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(solvolysis) or high voltage fragmentation (HVF)) have been developed to cope with the 43 
tons of composite wastes generated every year [5]. Most of these techniques are not cost- 44 
effective requiring high heat energy to operate. Retaining mechanical and volumetric in- 45 
tegrity of recycled fibres also remains a major issue [6]. Therefore, dumping to landfill 46 
remains the most pragmatic way to handle composite wastes [5,6].  Recycling of the fi- 47 
bres remains a key challenge. Recycling techniques like thermal incineration, are not suit- 48 
able due to lack of thermal stability of these fibres at elevated temperatures, leading to a 49 
serious reduction in the strength of the recycled fibres. Landfilling of composite wastes 50 
manufactured using fibre reinforcements has anthropogenic environmental effects. 51 

Over recent decades, considering the environmental issues and challenges associated with 52 
composite recycling, there has been an increasing trend towards developing sustainable 53 
composites for industrial applications using various natural fibres (e.g., different vegeta- 54 
ble fibres such as hemp, flax, jute, kenaf, wood and silk or wool animal fibres) as rein- 55 
forcement [7-10]. Most natural fibres are hydrophilic, and the reinforced composites tend 56 
to have poor performance relative to the traditional synthetic fibre reinforced composites 57 
[10,11].  One potential alternative can be basalt, which is a mineral fibre derived directly 58 
from volcanic basalt rocks without secondary additives. Basalt fibres have better physico- 59 
chemical and mechanical properties than synthetic fibres (such as E-glass), have good 60 
thermal stability at high temperatures, good moisture and chemical resistance, good 61 
sound and heat insulation properties and good processability. Basalt is unlikely to com- 62 
pete with carbon fibres (CF) given the much higher elastic modulus of CF. The manufac- 63 
turing process for basalt is significantly cheaper than glass fibres, requiring less energy 64 
and no secondary additives during the process. Moreover, basalt is non-toxic in either air 65 
or water, non-combustible and explosion-proof, whilst also being eco-friendly [7-9]. Life 66 
Cycle Assessment (LCA) results in the literature confirmed that basalt fibre reinforced 67 
polymers (FRP) in the construction sector were more environment friendly than conven- 68 
tional steel rebars [10, 11]. Basalt FRC can provide a good cost-to-quality ratio and have a 69 
wide spectrum of industrial applications ranging from the aerospace, automotive, marine 70 
and rail industry to the energy, construction, chemical and electrical sectors. Relative cost 71 
and a lack of available data still prevents the industry from seriously considering basalt 72 
fibres and their composites as a potential alternative to traditional synthetic FRC in vari- 73 
ous applications [12].  74 

This paper aims to provide a critical review of the current state-of-the-art on basalt FRC 75 
materials concerning the data available in open literature with a focus towards highlight- 76 
ing the increasing trend in research and publications related to basalt composites. The 77 
paper also covers physico-chemical and mechanical properties of basalt fibres. Finally, the 78 
paper highlights common industrial applications of basalt FRC materials and develop- 79 
ments made in the field related to physical, mechanical, and chemical characteristics of 80 
the material 81 

     2. Basalt 82 
Basalt is the most abundant among all igneous rocks, constituting more than 90% of all 83 
volcanic rocks. The microstructural constituents of basalt rock are strongly dependent on 84 
the rate of cooling of molten lava. When the solidification rate is slow, basalt microstruc- 85 
ture demonstrates a potentially crystalline atomic arrangement, while a faster solidifica- 86 
tion rate leads to an amorphous structure. Mineralogically, basalt mainly consists of three 87 
silicate minerals: plagioclases, pyroxenes, and olivines [7-9]. Silicon dioxide (SiO2) is the 88 
main chemical component of basalt. Other metal oxides like Al2O3, Fe2O3, CaO, MgO, 89 
Na2O, K2O, TiO2 also constitute the chemical composition of basalt fibres. The percentage 90 
of different metal oxides in basalt fibres, strongly depends on the geographical location of 91 
the basalt rocks. Basalt rocks abundantly found all over the world are generally classified 92 
according to the SiO2 content and can be categorised as: alkaline (with SiO2 content of 93 
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rhodium heated bushings to produce fine threads of basalt fibres. After cooling is 143 
complete, basalt fibre filaments are collected in strands and further lubricated to retain the 144 
integrity and chemical stability of fibres. During the manufacturing process, the diameter 145 
of basalt fibres is controlled by varying the drawing speed and melting temperature [7, 9, 146 
14, 30].   147 

 148 

Fig. 1. Schematic of Spinneret technology (redrawn from [7]) 149 

Junkers technology (Fig. 2), primarily used for producing short-basalt fibres is a melt- 150 
blowing process. Here, molten basalt is poured on a top loading rotating cylinder (accel- 151 
erating cylinder) and subsequently conveyed to the two underlying fibrillation shafts (fi- 152 
berization cylinders) under tangential force. Due to high centrifugal forces, molten basalt 153 
detaches into small drops, then under the application of compressed air jets blown from 154 
nozzles (blowing valves) behind the fibrillation shafts, evolves into thin and cylindrical 155 
shapes, which after cooling leads to the formation of short basalt fibres [7, 30, 31]. 156 

 157 

Fig. 2: Schematic of Junkers technology (redrawn from [30, 31]) 158 

 159 

 160 
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fibres whose thermal decomposition starts at ~160° C and between 160-850 °C demon- 273 
strates mass loss of about 1.8% [65]. 274 

3. Mechanical properties of basalt fibre reinforced composites 275 

Continuous basalt fibres in different fabric architectures such as woven or non-woven can 276 
be embedded in a polymeric resin (for example, epoxy, polyester, vinyl ester thermosets 277 
or thermoplastics) to form FRC materials. These FRC materials can consist of one or more 278 
plies arranged in specific stacking sequences to form FRC laminates. 279 

Several studies [70-80] in the literature have focused on improving the fibre/matrix adhe- 280 
sion properties to improve the mechanical response of basalt FRC. Different fibre surface 281 
treatment strategies were adopted to improve the fibre/matrix interfacial bond strength. 282 
Strategies included colloidal silica and sol/gel techniques [70,71], silanized and acid 283 
treated multi-walled carbon nanotubes [72-76], increasing mechanical interlocking by in- 284 
corporating silica nanoparticles [77], plasma treatment of basalt fibres to increase fibre 285 
surface roughness and adhesion characteristics [78, 79], and resin hybridization [80] were 286 
adopted in the respective studies. These techniques significantly improved mechanical 287 
properties of basalt FRC. For example, Wei et al [71] reported that the application of SiO2 288 
nanoparticles by a sol-gel technique improved tensile strength of basalt FRC by ~30% and 289 
ILSS increased by ~15% [71]. Kim et al [73] reported that the application of silanized and 290 
acid-treated carbon nanotubes both enhanced the flexural properties and fracture tough- 291 
ness of basalt /epoxy composites. SEM examination demonstrated improved flexural 292 
properties and fracture toughness in silanized carbon nanotube treated basalt/epoxy com- 293 
posites as compared to the basalt/epoxy composites with acid-treated carbon nanotubes 294 
[73]. Application of acid treated carbon nanotubes significantly enhanced the wear prop- 295 
erties of basalt/epoxy composites [74]. Wei et al [77] reported that silica nanoparticle- 296 
epoxy coating significantly improved tensile strength of basalt fibres as compared to pure 297 
epoxy coating. The silica nanoparticle-epoxy coated basalt FRC also demonstrated signif- 298 
icant improved interfacial properties [77]. Kim et al [79] reported that low-temperature 299 
oxygen plasma treatment of basalt/epoxy composites demonstrated a significant improve- 300 
ment in interlaminar fracture toughness. SEM micrographs revealed a good adherence 301 
between resin and fibres for plasma treated basalt/epoxy specimens as compared to un- 302 
treated ones [79]. Dorigato & Pegoretti [80] investigated resin hybridization and treatment 303 
of fibre surface for the mechanical and failure behaviour of basalt fibre mat-reinforced 304 
composites. Two coupling agents constituting epoxy and vinylester functional groups 305 
were embedded to improve the interfacial characteristics of basalt fibres with the resin 306 
system. Resin hybridization was achieved by incorporating vinylester/epoxy (VE/EP) ra- 307 
tios at 1:1, 1:3 and 3:1 respectively. The study demonstrated a significant improvement in 308 
mechanical strength and fracture toughness of basalt/epoxy composites manufactured us- 309 
ing a hybrid resin system constituting VE/EP matrix at a ratio of 1:1 reinforced with sur- 310 
face treated basalt fibres [80].  311 

The mechanical properties of basalt FRC materials are now summarized and discussed 312 
[80-86] Basalt FRC have comparatively higher (or comparable) mechanical properties 313 
when compared to glass FRC materials with similar fibre volume fraction and using the 314 
same polymeric resin. In each of the studies [80-84, 86], epoxy was the primary resin ma- 315 
trix, while vinyl ester resin was used by Carmisciano et al [85]. 316 

Dorigato & Pegoretti [80] evaluated the tensile properties of plain woven (PW) basalt FRC 317 
materials and compared with a glass-based version. With ~60% fibre volume fraction, bas- 318 
alt FRCs demonstrated a 17% and 20% higher tensile strength and elastic modulus respec- 319 
tively than glass FRC with similar fibre volume fraction. In contrast, the tensile strength 320 
of basalt FRC was ~14% lower than their carbon counterparts with similar fibre volume 321 
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 353 

Fig. 4: A Comparison of interlaminar shear strength of Basalt/epoxy composite against composites 354 
manufactured using E-glass based reinforcement [PW<NCF (0/90)] 355 

Flexural strength values of basalt FRC varied from ~229 MPa as reported by Subagia et al 356 
[87] to 505 MPa reported by Lopresto et al [82]. Flexural modulus varied from ~4.8 GPa as 357 
reported by Bulut [88] to 23 GPa reported by Lopresto et al [82]. ILSS was reported in [82, 358 
84, 92, 93]. ILSS values varied from ~18.9 MPa for PW basalt FRC manufactured by VARI 359 
using hand roller technique as reported by Lopresto et al [82] through 41 MPa for basalt 360 
FRC manufactured using VaRTM technique reported by Scalici et al [92] to 60 MPa for bi- 361 
directional woven basalt/epoxy composite reported by Dorigato & Pegoretti [93]. Lami- 362 
nates were manufactured using positive pressure infusion of 1 MPa in a fixed cavity 363 
mould and cured under pressure and vacuum for 2 h at 50°C and 2 h at 80°C [93]. PW 364 
basalt/epoxy composites have been compared to PW E-glass using VaRTM. The flexural 365 
strength and ILSS were found to be up to 55%, and 50% higher, respectively, for the bas- 366 
alt/epoxy composite as reported by Lopresto et al [82], and Chairman et al [84]. In contrast, 367 
the ILSS of PW basalt fabric/ epoxy-based vinyl ester resin was ~20% higher than an E- 368 
glass based laminate, but flexural strength was lower by ~15% as reported by Carmisciano 369 
et al [85].   370 

Impact damage mode and mechanical properties of UD basalt fibre reinforced epoxy com- 371 
posites was investigated by He et al [94]. Comparisons were drawn against composites 372 
manufactured using S-2 glass and aramid. Hot-press moulding technique was used to 373 
manufacture composite laminates and a fibre volume fraction of ~60% was achieved for 374 
each type of composites manufactured. Impact damage was characterized by Charpy-im- 375 
pact testing procedure and post impact properties were analysed by performing a 3-point 376 
bend test. For basalt and aramid fibre reinforced composites, damage evolution was pro- 377 
gressive evolving layer-by-layer, whereas glass-based composites demonstrated brittle 378 
failure. The reduction in flexural properties between the back face and the impact face of 379 
the composites was highest in aramid-based composites followed by glass and basalt 380 
demonstrating the least variation [94]. Sfarra et al [95] demonstrated a comparison of dam- 381 
age features by impact testing for basalt and glass fibre reinforced epoxy composites. The 382 
authors found more anisotropic impact damage behaviour in basalt composites compared 383 
to glass fibre composites, which can produce a limitation on predicting the mechanical 384 
behaviour of basalt fibre composites [95]. Shishevan et al [96] investigated the low velocity 385 
impact behavior of twill-woven basalt fibre reinforced epoxy composites and compared 386 
the impact key parameters with Carbon fibre reinforced composites. VaRTM technique 387 
was used to fabricate composite laminates and fibre volume fraction of ~ 60% was 388 
achieved for each type of composites. Low velocity impact response of basalt/epoxy com- 389 
posites were investigated by related force-deflection, force-time, deflection-time, and ab- 390 
sorbed energy-time graphs. Basalt/epoxy composites demonstrated better low velocity 391 
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impact performance than carbon/epoxy composites [96]. Impact properties of plain-wo- 392 
ven and unidirectional basalt epoxy composites were investigated by Fu et al [97]. Low 393 
velocity impact and ballistic tests were performed to characterize the impact properties of 394 
both type of composites. Under low velocity impact test with a hemispherical impactor, 395 
unidirectional basalt/epoxy composites demonstrated a higher impact resistance as com- 396 
pared to woven basalt/epoxy composites, but under a sharp impactor, the impact re- 397 
sponse of unidirectional basalt/epoxy composites were lower than woven basalt/epoxy 398 
composites. In ballistic tests, the ballistic property of unidirectional basalt/epoxy compo- 399 
sites were higher than that of woven basalt/epoxy ones [97]. Sanchez-Galvez et al [98] 400 
investigated the performance of neat basalt, hybrid glass/basalt, and hybrid carbon/basalt 401 
vinylester composites under high-speed impact tests and by comparing their ballistic lim- 402 
its. The best performance was observed for hybrid glass/basalt vinylester composite which 403 
demonstrated the highest ballistic limit (~ 480 m/s) [98]. Low-velocity impact performance 404 
of basalt/polyester composites accounting to the variation in the number of basalt fibre 405 
layers through-thickness was investigated by Arunprasath et al [99]. Samples with smaller 406 
number of basalt fibre layers (1-4) failed rapidly demonstrating extensive regions of de- 407 
lamination. However, samples with relatively greater number of basalt fibres (5-9) 408 
demonstrated higher impact resistance and a progressive damage behavior. In another 409 
study, Dhakal et al. [100] investigated falling weight impact damage characteristics of 410 
plain-flax and falx/basalt hybrid vinylester composite. The experimental results demon- 411 
strated superior high impact energy and peak load of hybrid flax/basalt composites as 412 
compared to plain flax/vinylester ones demonstrating the hybridization technique as a 413 
promising strategy to improve toughness properties of natural fibre reinforced compo- 414 
sites [100]. Zuccarello et al [101] studied the influence on mechanical performance and 415 
ageing characteristics of sisal-reinforced bio composites following hybridization with bas- 416 
alt fibres. The experimental analysis revealed improvement in mechanical performance 417 
and significant reduction in ageing effects on the mechanical properties of hybrid si- 418 
sal/basalt fibre-reinforced bio composites with increase in basalt fibre volume fraction in 419 
the bio composite [101]. Mechanical performance of hybrid bast/basalt fibre reinforced 420 
polymer composites was investigated by Saleem et al [102], where addition of basalt fibres 421 
improved mechanical properties and energy absorption capacity of the composite which 422 
is a key requirement in the automotive sector.  423 

Bending behaviour of timber beams with composite reinforcements was analysed by De 424 
La Rosa García et al [103]. Timber beams with UD basalt composites at surfaces demon- 425 
strated comparatively higher strength and stiffness than timber beams with carbon fibre- 426 
based reinforcements [103]. Mechanical properties of basalt FRC using non-crimp fabric 427 
(NCF) reinforcement have been reported in the literature [104, 105]. Laminates were man- 428 
ufactured using VaRTM technique. ILSS of NCF basalt/epoxy composites was reported to 429 
be 44 MPa whereas the flexural strength and modulus were reported to be 698 MPa and 430 
38.4 GPa respectively as demonstrated by Davies et al [104]. NCF basalt/epoxy composites 431 
outperformed NCF E-glass/epoxy by ~15% in terms of flexural strength but ILSS of NCF 432 
E-glass/epoxy was ~8% higher than that of NCF basalt/epoxy thus demonstrating a rela- 433 
tively poor interfacial strength [104]. Chowdhury et al [105] tested the flexural strength of 434 
NCF basalt epoxy composites in-situ under a scanning electron microscope and compared 435 
with NCF E-glass/epoxy composites with similar fibre volume fraction (~54%). NCF bas- 436 
alt/epoxy composites demonstrated ~10% higher flexural strength as compared to NCF E- 437 
glass/epoxy composites [105].   438 

Alongside epoxy, vinylester and polyester resin have also been used as the polymeric 439 
resin matrix to embed basalt fibre composites. De Rosa et al [106] compared post-impact 440 
performance of PW basalt and E-glass FRC. Basalt- and glass-fibre composites demon- 441 
strated similar damage tolerance to impact, but post-impact residual properties were su- 442 
perior for basalt composites [106]. Impact behaviour of basalt fibre reinforced unsaturated 443 
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polyester resin composites was investigated by Gideon et al [107] by performing static 3- 444 
point bending and low velocity impact tests. PW, cross-ply and UD basalt composites 445 
were manufactured by hand lay-up and hot pressed under pressure techniques. UD basalt 446 
composites demonstrated superior mechanical properties under static loading, while wo- 447 
ven and cross-ply laminates outperformed UD basalt composites under dynamic loading 448 
conditions. A direct correlation between the effect of fabric architecture, fibre lay-up and 449 
testing parameters on the mechanical performance of basalt composites was revealed 450 
[107].  451 

The literature has also focused on investigating mechanical properties of thermoplastic 452 
polymer matrix composites with basalt fibres as the reinforcement. Basalt fibre reinforce- 453 
ment improves the structural integrity, quasi-static mechanical properties [108], friction 454 
and wear behaviour [109-111], dynamic mechanical properties and injection moulding 455 
shrinkage [112], tensile, and flexural properties as well as dispersion of nanoparticles [113] 456 
in thermoplastic matrix composites. 457 

3.1. Failure mechanisms in basalt fibre reinforced composites 458 

Common types of fabric architectures widely used to manufacture basalt FRC materials 459 
are UD, bidirectional, PW, non-crimp fabric (NCF), short discontinuous fibre reinforce- 460 
ment. Fig. 5 shows schematic representations of commonly used fabric reinforcements for 461 
manufacturing basalt fibre reinforced composites is illustrated.  462 

 463 

Fig. 5: Commonly fabric architectures used to manufacture basalt fibre reinforced compo- 464 
sites 465 

FRC generally exhibit a combination of different failure mechanisms depending on the 466 
loading conditions [114-116]. Different factors contributing to the failure behaviour in FRC 467 
include the anisotropic nature of each ply, ply-orientation, fibre architecture, fibre/matrix 468 
interfacial bond strength, interaction between different failure modes and loading direc- 469 
tion. Each of these factors contribute at each ply level leading to the overall composite 470 
structure having a range of failure modes under different loading conditions [117]. 471 

Typical damage mechanisms observed in UD basalt FRC with fibres aligned parallel to 472 
the tensile axis of the composite structure include: (i) fibre splitting/breakage along the 473 
tensile axis under tensile loading [118, 119], (ii) fibre buckling under compressive loading 474 
[120], and/or (iii) failure at the fibre/matrix interface under shear loading, leading to ma- 475 
trix cracking in a direction generally parallel to the fibre tensile axis [121]. 476 

When fibres are aligned transverse to the loading direction different failure modes are 477 
observed: (i) failure at the fibre/matrix interface under tensile loading, continuing through 478 
the thickness with increasing load leading to fracture in the direction perpendicular to the 479 
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loading direction [122], (ii) shear failure at an angle of ~45° to the loading direction under 480 
compressive loading [122], (iii) matrix yielding in the plane perpendicular to the fibres 481 
under shear loading, leading to crack initiation at the fibre/matrix interface and eventually 482 
formation of a crack within the ply at an angle of ~45° to the tensile axis [117, 122]. 483 

Damage in NCF basalt FRC has been observed to initiate within the 90° sub-plies or at the 484 
point of contact between the 0° UD and 90° sub-plies or at the resin rich volumes (RRV) 485 
[123] present between two corresponding NCF based plies [124, 125]. 0° and 90° sub-plies 486 
refer to the corresponding sub-sections of a NCF ply. Typical failure modes observed on 487 
the compression side in a NCF basalt fibre reinforced epoxy composite under bending 488 
loads are fibre kinking in 0° sub-ply, intra-ply delamination, and/or transverse matrix 489 
crack across the 90° sub-ply. The corresponding failure modes observed on the tension 490 
side of a NCF basalt fibre reinforced epoxy composite under similar loading conditions is 491 
fibre breakage in the 0° sub-ply, intra-ply delamination, and/or transverse matrix crack 492 
across 90° sub-ply. Typical failure modes observed in NCF basalt/epoxy composite under 493 
bending loads are further illustrated in Figs. 6,7. 494 

The most commonly observed failure modes for PW basalt FRC under bending loads are 495 
fibre pull-out on the tension side, fibre-matrix debonding [87], [88], fibre buckling and 496 
kink bands on the compression side [88], [91] and fibre breakage (fibre fracture and pull- 497 
out) on the tension side [82], [90]. 498 

 499 

Fig. 6: Typical failure modes on the compression side of a NCF basalt/epoxy composite 500 
under bending loads 501 

 502 

Fig. 7: Typical failure modes on the tension side of a NCF basalt/epoxy composite under 503 
bending loads 504 

      4. Durability of basalt fibre reinforced composites 505 

Durability of a material is determined by its resistance to damaging effects such as ex- 506 
treme temperature, moisture, ultra-violet radiation, exposure to aggressive chemicals, 507 


































