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Abstract. The long-lasting materials are sustainable goal for future, which were improved with various
material combination, such as wood and basalt fibers. When materials with various nature were combined,
properties might be altered and those must be evaluated. This study investigates the effect of basalt fibers
on the wooden structure. Test materials were three various wood frames; pure, reinforced, and basalt fiber
reinforced frames. The materials were analyzed by mechanical tests and elements were modelled with
software package. In mechanical test, the strength value of pure and reinforced wooden structures ranging
from 5.2 to 11.2 kN with a 19-25 mm deformation. The strength and deformation of basalt reinforced frames
varied between 12.0-18.6 kN and 4—6 mm, correspondingly. Finite element modeling supported to the
achieved results in the mechanical tests. It is concluded that basalt fiber reinforced wooden structures are
more sustainable material from the viewpoint of material features.

1. Introduction

Sustainable practices in materials science have received increasing attention last time, such as light-
weight, reduced emission and waste amounts, as well as improved material properties. The circular
economy is a model that contributing the principle of sustainability. One strategy of circular economy is to
extend what is made [1]. Therefore, it is essential to improve material, which life cycle is so long-lasting as
possible, such as wooden structures. Wood is a popular material in construction and the market share of
wooden multistory apartments were grown remarkable in the Nordic countries during last decade [2]. The
wooden structures are environmentally less impactful compared to the concrete structures [3], but it still
must be remembered that wood in products should have a design life span that matches timber rotation
periods that might be 35 years and more [4]. Therefore, the improvement of material properties must be
studied with care, such as advanced mechanical properties.

Currently, a large number of lightly loaded structures are being constructed from metal, for example,
summer houses, pavilions, short pedestrian bridges [5]. The loads acting on these structures are noticeably
lower than critical for metal, which has a significant for these structures own weight. For such structures,
metal can be replaced by wooden structures [6]. Wood is barely light, tensile and ecologic material. But
now days, it is not very distributed due its poor strength characteristics in compassion with steel and
concrete as civil engineering material. By reinforcement, it can be made tougher [7]. For example, one way
is to reinforce it by using basalt fiber reinforced polymer [8], like the way wood is repaired using epoxy [9].
Basalt fiber is a sustainable alternative for reinforcement, due to unlimited reserves and simple
manufacturing process, for instance [10]. One approach is to reinforce by combining wood and basalt fiber
reinforced polymer. To obtain a strong contact, the reinforcement of basalt fiber is made directly on wood
[11]-[14]. At the same time, wood receives new properties, such as increased tensile strength [15]. Another
approach, is to use basalt fabric reinforcement [16]-[19]. It can be used as lamination material on wood, or
other construction material. At the same time, mass, volume and geometric characteristics remain
unchanged. Assessing these changes is difficult due to the orthotropicity of wood and the isotropy of basalt
fiber reinforced polymer [29-32]. One of the most relevant methods is mechanical strength testing. But due
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to the limited size of the test benches, it is possible to test only small parts. For testing finished products
and taking into account the maximum number of influencing factors, in any case, the use of finite element
modeling [20]-[25] ensure with strong results validation.

OBJECTIVES

In this study we assessed the maximum possible designs to obtain the relevant results. The objective
of this study was to demonstrate that the functionality of wooden structures that can be improved with the
presence of basalt fiber. The functionality of wooden structures was evaluated by mechanical strength test
and modelling of element with software package. This study offers a contribution to the available knowledge
of basalt fibers’ effects, and an initial basis for further research.

2. Materials and Methods
2.1. Sources of materials and mechanical properties

Three various wooden frames were tested with the following parameters; T1, T2, T3 are pure wood
frames, T1A, T3A — are reinforced T1 and T3 frames, and T1L7, T2L4, T3L3 are different type of frames —
they are reinforced with basalt fiber lamination. The wood used is coniferous, in this case, first class pine,
with a minimum number of knots, exclusively in the center of the canvas. They are shown on Fig. 1.

Pine wood has density from 487 to 520 kg/m®. Pine belongs to the genus of conifers. A total of about
one hundred and thirty species of pine are known. Pine is an evergreen tree containing a large amount of
resin. The most common species in Russia is ordinary pine. Pine is the most used type of wood in Russia.
About 30% of all types of wood used in Russia is pine. Pine wood is not afraid of the effects of fungi, insect
pests, putrefactive damage due to increased resinity. According to this indicator, pine varieties are divided
into the first type (with a high resin content) and the second type (reduced resin content). Resin pine is not
recommended for use in carpentry, since the resin makes it difficult to saw and plan, sticking to tools. When
heated, the varnish coating may rise. High resin content pine wood must be treated before processing. For
this, solvents, acetone, gasoline, alkali solutions, and alcohol substances are used. Also, pine lumber is
divided into grades by the presence of defects (in particular, knots). For class 1 lumber, up to 40 mm thick,
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Figure 1. Frame types. (a) T1, T1A; (b) T2; (¢c) T3, T3A; (d) T1L7; (e) T2L4; (f) T3L3.
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The reinforcement material for frames T1, T2, T3, T1A, T3A is basalt-fiber rowing reinforced with
epoxy-diane resin (Epoxy ED-20).

2.2. Mix design

Density of ED-20 is 1166 kg/m?® in uncured state. Dynamic viscosity, 13—20 Pa * sec, at (25 + 0.1) °C.
It consists of epoxy groups (20.0-22.5%), chlorine ion (0.001 %), saponified chlorine (0.3 %), hydroxyl
groups (1.7 %). Of the distinguishing features of the ED-20, excellent adhesion to wood and does not cause
corrosion of materials in contact with them. As a hardener was used Polyethylenepolyamine. Its density is
0.956-1.011 g/cm?®. Bulk prp mixing with epoxy is 10%.

Basalt roving with a fiber thickness of 10 microns and a linear density of 4800 mg/m, Specific density
2.67 g/lcm?®. Breaking load is 500-650 mN/Tex.

The result of reinforcement is shown in Fig. 2. And the reinforcement material for frames T1L7, T2L4,
T3L3 is reinforced with basalt fabric, by lamination. The result of reinforcement is shown in Fig. 2. Blueprints
of both types of reinforcements are shown on Fig. 3.

As basalt fabric, was used Basalt fabric TBK-100. The width of the original canvas 1000mm. The
surface density of 190-230 g/m2. Number of threads 9-11 / cm. Breaking load of 780 N. Thickness
0.19 mm.
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Figure 2. The result of basalt fiber reinforcement (a) and the result of basalt fabric reinforcement (b).
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Figure 3. The blueprint of basalt fiber reinforcement (a) and the blueprint of basalt fabric
reinforcement (b).

2.3. Method of research

The research methodology is shown in Fig. 4. First of all, the most suitable designs for mechanical
testing were developed. Minimization of cost was chosen as the main criterion, and therefore, ease of
manufacture. The most attractive shapes would be octagons, hexagons, or a 45-degree square. But these
shapes are quite laborious to manufacture and reinforce, so the shape of a rectangle with edges located at
an angle of 90 degrees was chosen in the form of a frame. The groove for the reinforcing material is
performed in a standard operation for woodworking - by sawing in the form of a groove (it is used in the
manufacture of lumber of the "lining" brand, which has similar dimensions, which is why the production of
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these strips is very cheap) As the materials, as described above, the most the timber available in the north
is pine. It does not have outstanding mechanical properties, but is inexpensive, readily available and has
few knots. Basalt roving was chosen as a reinforcing material, initially it was planned to use a cord, but it is
much worse impregnated with epoxy resin, as well as basalt sheet (for type 2). To fix the basalt roving in
the groove of the wood, it was decided to use the epoxy resin described above. The main requirement for
the resin is high mobility in the liquid state, for a more uniform impregnation of the roving, and an increase
in the area of adhesion to the wood. Due to the large area of adhesion to the wood, the epoxy resin formed
a monolithic structure, which added additional strength to the reinforced frames. For frame sizes, normal
sizes were used to facilitate the manufacturing process, this is a series of numbers 400, 300, 200, 100.
Then structures were created, representing the frames of various types described earlier, as well as digital
3D models, taking into account the materials used. For the wood-to-wood connection and for the epoxy
resin-wood connection, the bonded type was used because these surfaces are firmly bonded. Then
mechanical tests were carried out, as well as calculation by the finite element method with preliminary
tabular characteristics of materials. After that, comparisons and optimization of the coefficients for the
calculation model were carried out, and the final design was calculated.

Design of basalt fibre Development of basalt
reinforced wooden fibre reinforced
construction wooden construction

Physical strength
testing

Compassion and FEM Design of more
coefficient complicated
optimization construction

Finite element

Creation of 3d model S s i

Figure 4. Research methodology.

2.4. Mechanical testing

The loading was carried out continuously with a hydraulic jack at a speed of 1 kN/min. The load was
measured by an electronic force meter, deflections were measured using dial indicator. Deflections were
measured in the middle of the span at three points across the width of the model. Indications were recorded
by a camera. The scheme of testing is shown in Fig. 5. and camera record of unloaded and loaded frames
are shown in Fig. 6.

Fi2 Fi2
= ks
G/

Figure 5. Load scheme (L=1000 mm; L’=333 mm; R2=50 mm; h=78 mm).
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Figure 6. Unloaded frame (a) and loaded frame (b).

2.5. Finite element testing

Element modeling was carried out in the Ansys software package, and in the calculation module -

static structural. The design scheme is shown in Fig. 7. The loads were set in accordance with the loads
on the test bench.

6] force 2:2500,
(] Standard Earth Gravity: 9,8066 m/s*
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1

0,200 0,600

Figure 7. Design scheme and loads for T3A frame.

3. Results and Discussions

3.1. Testing results

The result of mechanical testing of first type of frames (T1,T3,T1A,T3A) are provided in Fig. 8.
Results of T2 does not provided, because, there was not T2A frame. The destruction of the T3 sample
occurs at a load of 5.2 kilonewton, with a deformation of 19 mm, while the destruction of the T3A sample
occurs at a load of 6.4 kilonewton and a deformation of 24 mm. The destruction of the T1 specimen occurs
at a load of 6.8 kilonewton, with a deformation of 22 mm, while the destruction of the T1A specimen occurs
at a load of 11.2 kilonewton and a deformation of 25 mm.
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Figure 8. Results of mechanical testing of frames T1, T3, T1A, T3A.

The destruction of the reinforcement wooden frame occurs immediately after the tear of the
reinforcing fiber. Samples of destruction are shown in Fig. 9.

Figure 9. Crack in the bottom of frame (a), and teared reinforcement material

b ke,
(b), demonstrated
by red arrow.

The result of mechanical testing of second type of frames (T1L7, T2L4, T3L3) are provided in Fig.
10. The destruction of the T1L7 sample occurs at a load of 16.2 kilonewtons, with a deformation of 4 mm,
the destruction of the T2L4 sample occurs at a load of 18.6 kilonewtons and a deformation of 6 mm, the
destruction of the T3L3 specimen at a load of 12.0 kilonewtons and a deformation of 4.2 mm

Previously, it has found that the strength of basalt reinforced timber increased by 10-15 %, and
deflection was reduced 16 %, in the case of glulam [26]. In our case with wooden structures, the properties
were improved even more significant. Stiffness or elastic modulus have received a relatively low value with
basalt fibre-reinforced polymer [27], [28], addressing to need for further enhancement.
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Figure 10. Results of mechanical testing of frames T1L7, T2L4, T3L3.
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3.2. FEM

Finite element modeling of samples T3 (Fig. 11) and T3A (Fig. 12) were carried out with the
corresponding materials. The maximum deformations are detectable approximately correspond to those
obtained during mechanical tests. Deformations 19 and 19.8 mm for specimen T3, and 17 and 17.1 mm for
specimen T3A at a load of 5 kilonewtons. This corresponds to approximately a tensile yield strength of
20 MPa in the base material (wood).

z
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Figure 11. Deformations (a) and von-mieses Stress (b) of pure wood frame T3.
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Figure 12. Deformations (a) and von-mieses Stress (b) of pure wood frame T3A.
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3.3. Material Consumption

Table 1. Property information of studied materials and the features of material from
mechanical tests.

Ne Frame Frame Bottom Lower Wood Reinforcing Maximum  Tensile  Tensile
name cell size, roving laminated Mass, material load, kN yield yield

mm reinforcement planks kilograms Mass, strength,  Strength

kilograms % per

mass
1 T1 100100 no no 6.55 0 6.6 100 1.01
2 T2 200x200 no no 3.64 0 5.6 100 1.54
3 T3 300x400 no no 2.43 0 5.2 100 2.14
4 T1A  100x100 yes no 6.55 0.22 11.2 170 1.65
5 T3A  300x400 yes no 2.43 0.08 6.2 119 2.47
6 T1L7 100x100 no 7 13.34 0.17 16.2 245 1.20
7 T2L4 200x200 no 4 8.98 0.10 18.4 329 2.03
8 T3L3 300x400 no 3 7.28 0.07 12 231 1.63

The studied materials, are listed in Table 1, including also the results of mechanical strength test by
different parameters. The information in Table 1 show that the studied materials were quite heterogenous,
indicating that several aspects will be accounted in this study, which again increase the reliability of done
work. The ability of wooden frame to carry load will increase when frame was reinforced, but naturally, the
density of materials influences the strength, as “strength per mass” demonstrated.

4. Conclusion

In this article, the results of mathematical and physical modeling of structures using combined
materials (wood, basalt roving, basalt canvas, epoxy) were presented. The research results showed that
structures made of combined materials show increased strength on the influence of external factors. And
thus, we can conclude that the applicability of these materials and structures for the construction of wooden
structures.

With a minimum amount of wood and a minimum reinforcement (sample T3A), an increase in
strength of 19 % is achieved, with a minimum cost of reinforcing material, and destruction occurs at a load
of 6.4 kilonewtons with a deformation of 24 mm, in contrast to the original sample T3, the destruction of
which occurs under load at 5.2 kilonewtons and deformation of 19mm, which makes it, with a weight of
2.43 kg, almost equal in strength to the sample T1, weighing 6.55 kg. For specimen T1A, the reinforcement
leads to an increase in strength by 70%, and fracture occurs at a load of 11.2 kilonewtons with a deformation
of 25 mm, in contrast to the original specimen T1, which fractures at a load of 6.8 kilonewtons and a
deformation of 22 mm.

Laminated samples show even more impressive results, The destruction of the T1L7 sample occurs
at a load of 16.2 kilonewtons, with a deformation of 4 mm, the destruction of the T2L4 sample occurs at a
load of 18.6 kilonewtons and a deformation of 6 mm, the destruction of the T3L3 specimen at a load of
12.0 kilonewtons and a deformation of 4.2 mm. But at the same time, these samples are much more
material-intensive and heavy: 7.28 kg for sample T3L3, 8.98 kg for sample T2L4 and 13.34 kg for sample
T1L7.

In the light of the results, the improved properties of materials encourage researchers to continue
studies in this field and for example, various material amounts and those combination should be studied
more exactly in future. Also, other mechanical tests could describe the nature of material wider, such as
impact strength that describing a momentary strain for material or stiffness that implies the momentary
maximum force whereof deformations will return after the load is removed. In addition, the whole effect of
treatments on the environment could be analyzed, such as life cycle assessment.
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