative research of fracture phenomenon in terms of crack 88 
formation, evolution, shape and width using Digital Image Correlation (DIC) and X-ray micro 89 
computed tomography (micro-CT). The experimental research results allow to consider the boron-90 
infused basalt fibers (BBF) as an interesting material for engineering applications. 91 

92 
2. Experimental procedure93 

94 
The concrete mix consisted of cement CEM II/A-LL 42.5R, fly ash, aggregate and water. Aggregate 95 
was divided into three main fractions i.e. sand with maximum grain size equal 2 mm, gravel with the 96 
grain size in the range of 2 mm and 8 mm and gravel with the maximum grain size equal 16 mm 97 
(Figure 1). The sand point was equal to 41% and the water to cement ratio was established at 98 
w/c = 0.50. In order to properly design a concrete mix, the right proportions of coarse aggregate and 99 
sand should be selected so that they form a tight aggregate composition in concrete. The aggregate 100 
grain curve located in the area of good grain size (between boundary curves) guarantees proper 101 
workability and consistency of concrete mix with the lowest possible demand for cement paste 102 
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(cement and water) and minimal air content. It also provides low concrete permeability and less 103 
shrinkage. 104 
 105 

 106 
 107 

Figure 1: Distribution of aggregate particles 108 
 109 
Additionally, fly ash was used as additive to concrete. It is widely used due to its high fineness 110 
(similar to cement), chemical and phase composition similar to clayey mineral raw materials and 111 
chemical activity, especially pozzolanic activity. Properly used fly ash has a positive effect on the 112 
properties of both fresh concrete mix and hardened concrete. It enables the production of high-113 
quality, durable concrete in an economic and pro-ecological way. To improve the workability of 114 
fresh concrete mix, a small superplasticizer quantity was used. Thus, final mix is characterized by 115 
ratio including presence of water (w), cement (c), admixture (s) and addition (a) in a following way: 116 
 117 

      0.46
(0.4 )

w s

c a




 
                               (1) 118 

 119 
The used mix proportions are depicted in Table 1 and chemical composition of cement in Table 2. 120 
 121 

Table 1: Concrete recipe details 122 

Concrete components 
Concrete mix 

 (d50=2 mm, dmax=16 mm) 

Cement CEM II/A-LL 42.5R (c) 300 kg/m3 

Sand (0 - 2 mm) 735 kg/m3 

Gravel aggregate (2 - 8 mm) 430 kg/m3 

Gravel aggregate (8 - 16 mm) 665 kg/m3 

Fly ash (a) 70 kg/m3 

Superplasticizer (s) 1.8 kg/m3 

Water (w) 150 kg/m3 

 123 
 124 
 125 
 126 
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Table 2: Chemical composition of cement in [%] (from the manufacturer) 127 

SiO2 Fe2O3 Al2O3 CaO MgO SO3 Cl Na2O K2O Others 

21.68 3.39 4.38 64.79 1.17 2.91 0.083 0.26 0.49 0.85 

 128 
In this study basalt fibers infused with boron oxide (BBF) were used. Basalt fibers had length equal 129 
12 mm, diameter equal 13-17 microns (Figure 2), tensile strength not less than 1000 MPa and 130 
contained 12% of B2O3 enriched with 19.8% of 10B and 80.2% of 11B. This paper presents 131 
preliminary investigations of concrete reinforced with 5 kg/m3 of BBF, however, further studies 132 
concerning other dosages i.e. 1 kg/m3, 10 kg/m3, 15 kg/m3 and 20 kg/m3 are currently carried out.  133 
 134 

a)  b)  c)  135 
 136 

Figure 2: Boron-basalt fibers: a) macro view of fibers, b) enlarged 500 times view of fibers  137 
and c) enlarged 5000 times view of single fiber 138 

 139 
Compressive strength, tensile splitting strength, flexural and residual strength in 3-point bending tests 140 
were carried out to compare BBF reinforced concrete and plain concrete properties. Compressive 141 
strength (fc,cube) tests and tensile splitting strength (fct) tests were carried out on six cubes 142 
(150×150×150 mm) for each mixture. Flexural strength (fcf) tests were carried out on 6 beams with 143 
the rectangular cross-section. The width and depth of beams were 150 mm, length was 600 mm and 144 
span length was 500 mm. Beams were mid-span notched with the height of 25 mm and width of  145 
5 mm. Additionally, notch was used for mounting Crack Mouth Opening Displacement (CMOD) 146 
gauge. Compressive strength tests were carried out according to procedure described in EN 12390-147 
3:2009 standard [42], splitting strength tests according to procedure described in EN 12390-6:2011 148 
standard [43] and three-point bending tests according to procedure described  149 
in EN 14651:2005+A1:2007 standard [44]. All tests were performed after 28 days of curing 150 
according to procedure described in EN 12390-2:2009 standard [45]. On the basis of Polish 151 
recommendations [46] total shrinkage was investigated using Amsler apparatus and 3 beams with the 152 
dimension of 100×100×500 mm. Measurements of shrinkage were carried out for 112 days with the 153 
measurements made in 7, 14, 28, 56 day. Concrete total shrinkage that is one of the most common 154 
phenomenon during hardening of a fresh concrete mix. It leads to the irregular cracking of concrete 155 
that influences its strength and durability. 156 
 157 
Additionally, to characterize fracture phenomenon, cubic specimens of plain concrete and concrete 158 
reinforced with basalt fiber infused with boron oxide (BBF) were subjected to variety of mechanical 159 
tests as: compression strength, splitting strength and wedge splitting (WST). Dimensions of the cubic 160 
samples i.e. 70×70×70 mm have been properly selected in order to be totally visible in the flat panel 161 
of the X-ray micro-CT system. Initially, fracture process zone formation and evolution, on the 162 
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surface of samples, was measured and visualized by Digital Image Correlation (DIC) but only during 163 
the wedge splitting tests (WST). Cubic samples intended for WST test were initially notched with the 164 
height of 15 mm and width of 5 mm. Samples were supported on the linear, square steel bar and 165 
tested with a controlled displacement rate of 0.002 mm/min. To measure fracture development where 166 
Crack Mouth Opening Displacement (CMOD) gauge was situated in the notch. Digital Image 167 
Correlation procedure was carried out using NIKON D800 digital camera with the  168 
36 megapixel matrix that allowed to obtain pixel size of 18 µm resulting in the length resolution 169 
equal approximately 60 pixel/mm. Camera was placed in front of the tested specimen which surface 170 
was covered with the yellow-black speckle pattern. The digital images were taken every 6 seconds 171 
during test. Inspection window was assumed to be a square with the dimension of 120 pixels. It was 172 
twice greater than the biggest speckle i.e. ≥ 60 pixels. DIC scanning resolution was assumed to be  173 
5 pixels [47-48]. Testing station used for DIC experiments is presented in Figure 3. 174 
 175 

 176 
 177 

Figure 3: View on the DIC testing station. Digital NIKON D800 camera is mounted on a tripod 178 
perpendicularly to the concrete cubic sample during Wedge Splitting Test (WST) carried out  179 

using Instron 5569 static machine  180 
 181 
To characterize and visualize 3D fracture zone during compression, splitting and wedge splitting test 182 
(WST) X-ray micro-CT SkyScan 1173 scanner with 0.2 mm brass filter was used. The X-ray source 183 
voltage and the current were equal 130 keV and 61 µA, respectively. The voxel size of the X-ray 184 
micro-CT was 39.68 microns whereas the shutter speed equaled 4000 ms. The sample was scanned  185 
at 180 degrees with a single rotation step of 0.2 degrees. Since the basalt fibers have approximately 186 
the same density as basic components of concrete and have diameter equal 13-17 microns (about  187 
3 times smaller than image resolution) it was technically not possible to distinguish them from 188 
concrete. To distinguish air voids, the threshold value in the range of 0-60 was established. 189 
Experimental procedure started from initial micro-CT scan of non-cracked sample in order to gather 190 
all necessary information, concerning initial porosity and material microstructure. Compressive 191 
strength test was carried out according to procedure described in EN 12390-3:2009 standard [42] 192 
(instead of smaller samples tested), however, it was stopped just before specimen failure in order to 193 
enable micro-CT scanning. Splitting strength test was carried out according to procedure described in 194 
EN 12390-6:2011 standard [43] (instead of smaller samples tested). After the sample failure it was 195 
sealed with the adhesive tape in order to enable micro-CT scanning of entire sample. Wedge Splitting 196 
Tests (WST) were carried out on notched cubic samples identical to those used in DIC research. 197 
Testing station used for micro-CT experiments is presented in Figure 4. 198 
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Moreover, in order to verify air content obtained by air pressure method, describe and visualize air 199 
distribution in plain concrete and concrete reinforced with BBF micro-CT test were performed  200 
[49-50].  201 
 202 
Dimensions of the tested samples were presented in Figure 5. 203 
 204 

a)   b)  205 
 206 

Figure 4: Micro-CT 1173 Skyscan X-ray micro-tomograph testing station: a) general view and  207 
b) zoom on the sample after Wedge Splitting Test mounted on the rotation table  208 

 209 

a)          b)           c)   210 

d)  e)   211 
 212 
Figure 5: Dimensions of the tested samples: a) cubes for mechanical compressive and splitting tests, 213 

b) cubes for micro-CT compressive and splitting tests, c) cubes for DIC and micro-CT wedge 214 
splitting tests (WST), d) beams for shrinkage tests and e) beams for 3-point bending tests 215 

 216 
3. Distribution of macro-voids 217 
 218 
Before sample preparation, tests on fresh plain concrete and concrete with addition of basalt fibers 219 
infused with boron oxide (BBF) were carried out. The fresh concrete properties were determined 220 
based on Vebe slump test, Vebe time test and air content pressure test (Table 3). Vebe slump and 221 
Vebe time are quite simple and popular tests to determine consistency of fresh concrete mix. Increase 222 
of the Vebe time usually results in decreasing of concrete workability. Both mixes revealed similar 223 
workability, however, workability of concrete reinforced with basalt-boron fibers (BBF) was a bit 224 
worse. Air content is a very important property of fresh concrete mix. It can influence final properties 225 
of hardened concrete such as workability, strength and durability. It is still unclear whether the 226 
addition of fibers increases [51-53] or decreases [54] the content of air pores in concrete. In 227 
experiments, air content in fresh plain concrete (3.4%) was higher by about 0.6% than in fresh 228 
concrete reinforced with BBF (2.8%) that is in agreement with research work by [45]. Procedure of 229 
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air pressure method, concerning the way of filling the tube and time of vibration, was, obviously, the 230 
same. Density of fresh concrete reinforced with BBF was smaller by about 1.5% than of fresh plain 231 
concrete. Temperature of both concrete mixes was similar.  232 
 233 

Table 3: Properties of fresh concrete mix 234 

Concrete mix Temperature
[0C] 

Vebe slump test
[mm] 

Vebe time
[s] 

Air content 
[%] 

Density 
[kg/m3] 

Concrete 14.9 140 3.8  3.4 2343.0 

Concrete with 5 kg/m3 BBF 14.2 125 4.1 2.8 2312.0 

 235 
Figures 6 and 7 and Table 4 show the initial 3D air void content and air void distribution in non-236 
cracked concrete and BBF concrete specimens measured by micro-CT. The air pores were analysed 237 
in relation to open and closed porosity. The pores than intersect the boundaries of volume of interest 238 
(VOI) are defined as open pores. On the contrary, pores that are entirely located inside VOI are 239 
treated as closed ones. Air volume in non-cracked plain concrete specimen varied from 5785.61 mm3 240 
to 7196.16 mm3 which equals 2.42% and 3.01% of total air volume, respectively. Pores with 241 
diameter smaller than 0.5 mm, in the range of 0.51 mm – 1.50 mm and larger than 1.51 mm 242 
represented approximately 15%, 40% and 45% of total porosity, respectively. Measured closed 243 
porosity varied between 1.88% and 2.28% whereas open porosity varied between 0.54% and 0.73%. 244 
Air volume in non-cracked BBF reinforced concrete specimen varied from 7918.72 mm3 to 9492.63 245 
mm3 which equals 3.22% and 3.85% of total air volume, respectively. Pores with diameter smaller 246 
than 0.5 mm, in the range of 0.51 mm – 1.50 mm and larger than 1.51 mm represented approximately 247 
15-20%, 35% and 45-50% of total porosity, respectively. Measured closed porosity varied between 248 
2.34% and 2.99% whereas open porosity varied between 0.75% and 0.88%. Total porosity obtained 249 
by 3D X-ray micro-CT analyses in concrete reinforced with BBF was higher by about 30% than in 250 
plain concrete that is in agreement with research works [51-53]. Total porosity was smaller by about 251 
10-30% than porosity obtained in the air pressure method in case of plain concrete and higher by 252 
about 15-40% in case of concrete reinforced with BBF. Obtained results clearly show that air 253 
pressure method may not be accurate. This is particularly important because air pressure method is 254 
the most popular method of assessing fresh concrete mix for its future frost resistance. More reliable 255 
could be AVA (Air Void Analysis) technology that allows to assess spacing factor, specific surface 256 
area, and total air content. 257 
 258 

Table 4: Air void analysis in non-cracked specimens by micro-CT 259 

Specimen 
number 

Diameter distribution of pores  
[%] within total porosity Volume of 

pores  
[mm3] 

Volume of 
pores [%] 

within entire 
sample volume 

Volume of 
closed pores  
[%] within 

entire sample 
volume 

Volume of 
open pores 
[%] within 

entire sample 
volume 

≤0.50  
mm 

0.51-1.50 
mm 

≥1.51 
 mm 

Concrete “1” 15.21 38.89 45.90 6694.10 2.80 2.13 0.67 

Concrete “2” 12.55 40.12 47.33 5785.61 2.42 1.88 0.54 

Concrete “3” 16.34 42.87 40.79 7196.16 3.01 2.28 0.73 

BBF “1” 18.25 32.52 49.23 9492.63 3.86 2.99 0.87 

BBF “2” 17.36 35.89 46.75 7918.72 3.22 2.34 0.88 

BBF “3” 16.98 34.87 48.15 8238.42 3.35 2.60 0.75 

 260 
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a)    b)   c)  261 

 262 
Figure 6: Non-cracked plain concrete cubic specimen (Concrete “1” from Table 4)  images by  263 

3D micro-CT: a) general view, b) distribution of pores and c) diameter distribution of pores  264 
≤ 0.50 mm (red colour), in range 0.51 mm – 1.50 mm (green colour) and  ≥ 1.51 mm (blue colour) 265 

 266 

a)   b)   c)  267 
 268 

Figure 7: Non-cracked BBF concrete cubic specimen (BBF “1” from Table 4) images by  269 
3D micro-CT: a) general view, b) distribution of pores and c) diameter distribution of pores  270 

≤ 0.50 mm (red colour), in range 0.51 mm – 1.50 mm (green colour) and  ≥ 1.51 mm (blue colour) 271 
 272 
To analyse changes in porosity within sample height and width, total volume of sample was divided 273 
into 5 mm thick vertical and horizontal sub-volumes within which air volume was measured. 274 
Distribution of air pores in non-cracked concrete cubic specimen (Concrete “1” from Table 4) and 275 
BBF concrete cubic specimen (BBF “1” from Table 4) is compared in Figure 8.  276 
 277 

a)    278 
 279 
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b)    280 
 281 

Figure 8: Distribution of porosity in concrete (Concrete “1” from Table 4) and BBF concrete 282 
(BBF “1” from Table 4) along: a) sample height and b) sample width 283 

 284 
The distribution of porosity is very similar and quite uniform along width and height for both 285 
concrete and BBF reinforced sample. However, a slight increase in porosity can be observed at the 286 
border surfaces of the samples which may be caused by the different vibration conditions in the 287 
neighbourhood of the mold walls during concreting.   288 
 289 
3. Radiation shielding properties  290 
 291 
Basalt fibers with improved radiation shielding properties, due to addition of boron oxide, are 292 
believed to extend the application possibilities of concrete for nuclear material management. Within 293 
this work, experiments with Pu-Be neutron source and neutron detector were conducted in Chernobyl 294 
on plain concrete and concrete with addition of 5 kg/m3 of basalt fibers infused with 12% of B2O3 295 
enriched with 19.8% of 10B and 80.2% of 11B cubes with dimension of 100×100×100 mm to 296 
investigate the neutron attenuation. Thickness of concrete reinforced with basalt fibers infused with 297 
boron oxide (BBF) varied from 100 mm to 500 mm.  298 
 299 

 300 
 301 

Figure 9: Variation of the neutron spectrum transmission with various thickness of concrete 302 
 303 
Experiments with Pu-Be neutron source and neutron detector proved that concrete reinforcement in 304 
terms of basalt fibers infused with boron oxide may lead to the improvement of the neutron radiation 305 
shielding for fast neutron spectrum. Increase in neutron radiation shielding properties varied from 306 
10% for layer thickness equal 50 cm to 25% for layer thickness equal 10 cm (Figure 9). Thus, 307 
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application of BBF as the concrete reinforcement is promising in terms of reduction of the concrete 308 
thickness in structures intended for nuclear material management.  309 
 310 
4. Mechanical properties of concrete and BBF concrete 311 
 312 
4.1. Compressive strength 313 
 314 
The specimens reinforced with basalt fiber infused with boron oxide (BBF) exhibited a reduction in 315 
the compressive strength fc,BBF compared to the reference plain concrete fc. Mean compressive 316 
strength of plain concrete (fc = 47.60 MPa) was higher by about 15% than mean strength of concrete 317 
reinforced with BBF fibers (fc,BBF = 41.29 MPa) with similar standard deviation values. Similarly, the 318 
tensile splitting strength of concrete reinforced with BBF was decreased in comparison to plain 319 
concrete (Table 5).  320 
 321 

Table 5: Mechanical properties of hardened concrete and concrete reinforced with BBF 322 

Mechanical 
test type 

Material Type of sample 
Number  

of samples 

Average 
density 
[kg/m3] 

Standard 
deviation 
[kg/m3] 

Average 
stress 

 [MPa] 

Standard 
deviation 

[MPa] 

Compressive 
strength 

Concrete 
Cube  

150×150×150 mm 

6 2359.2 15.26 47.60 1.66 

BBF concrete 6 2328.3 17.74 41.29 1.30 

Tensile 
strength 

Concrete Cube  
150×150×150 mm 

6 2361.1 6.99 3.46 0.19 

BBF concrete 6 2325.0 25.41 3.01 0.36 

Flexural 
strength 

Concrete 
Beam 

150×150×600 mm 

6 - - 3.60 0.20 

BBF concrete 6 - - 3.20 0.18 

 323 
4.2. Tensile and flexural strength 324 
 325 
Mean splitting strength of plain concrete (fct = 3.45 MPa with standard deviation 0.19 MPa) was 326 
higher by about 15% than mean strength of concrete reinforced with BBF fibers (fct,BBF = 3.01 MPa 327 
with standard deviation 0.36 MPa) (Table 5). Average flexural strength of plain concrete (fcf, = 3.60 328 
MPa with standard deviation 0.20 MPa) was higher by about 12.5% than the average flexural 329 
strength (fcf,BBF = 3.20 MPa with standard deviation 0.18 MPa) for concrete reinforced with BBF. 330 
Basalt fibers, like other fiber types, have a tendency to decrease workability of fresh concrete that 331 
generates higher effort during compaction and sometimes there is a risk of reduction of the concrete 332 
strength. In addition, total porosity in BBF concrete, obtained by micro-CT, is higher by about 30% 333 
than in plain concrete that also leads to the reduction of material strength. However, it is worth to 334 
mention that the ratio of the tensile strength to the compression strength i.e. fct / fc, fcf, / fc and fct,BBF / 335 
fc,BBF, fcf,BBF / fc,BBF is always similar and equal 0.072 – 0.077. 336 
 337 
The tensile behaviour of BBF concrete was additionally evaluated in terms of residual flexural tensile 338 
strength values determined from the load-CMOD curve. The residual flexural tensile strength was 339 
calculated for CMOD1 = 0.15 mm, CMOD2 = 0.25 mm and CMOD3 = 0.35 mm. Figure 10 presents 340 
the experimental F – CMOD curves whereas Table 6 shows the experimental results. The average 341 
residual flexural strength of plain concrete was equal fR,0.15 = 2.24 MPa,  fR,0.25 = 1.15 MPa and  342 
fR,0.25 = 0.59 MPa and was greater by about 15% than the average residual tensile strength of concrete 343 
reinforced with BBF (fR,0.15 = 2.06 MPa, fR,0.25 = 0.99 MPa and fR,0.35 = 0.52 MPa). 344 
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 345 

a)   b)  346 
 347 
Figure 10: Experimental F-CMOD curves for 6 beams during flexural test: a) plain concrete and  348 
b) concrete reinforced with BBF 349 
 350 

Table 6: Residual flexural strength of plain concrete and BBF reinforced concrete  351 

Mechanical 
test type 

Material 
Average fR,0.15 

[MPa] 

Standard 
deviation

[MPa] 

Average fR,0.25 

[MPa] 

Standard 
deviation 

[MPa] 

Average fR,0.35 

[MPa] 

Standard 
deviation 

[MPa] 

Three point 
bending 

Concrete 2.24 0.14 1.15 0.14 0.59 0.06 

BBF 
concrete 

2.06 0.27 0.99 0.17 0.52 0.06 

 352 
4.3. Concrete shrinkage 353 
 354 
Final total shrinkage strain for plain concrete was equal 1.65‰ whereas for concrete reinforced with 355 
BBF fibers was equal 1.52‰ (Figure 11). Increase of total shrinkage shown similar tendency since 356 
the majority (80% of final shrinkage strain) of strain increase was observed within 14 days. After 357 
that, gentle growth of total shrinkage strain was observed for both mixes. Nevertheless, similar 358 
evolution of total shrinkage strain curve and quite high final shrinkage strain leads to the conclusion 359 
that both type of concrete mixes require careful curing early during stages of hardening in order to 360 
minimize shrinkage cracking. 361 
 362 

 363 

Figure 11: Evolution of total shrinkage with age of concrete: (a) plain concrete and (b) BBF 364 
reinforced concrete  365 
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5. Characterization of the fracture process by Digital Image Correlation 366 
 367 
Figure 12 presents vertical force F versus CMOD curves obtained during WST tests for both plain 368 
concrete and concrete reinforced with basalt fiber infused with boron oxide (BBF). Force-CMOD 369 
diagrams revealed that stiffness of plain concrete and BBF reinforced concrete is similar in the elastic 370 
regime whereas difference in ductility was observed in post-peak regime. This phenomenon is 371 
explainable by the presence of fibers and non-uniform distribution of aggregate particles. The 372 
maximum force in plain concrete was equal 3.83 kN and was by about 10% higher than maximum 373 
force registered for BBF reinforced concrete which was equal 3.50 kN. Residual vertical forces in 374 
BBF reinforced concrete were Fres,0.15=1.81 kN (at CMOD=0.15 mm) and Fres,0.25=0.72 kN (at 375 
CMOD=0.25 mm) whereas residual vertical forces in plain concrete were Fres,0.15=1.48 kN and 376 
Fres,2.5=0.38 kN, respectively. Residual force values of BBF concrete were higher by about 20% and 377 
90% than corresponding values of plain concrete. It means that BBF concrete characterizes with 378 
greater ductility due to presence of fibers that have the ability of bridging micro-cracks. 379 
 380 

 381 
 382 

Figure 12: Force - CMOD curves of Wedge Splitting Test (WST): (a) plain concrete, (b) concrete 383 
reinforced with basalt fiber infused with boron oxide (BBF) 384 
 385 
   90% pre-peak      peak        90% post-peak           85% post-peak 386 

      387 
(a) 388 

 389 
390 
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 90% pre-peak       peak        90% post-peak           85% post-peak 391 

      392 
(b) 393 

 394 
Figure 13: Evolution of fracture below the notch, visualized by DIC technique, during WST test:  395 
(a) plain concrete, (b) BBF reinforced concrete  396 
 397 
A fracture zone was initially observed at 90% of the peak load value on the force-CMOD curve. 398 
After formation, fracture zone evolved by propagating between aggregate grains and micro fibers 399 
whereby its shape was strongly curved (Figure 13). Both concrete mixes were characterized by the 400 
similar horizontal normal strain profiles with the maximum value equal about 0.07% and similar 401 
horizontal displacement profiles with the value equal about 0.11 mm (Figure 14). Macro-crack could 402 
have been observed in the post-peak regime at 85% of the maximum vertical load.  403 
 404 

(A)    405 

(B)     406 

Figure 14: Horizontal normal strain ɛxx profiles (left column) and horizontal displacement U profiles 407 
(right column) measured by DIC technique along the horizontal cross-section just below the notch for  408 
(a) 85% pre-peak (fracture zone formation), (b) 90% pre-peak, (c) peak and (d) 85% post-peak 409 
(macro-crack formation): (A) plain concrete, (B) BBF reinforced concrete (Position X is the length in 410 
[mm] of the analyzed cross-section where 0 is the middle of the notch) 411 
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The measurement of the fracture zone width based on the approximation of strain profiles with the 412 
normal Gauss distribution and calculations of standard deviation σ [26]. The width, length and height 413 
of the fracture zone measured just before the macro-crack formation, were equal wfz=4.71 mm, 414 
lfz=47.39 mm, hfz=45.37 mm in plain concrete (Figures 14Ad and 13a) and wfz,BBF=4.15 mm, 415 
lfz,BBF=52.75 mm, hfz,BBF=42.72 mm in concrete reinforced basalt fiber infused with boron oxide 416 
(Figures 14Bd and 13b). The measured width of the fracture zone in plain concrete was about 15% 417 
larger than in BBF concrete. It means that basalt fibers infused with boron oxide have the ability of 418 
limiting micro-cracking area. Additionally, the fracture zone of the BBF concrete is longer by about 419 
10% than in plain concrete which leads to the more ductile response in the softening regime. 420 
 421 
6. Characterization of the fracture process by micro-CT 422 
 423 
Mechanism of failure during compression was similar for plain concrete and concrete reinforced 424 
basalt fiber infused with boron, however, wider cracks in plain concrete, up to wc=2.26 mm, than in 425 
BBF concrete, up to wc,BBF=1.47, might have been observed (Figure 15). Final cracking appeared as  426 
a connected matrix with the main vertical cracks that evolved through the entire height of the samples 427 
and proved to be decisive. Nevertheless, diagonal cracks were noticed as well. Presence of randomly 428 
distributed aggregate particles and micro BBF fibers resulted in curvature of cracks. Generally 429 
speaking, cracking initially formed in the nearest neighbourhood of the aggregate particles where so 430 
called Interfacial Transition Zones (ITZs) occur that are considered to be the weakest zones in 431 
hardened concrete [55-56]. Next, cracks connected through a bridging mechanism by propagating 432 
mainly within cement matrix.  433 
 434 

(A)         435 
 436 

(B)         437 
     (a)     (b)         (c) 438 

 439 
Figure 15: X-ray micro-CT images of cracked cubic specimens close to failure during uniaxial 440 
compression test: (A) plain concrete and (B) BBF reinforced concrete where (a) 3D view of entire 441 
sample, (b) and (c) horizontal cross-sections 442 
 443 
 444 
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Mechanism of failure during splitting was also similar for plain concrete and concrete reinforced 445 
basalt fiber infused with boron. The main attention in this test was focused on surface of the cracked 446 
area. It is clearly visible that cracked area was non-uniform and strongly curved along sample depth 447 
and height (Figures 16Ab and Bb). The surface of cracked area in concrete reinforced with basalt 448 
fiber infused with boron oxide in plain concrete was equal Ac,BFF=15766.58 mm2 and was by about 449 
9% higher than the surface of crack area in plain concrete equal Ac=14418.83 mm2. It means that 450 
cracked area in BBF concrete is more curved than in plain concrete that may lead to the conclusion 451 
that evolution of the crack in BBF concrete is more sophisticated (crack is propagating between 452 
aggregate particles and micro BBF fibers) than in plain concrete, thus, a more ductile response in a 453 
post-peak regime can be obtained. 454 

455 

(A)  456 
457 

(B)  458 
 (a)        (b)  459 

460 
Figure 16: X-ray micro-CT images of cracked cubic specimens during splitting test: (A) plain 461 
concrete and (B) BBF reinforced concrete where (a) 3D view of the entire sample and (b) 3D view of 462 
the cracking surface 463 

464 
Mechanism of failure during Wedge Splitting Test (WST) was similar for plain concrete and concrete 465 
reinforced basalt fiber infused with boron as well. Crack had a non-uniform width and was strongly 466 
curved along sample depth and height (Figures 17Ac and 17Bc). The volume of crack in plain 467 
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concrete was equal 1063.5 mm3 (0.39% of the entire sample) and was by about 28% higher than the 468 
volume of crack in concrete reinforced with basalt fiber infused with boron oxide equal 829.7 mm3 469 
(0.32% of the entire sample). Similar tendency was observed with reference to average and 470 
maximum crack width. Average and maximum crack width in plain concrete was wc,av=0.38 mm and 471 
wc=0.53 mm, which means that both values were by about 18% higher than average and maximum 472 
crack width in BBF concrete equal wc,BBF,av=0.29 mm and wc,BBF=0.46 mm, respectively. Basalt fibers 473 
infused with boron oxide used as a concrete dispersed reinforcement improved the ability of limiting 474 
maco-cracking width and macro-cracking volume. 475 
 476 

(A)        477 
  478 

(B)        479 
             (a)                 (b)                   (c) 480 
 481 
Figure 17: X-ray micro-CT images of cracked cubic specimens in Wedge Splitting Test (A) plain 482 
concrete and (B) BBF reinforced concrete where (a) 3D view of entire sample, (b) 3D view of crack 483 
and (c) 3D distribution of crack width 484 
 485 
 7. Conclusions 486 
 487 
Investigations of the radiation shielding properties and mechanical properties of concrete reinforced 488 
with innovative basalt fibers infused with boron oxide (BBF) combined with the quantitative 489 
description of fracture phenomenon using Digital Image Correlation (DIC) and X-ray micro 490 
computed tomography (micro-CT) allow to draw the following conclusions: 491 
 492 

(1) Addition of 5 kg/m3 of BBF barely decreased concrete workability and fresh concrete density 493 
(by about 1.5%). Air pressure method test revealed that air content in fresh plain concrete was 494 
higher by about 20% than in fresh concrete reinforced with BBF. On the contrary, X-ray 495 
micro-CT experiments of hardened concrete revealed that, in fact, porosity of concrete 496 
reinforced with BBF was higher by about 30% than in plain concrete. Total porosity, 497 
determined by micro-CT, was smaller by about 10-30% than porosity received by air pressure 498 
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method test in case of plain and higher by about 15-40% in case of concrete reinforced with 499 
BBF. Obtained results clearly show that air pressure method may not be accurate.  500 

 501 
(2) Experiments proved that concrete reinforcement in terms of basalt fibers infused with boron 502 

oxide may lead to the improvement of the neutron radiation shielding for fast neutron 503 
spectrum. Increase in neutron radiation shielding properties varies from 10% for layer 504 
thickness equal 50 cm to 25% for layer thickness equal 10 cm. Thus, it allows to be 505 
considered as a promising construction material for structures exposed to radioactive 506 
influence. 507 

 508 
(3) Average compressive strength of plain concrete (fc = 47.60 MPa) was higher by about 15% 509 

than of reinforced with BBF fibers (fc,BBF = 41.29 MPa). Average splitting strength of plain 510 
concrete (fct = 3.45 MPa) was higher by about 15% than of concrete reinforced with BBF 511 
fibers (fct,BBF = 3.01 MPa). Average flexural strength of plain concrete (fcf, = 3.60 MPa) was 512 
higher by about 12.5% than of for concrete reinforced with BBF fibers (fcf,BBF = 3.20 MPa). 513 
However, the ratio of the tensile strength to the compression strength i.e. fct / fc, fcf, / fc and  514 
fct,BBF / fc,BBF, fcf,BBF / fc,BBF was similar for both mixes and equal 0.072 – 0.077. Mechanical 515 
properties may be affected by worse workability and higher porosity of concrete reinforced 516 
with BBF fibers.  517 

 518 
(4) The average residual flexural tensile on strength (tested on beams 150×150×600 mm) of plain 519 

concrete were equal fR,0.15 = 2.24 MPa,  fR,0.25 = 1.15 MPa and fR,0.25 = 0.59 MPa and were 520 
higher by about 15% than the average residual tensile strength of concrete reinforced with 521 
BBF (fR,0.15 = 2.06 MPa, fR,0.25 = 0.99 MPa and fR,0.35 = 0.52 MPa). On the contrary, during 522 
WST test, residual strength (tested on cubes 70×70×70 mm during wedge splitting test) in 523 
BBF reinforced concrete Fres,0.15=1.81 kN and Fres,0.25=0,72 kN were higher for about  524 
20% - 90% than the residual strength in plain concrete Fres,0.15=1.48 kN and Fres,2.5=0.38 kN, 525 
respectively. WST test revealed that BBF concrete characterizes with greater ductility due to 526 
presence of fibers that have the ability of bridging micro-cracks. 527 

 528 
(5) Final shrinkage strain for plain concrete was equal 1.65‰ whereas for concrete reinforced 529 

with BBF fibers was equal 1.52‰ (lower by about 10%). Increase of shrinkage shown similar 530 
tendency since the majority (80% of final shrinkage strain) of strain increase was observed 531 
within 14 days. Nevertheless, similar evolution of shrinkage strain curve and quite high final 532 
shrinkage strain leads to the conclusion that both type of concrete mixes require careful 533 
curing during early stages of hardening in order to minimize shrinkage cracking. 534 

 535 
(6) Digital Image Correlation (DIC) technique revealed that maximum observed strains were 536 

equal about 0.07% and maximum horizontal displacements were equal about 0.11 mm for 537 
both mixes. The measured width of the fracture zone in plain concrete (wfz=4.71 mm) was 538 
about 15% larger than in BBF concrete (wfz,BBF=4.15 mm). It means that basalt fibers infused 539 
with boron oxide have the ability of limiting micro-cracking area. Moreover, the fracture zone 540 
length of the BBF concrete (lfz,BBF=52.75 mm) was by about 10% greater than in plain 541 
concrete (lfz=47.39 mm) which leads to the more ductile response in the softening regime. 542 
Macro-crack appeared, for both mixes, at about 85% of the peak load in the post-peak regime 543 

 544 
(7) Compressive strength test combined with X-ray micro-CT scanning shown that mechanism of 545 

failure was similar for plain concrete and concrete reinforced basalt fibers infused with boron, 546 
however, wider cracks might have been observed in plain concrete. The vertical cracks that 547 
evolved through the entire height of the samples proved to be decisive. Nevertheless, diagonal 548 
cracks were noticed as well.  549 

 550 
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(8) Splitting strength test combined with X-ray micro-CT scanning shown that mechanism of 551 
failure was similar for plain concrete and concrete reinforced basalt fiber infused with boron, 552 
however, the surface of cracked area in concrete reinforced with basalts fiber infused with 553 
boron oxide (Ac,BFF=15766.58 mm2) was about 9% higher than the surface of cracked area in 554 
plain concrete (Ac=14418.83 mm2). It means that cracked area in BBF concrete is more 555 
curved so the evolution of the crack in BBF concrete is more sophisticated (crack is 556 
propagating between aggregate particles and micro fibers) than in plain concrete, thus, a more 557 
ductile response in a post-peak regime can be obtained. 558 

 559 
(9) Wedge Splitting Test (WST) combined with X-ray micro-CT scanning proved that the 560 

volume of crack in plain concrete (1063.5 mm3, 0.39% of the entire sample) was by about 561 
28% higher than the volume of crack in concrete reinforced with basalt fibers infused with 562 
boron oxide (829.7 mm3, 0.32% of the entire sample). Moreover, average and maximum 563 
crack width in plain concrete (wc,av=0.38 mm and wc=0.53 mm) were by about 18% higher 564 
than in BBF concrete (wc,BBF,av=0.29 mm and wc,BBF=0.46 mm). Basalt fibers infused with 565 
boron oxide used as a concrete dispersed reinforcement improved the ability of limiting 566 
macro-cracking width and macro-cracking volume. 567 

 568 
(10) Dispersed reinforcement of concrete in terms of basalt fibers infused with boron oxide (BBF) 569 

improved the radiation protective properties of plain concrete without deterioration of its 570 
mechanical properties. In parallel, improvement of material durability due to limiting of 571 
micro-and macro-cracking was noticed. 572 

 573 
7. Future perspectives 574 
 575 
This paper presents preliminary investigations of concrete reinforced with 5 kg/m3 of BBF, however, 576 
further studies concerning other dosages i.e. 1 kg/m3, 10 kg/m3, 15 kg/m3 and 20 kg/m3 as well as 577 
other i.e. 6% boron oxide B2O3 enrichment will be carried out.  578 
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