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Abstract. A basalt micro-fiber bundle (yarn), slightly twisted and impregnated by polymeric matrix with
uniformly distributed within the matrix volume microscopical particles of oil shale ash (OSA) is used in textile
reinforcement of a composite structure. Oil shale ash (OSA) is a powder, obtained in the combustion process,
during generation of electricity at electrical power plants in Estonia. Polymeric matrix is epoxy resin. Mechanical
properties of the hybrid composite - epoxy matrix (with OSA) reinforced by continuous basalt fibers depend
significantly on the stress transfer and failure mechanisms occurring at the micro-fiber-matrix interface. The
present work experimentally investigates the strength of such basalt fiber/epoxy (with OSA) composite rod,
emphasizing its dependence on length. Composite samples were experimentally fabricated with 10 wt.% of OSA
in polymeric matrix impregnated basalt micro-fiber bundles forming rods with a diameter of 0.13cm.
Experimentally fabricated rods are with the length 1, 10 and 82 cm. The rods were tested by tension till rupture
and the stochastic Weibull approach was used for rod strength statistical evaluation. The results revealed a scale
effect, where shorter rods exhibited higher tensile strengths compared to longer rods, attributed to the lower
probability of critical flaws in smaller volumes. The experimental strength data were analyzed using the two-
parameter Weibull distribution. The shape parameter « ranged from 3.87 (82 cm) to 8.98 (10 cm), while the scale
parameter f increased from 891 MPa (82 cm) to 1169 MPa (1 cm). These Weibull parameters quantify the length-
dependent strength variability of the basalt fiber/epoxy composite rods, enabling stochastic modeling of the
reinforcement fragmentation process when such rods are used in composite structures.
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Introduction

Composite materials have been a subject of significant interest in various industries due to their
potential to combine the best properties of different materials. One such composite that has gained
attention is the basalt fiber/epoxy composite [1]. Basalt fibers are derived from volcanic basalt rock, a
plentiful and naturally occurring material. The process of producing basalt fibers involves melting of
the crushed basalt rock at around 1400 to 1700 degrees Celsius, followed by extrusion through
platinum/rhodium bushings to manufacture continuous fibers. This process is environmentally friendly
and results in a product that offers several beneficial properties [2]. Toorchi et al. [1] studied the impact
behaviour and interlaminar shear strength of basalt fiber/epoxy composites with nano-ZrO2/graphene
oxide hybrid fillers. Guler and Akbulut [2] examined the high-temperature resistance of geopolymer
cement mortars reinforced with steel and basalt fibers. Khan et al. [3] investigated the use of basalt fibers
in modified whisker-reinforced cementitious composites.

One of the key advantages of basalt fibers is their relatively high tensile strength compared to other
fiber types. Tensile strength refers to the resistance of a material to breaking under tension. Basalt fibers
exhibit a tensile strength that may be greater than that of E-glass fibers and is close to that of S-glass
and aramid fibers [3]. This high tensile strength makes basalt fibers suitable for applications where
strength is a critical requirement. In addition to high tensile strength, basalt fibers also offer slightly
higher E-modulus (elastic modulus) than glass fibers (see Table 1), which is a measure of a material’s
stiffness. Materials with a high E-modulus do not deform easily under load, making them suitable for
applications where rigidity is required. Basalt fibers also exhibit high abrasion strength, which means
they can resist wear and tear, further enhancing their durability [4]. Another notable property of basalt
fibers is their high temperature resistance. They can withstand temperatures up to 800 degrees Celsius
without significant loss of properties [5]. This makes them suitable for applications where the material
is expected to be exposed to high temperatures. Basalt fibers also offer excellent thermal and sound
insulation properties. This makes them suitable for applications where insulation from heat or noise is
required. For example, they can be used in the construction of buildings to provide thermal insulation
and soundproofing [6].
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Despite these promising properties, the use of basalt fibers in polymer composites presents certain
challenges. One of the main challenges is achieving adequate interfacial adhesion between the basalt
fibers and the polymer matrix. Poor adhesion can result in weak bonding between the fibers and the
matrix, which can adversely affect the mechanical properties of the composite [7]. To improve this
situation, various strategies have been explored, including the use of surface modification techniques
and the incorporation of nano fillers, because the use of boron/epoxy composite macro-fibers looks as a
promising approach for polymer and concrete structure [8-10; 11] reinforcement.

In this context, the present study aims to investigate the mechanical properties of unidirectional
(UD) basalt fiber/epoxy composites, with a specific focus on the influence of fiber length. The study
employs a unique approach, utilizing a basalt fiber bundle impregnated by a polymeric matrix with
uniformly distributed microscopical particles of oil shale ash (OSA).

Oil shale ash (OSA) is a kind of ash obtained after combustion of oil shale (OS). OSA from Auvere
Power plant (Estonia) was used in our experiments. The organic part of oil shale mainly consists of
hydrocarbons. Oil shale ash from power plants was classified as hazardous material according to the
Material safety data sheet for burnt oil shale enforced with the EC regulations No 1907/2006 and EU
No 453/2010. But starting from 2018 oil shale ash is no longer classified as hazardous material [12; 13].
Addition of OSA is changing elastic properties of the matrix inside the macro-fiber. The mechanical
properties of these composites are significantly influenced by the stress transfer through outer surface
and failure mechanisms occurring at the fiber-matrix interface [10; 11; 14].

Previous studies have investigated the mechanical properties of basalt fiber-reinforced composites,
but the influence of fiber length and the incorporation of fillers like OSA have not been explored enough.

Stochastic strength parameters of such composite rods (macro-fibers) are important for damage
accumulation process evaluation in concretes reinforced by short and long composite macro-fibers. By
experimental investigation the strength of the basalt fiber/epoxy composite rods, having different length,
it is possible to obtain and analyse the macro-fibers rupture statistics in the concrete matrix and polymer
matrix loaded composites [8; 10; 11; 15]. The present work aims to bridge this gap by conducting a
comprehensive experimental and analytical study on the strength of basalt fiber/epoxy (with OSA)
composite rods, emphasizing its dependence on length. The outcomes of this study are anticipated to
contribute significantly to the understanding of basalt fiber/epoxy composite macrofiber mechanical
properties during the macrofiber fragmentation process, which is crucial when such macrofibers are
used as reinforcements in composite structures.

Materials and methods

The basalt micro-fibers used in this experiment were produced by the Deutsche Basalt Faser
GmbH[15]. Macro-fiber consists of a micro-fiber bundle impregnated by epoxy resin with 10% OSA.
The production process of basalt roving involves the assembly of a spinning cake into a roving. Basalt
roving offers several advantages over other types of fibers. It exhibits a higher tensile strength compared
to glass and polypropylene fibers, making it a more robust material for composite applications. Despite
its superior strength, the basalt roving is more cost-effective than carbon fiber, making it a viable option
for various applications. The properties of the basalt fiber are given in the table.

Table 1
Properties of basalt fibre [13]
Property Fiber Epoxy
Density 2.7g-cm3 1.14g-cm3
Poisson ratio 3.0 35
Linear tenacity 2500tex -
Elastic modulus (E-modulus) 90-100 GPa 4 GPa
Tensile strength 3000-4000 MPa 30 MPa (Yield)

These fibers, when embedded in an epoxy resin matrix, form a composite material with improved
mechanical properties. The epoxy resin serves as a binding agent, holding the fibers together and
transferring load between them. However, the mechanical properties of the composite are not solely
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dependent on the individual constituents but are significantly influenced by the interactions at the fiber-
matrix interface.

A critical parameter in the study of composite materials is the fiber volume fraction, which
represents the proportion of the total volume of the composite occupied by the fibers[16]. In the context
of our hybrid basalt fiber/epoxy with OSA composite, the fiber volume fraction was calculated using
the weights and densities of the fiber and the matrix. At the beginning epoxy resin was mixed with 10%
by weight OSA powder [17]. Thirteen composite samples were prepared, each comprising basalt fiber
yarns impregnated with epoxy (with OSA) resin. The composite fibers were uniformly cut to a length
of 100 cm. Subsequently, the diameter and weight of each composite sample were measured to ascertain
their physical properties. The average diameter of the 13 composite samples was found to be 0.127cm.
Moreover, the collective average weight of the composite fibers (W.) was determined to be 4.34 grams.
To provide a comparative analysis, five samples of basalt fiber yarns of the same length were examined
without epoxy impregnation, yielding an average weight (Ws) of 2.65 grams. To quantify the epoxy
impregnation within the composite yarns, the weight of the epoxy resin with OSA was deduced by
subtracting the average weight of the basalt yarns without epoxy (with OSA) impregnation from the
average weight of the impregnated composite samples. All the calculations are given in Table 2.

Given the respective densities of epoxy (1.13 g-cm) and basalt fiber yarn (2.7 g-cm3), the volume
of the fiber (Vr) was calculated as the ratio of the weight of the basalt fiber yarn to ps — the density of the
fiber (Vi = Wi/ pr). Similarly, the volume of epoxy (Vm) within the composite samples was determined
by dividing the difference in the weight between the composite samples and the basalt fiber yarns by pm
— the density of the epoxy (with OSA) [17] (Vim = (We — Ws) / pm).

Table 2
Fiber volume fraction
Fiber volume
Composite | Weight of Volume of Volume of fraction
Sample weight, g epoxy, ¢ matrix, g-cm?® | fiber, g-cm? V,
W, We — Wi Vi Vi Vi =
vV, +V,
Sample 1 4.66 2.01 1.77 0.98 0.35
Sample 2 431 1.66 1.46 0.98 0.40
Sample 3 4.47 1.82 1.61 0.98 0.37
Sample 4 4.31 1.66 1.46 0.98 0.40
Sample 5 4,72 2.07 1.83 0.98 0.34
Sample 6 4.23 1.58 1.39 0.98 0.41
Sample 7 3.9 1.25 1.10 0.98 0.47
Sample 8 4.62 1.97 1.74 0.98 0.36
Sample 9 4.09 1.44 1.27 0.98 0.43
Sample 10 4.24 1.59 1.40 0.98 0.41
Sample 11 4,52 1.87 1.65 0.98 0.37
Sample 12 4.15 1.50 1.32 0.98 0.42
Sample 13 4.24 1.59 1.40 0.98 0.41
Average 4.34 1.69 1.49 0.98 ~0.40

Using these values, the fiber volume fraction was calculated to be approximately 40%. This value
indicates that nearly half of the composite volume is occupied by the basalt fibers, highlighting their
significant contribution to the composite overall mechanical properties.

Experiment

The composite fibers used in this experiment were pre-cut to a uniform length of 100 cm. These
fibers were then further cut into three different lengths — 82 cm, 10 cm, and 1 cm — for the tensile tests.
To ensure reliable results, at least eight composite samples were prepared for each fiber length. The
composite fibers were carefully inserted into specially designed wooden tabs at each end. These tabs
served as fixtures to securely hold the fibers in place during testing and were designed to fit into a
standard tensile testing machine. After the fibers were inserted, the tabs were filled with epoxy resin to
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secure the fibers in place. Figures 1a and 2 show the wooden tabs with the hybrid composite fibers
inserted and numbered from 1 to 8.

This process was repeated for all three lengths of fibers — 82 cm, 10 cm, and 1 cm. The resulting
samples were then ready for mechanical testing. By systematically varying the length of the composite
fibers and subjecting them to standardized testing procedures, the experiment aimed to gain insights into
how fiber length influences the overall mechanical behaviour of composite materials.

The tensile testing was performed using a Zwick-Roell Z150 tensile and compression testing
machine [11]. The composite samples, prepared as described in the Sample Preparation section, were
installed in the testing machine for the tensile tests. The tests were conducted according to the ASTM
D3379-75 standard with a preload of 5 N and a test speed of 5 mm-min or 8.33E-5 m-s. Figure 1b
shows a single fiber attached for testing in the Zwick-Roell Z150 machine. This setup allowed for
precise control over the testing conditions and ensured the reliability of the test results.

e W,

Fig. 2. 10 cm Samples with tabs

Upon completion of the tensile tests on the hybrid composite fibers of varying lengths, we obtained
the stress-strain data for each sample. The data graphical presentation (stress-strain curves) made by the
testing machine computer for each of the fiber lengths — 82, 10 and 1 cm, is depicted in Fig. 3-5.
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Fig. 3. Stress Strain graph for 82 cm fiber
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Fig. 4. Stress Strain graph for 10 cm fiber
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Fig. 5. Stress Strain graph for 1 cm fiber
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The 1 cm macro-fiber exhibits a higher strength compared to the 82 cm long macro-fiber. This is a
scale effect. The scale effect is easy to explain using the stochastic approach to the problem. “The
stochastic approach” refers to the use of the probability theory and statistical methods to model the
inherent variability and randomness in the strength properties of materials. In the case of fiber-reinforced
composites, the strength is governed by the distribution of defects or flaws within the fibers and matrix
[29]. The longer fibers may have a higher probability of containing a flaw that could act as an ultimate
stress concentrator, leading to failure at lower stress levels. This is because the probability of a critical
flaw existing within the volume of the material decreases as the size (in this case, length) of the sample
decreases. The scale effect is governed by the lower tail (value) distribution in the set of strength
distributions of different length macro-fibers.

Subsequently, we computed the mean strength values for macro-fibers having the same given
length. The strength values for the macro-fibers are presented in Table 3.

Table 3
Macrofiber strength values in Pa
Macrofiber length 82 cm 10cm lcm

Sample 1 5.77E+08 6.55E+08 9.50E+08
Sample 2 5.90E+08 9.85E+08 1.08E+09
Sample 3 7.07E+08 1.02E+09 1.14E+09
Sample 4 7.12E+08 1.14E+09 1.27E+09
Sample 5 7.70E+08 1.17E+09 -
Sample 6 8.93E+08 1.18E+09 -
Sample 7 9.13E+08 1.20E+09 -
Sample 8 1.28E+09 - -

Mean 8.05E+08 1.05E+09 1.11E+09

From Table 3, the mean strength value for samples | = 82 cm long is 805 MPa, for samples
I =10 cm long is 1050 MPa and for samples | =1 cm long is 1110 MPa.

Results and discussion

From the tensile test, we found the maximum stress value, which is able to carry every particular
tested sample across all lengths of the tested samples. At the same time, for one particular sample it is
the weakest crossection strength in the sample. One of the probabilistic distributions that describe
distribution of lower values is the Weibull distribution [18-21].

Now we can observe the composite material matrix reinforced by reinforcement- hybrid macro-
fibers. The strength of the composite is mainly dependent on the strength of its reinforcement. The
variability in the strength of macro-fibers, in composite materials, we will model by macro-fibre
crossection strength stochastic distribution, using for that the Weibull distribution. We can approximate
the distribution of the strength of the composite and its reinforcement by the two parameter Weibull

distribution.
P(o)=1- exp{llO {;Tj : (1)

where «, f are “shape” and “scale” numerical parameters;
I, lo — the macro-fiber length and reference length respectively;
o — stress;
P(o) — strength probability for the sample having the gauge length equal to .

In order to obtain the Weibull probability distribution curve, we need to find experimentally
numerical values for “shape” factor « and “scale” factor 5. To estimate the Weibull parameters for the
basalt fiber/epoxy (wit 10% OSA) hybrid composite macro-fibers, the experimental data (fiber length
and corresponding mean, over one-gauge length tested sample strength values) were utilized. The
maximum stress values for each fiber length were arranged in ascending order, and ranks were assigned,
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with the lowest strength value receiving a rank of 1, the next higher strength value receiving a rank of
2, and so on [22]. The probability of failure, P, was calculated using the median rank estimator [22]:

p_ 1-0.3 , )
n+0.4

where i —rank of the strength value;
n — total number of samples for the respective macro-fibers.

For instance, considering the 82 cm gauge length macro-fiber with a total of n = 8 samples, the
probability of failure for the lowest strength value with a rank of 1 was calculated as

~1-03

- 8+04

=0.0833.

This process was repeated for each strength value across all gauge lengths of macro-fiber to obtain
the corresponding P values. Next, the quantity In(In(1(1 — P)) was calculated for each strength value and
plotted against In(s). The resulting data points were fitted with a linear regression. By plotting
In(In(1(1 — P)) against In(o) the “shape” parameter o can be obtained from the slope of the linear fit,
and the “scale” parameter /5 can be calculated from the intercept [22; 23]. The plot is given in Fig. 6-8.
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Fig. 7. Gauge length — 10 cm test results on Weibull coordinates
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Fig. 8. Gauge length — 1 cm test results on Weibull coordinates
The obtained numerical values for Weibull distribution are shown in Table 4. In Table 5 are shown

the “shape” parameter a and “scale” parameter S values obtained for single micro-fibers by different
authors. Our macro-fiber consists of hundreds micro-fibers embedded in matrix.

Table 4
Obtained numerical values for Weibull distribution
Parameter 82 cm fiber 10 cm fiber 1 cm fiber Average
Shape parameter (@) 3.872 8.976 8.299 7.05
Scale parameter S 891.09 MPa | 1139.17 Mpa 1169.41 Mpa 1066.56 Mpa
Table 5
Weibull distribution parameters in literature
Test Shape parameter, @ | Scale parameter, f, GPa | Ref.
Carbon fiber T700 Sigle fiber test 3.23 4.19 [24]
Carbon fiber T700 Sigle fiber test 5.6 5.4 [25]
Carbon fiber T700 Sigle fiber test 4 6.2 [26]
E-glass fibres, Sigle fiber test 5.43 3.03 [22]
Cellulose fibers Cordenka 700
Super 3 Sigle fiber test 108 1.03 [23]
Basalt fibers BF1 sigle fiber test 31.63 1.94 [27]
Basalt fibers BF1 sigle fiber test 28.6 1.80 [28]

Conclusions

The overarching purpose of this research was to experimentally investigate and quantify the scale
effects on the tensile strength of hybrid basalt fiber/epoxy composite reinforcements containing oil shale
ash (OSA) fillers. While previous studies have examined the mechanical properties of basalt fiber
composites, the novelty of the present work lies in its systematic exploration of the influence of the
reinforcement length, as well as the unique approach of incorporating OSA particles within the epoxy
matrix impregnating the basalt fiber bundles. The tensile stress-strain results clearly demonstrate the
scale effect on strength. The shorter 1 cm rods exhibited significantly higher strengths compared to the
longer 82 cm rods. This trend of increasing strength with decreasing length is an expected phenomenon
in fiber-reinforced composites and is attributed to the lower probability of encountering critical defects
or flaws over smaller material volumes. While the individual strength values may seem abstract, they
provide crucial data points for establishing the strength distributions as a function of rod length.

By analysing this data within the framework of the Weibull statistical strength theory, the pivotal
scale and shape parameters (5 and «) could be determined. These Weibull parameters quantitatively
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capture the length-dependence of the strength variability. Such quantification is vital for developing
stochastic models to predict damage initiation, fiber fracture, and fragmentation processes when such
reinforcing fiber rods are used in larger-scale composite structures under mechanical loading.

The multi-scale experimental data generated in this study provides a comprehensive set of inputs
for strength models aimed at optimizing the design and performance of basalt fiber reinforced polymer
and concrete composites for diverse structural applications. While further studies may be required to
investigate other factors like fiber-matrix interfaces, the current experiments establish a systematic
methodology to characterize the fundamental scale effects on the composite reinforcement strength.
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