Advanced Engineering Research (Rostov-on-Don). 2025;25(3):171-185. eISSN 2687—-1653

MECHANICS
MEXAHUKA

W) Check for updates
BY

YK 614 Original Empirical Research
https://doi.org/10.23947/2687-1653-2025-25-3-171-185

Finite Element Design and Analysis of Sustainable Mono-Reinforced
and Hybrid-Reinforced Fibergeopolymers

OEA0]

Sergey V. Klyuev!'”', Alexander V. Klyuev!""/, Narman A. Ayubov?'"/,

Roman 8. Fediuk®'*'t<, Elena V. Levkina®
'V.G. Shukhov Belgorod State Technological University, Belgorod, Russian Federation EDN: UKVSSN
2Kh.I. Ibragimov Complex Research Institute of the Russian Academy of Sciences, Grozny,

Russian Federation

3 Far Eastern Federal University, Vladivostok, Russian Federation

< roman44(@ya.ru

Abstract

Introduction. Environmental improvement involves the recycling of man-made materials for product recovery with high
performance characteristics. However, in general, energy-intensive and uneconomical materials have no alternative in
construction. Literary information on the problem is insufficient and uncompiled. The presented article is intended to fill
this gap. The research objective is to study mono-reinforced and hybrid-reinforced fibergeopolymers. For this purpose,
two problems are solved: design of polymers and analysis of beams made from them using the finite element method.
Materials and Methods. The binding base for the production of fibergeopolymers was sintered particles (beads) extracted
from basalt wool waste — technogenic fibrous materials (TFM). The fiber was made from metal cord, basalt wool waste
and polypropylene. Beams made from hybrid-reinforced fibergeopolymers were studied under bending and shear in the
ANSYS 16.1 software environment.

Results. Two types of geopolymers were obtained:

— mono-reinforced (fiber from metal cord, polypropylene fiber, and TFM — fiber from waste from basalt wool production);
— hybrid-fiber-reinforced (metal cord + polypropylene, metal cord + TFM, polypropylene + TFM).

High values of elastic modulus (more than 25 GPa), bending strength (up to 10.19 MPa) and compression strength (up to
46.67 MPa) were defined. The ratio of bending and compression strength for the studied and traditional materials was 1:4
and 1:10, respectively. The simulated and experimental indicators of beam deflections under loads from 5 to 72 kN were
compared. It was found that finite element modeling allowed designing structures from the developed materials and
predicting their performance characteristics.

Discussion. The cases of the smallest discrepancy between the modeling and experimental data were established. For
FGP-1, it was 8% (load — 35 kN), for FGP-2 — 11% (50 kN), for FGP-3 — 7% (38 kN), for FGP-1 (1%) — 3%
(30 kN). Among the hybrid-reinforced fibergeopolymers, the best compliance was that of HFGP-3. At a load of 55 kN,
the discrepancy was 0.80% (theory — 4.98 mm, experiment — 5.02 mm). For HFGP-1, the best indicator was 1.85%
(72 kN, 5.85 mm, 5.96 mm), for HFGP-2 — 9.12% (63 kN, 5.58 mm, 6.14 mm). The applied value of the results was
confirmed by their visualization — the similarity and coincidence of the curves on the graphs.

Conclusions. The advantages of the proposed innovative components for the production of building materials are proved.
They are environmentally friendly and show sufficient workability. Design of hybrid-reinforced fibergeopolymers makes
it possible to obtain high values of bending and compression strength (significantly higher than that of unreinforced
concrete). The modulus of elasticity of more than 25 GPa proves good resistance of the material to deformations. The
results of the modeling are adequate to the results of the experiments.

Keywords: mono-reinforced fibergeopolymers, hybrid-reinforced fibergeopolymers, processing of technogenic raw
materials, technogenic fibrous materials, technical properties of fibers, geopolymer concrete
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AHHOTAIUSA

Beeoenue. YnydieHue S5K0JIOTHH MPEIIoaraeT nepepadoTKy TEXHOTCHHBIX MAaTEPHANIOB JUIS TIOJTYYEHUsI TPOILYKINH C
BBICOKMMHU 3KCIUTyaTallMOHHBIMU XapakTepucTukamu. OJJHaKO B CTPOUTEIBCTBE B LIEJIOM Oe3a/IbTepHATHBHBI SHEPTOeM-
KHe ¥ HePKOHOMUYHbIe MaTepuaibl. JIutepaTypHble cBeeHUS 1O Ipo0ieMe HeIOCTaTOYHbl U pa3po3HeHsl. [IpeacTas-
JICHHAs CTaThsl IIPU3BaHa BOCIIOIHUTH 3TOT Ipoben. Llens paboTsl — HccnenoBaHne MOHOAPMHUPOBAHHBIX M THOPHUAHO-
apMHUPOBAaHHBIX (UOpOreonoauMepoB. s TOCTIDKEHUS ENN PEIlaINCh JBE 3aJadl: MPOCKTUPOBAHHE MOJINMEPOB U
aHanu3 OAJIOK M3 HUX METOAOM KOHEYHBIX JIEMEHTOB.

Mamepuanst u memoosl. Bsoxyiieit ocHOBoH (prOporeonoanMepoB CITyKHIIH CIIEKIINECs YaCTUIIBI (KOPOJIBKH) U3 OTXO-
JIOB TEXHOT€HHBIX BOJIOKHUCTHIX MarepranioB (TBM), a uMeHHO 13 6a3ainbToBOH BaThl. PHOPY M3roTaBIMBAIN U3 METAN-
JIOKOPAA, 0TX0/10B 0a3aIbTOBOM BAThI M IOJIMIIPOITIIIeHA. bakn n3 rubpuaHoapMUpoOBaHHBIX (HOPOTEOTIOINMEPOB HU3Y-
YaJi Ipy U3rube U cBHUre B IPOrpaMMHOH cpeze Ansys 16.1.

Pesynomamul uccnedosanus. IlonyueHsl 18a BUja reonoIMMepOB:

— MOHOapMHUpoBaHHbIE ((prOpa U3 MeTaIUIOKOp/Ia, mojunponmwieHoBas ¢prudpa u TBM — pubdpa u3 0TX010B NpOU3BOICTBA
0a3abTOBOI BaThI);

— rubpunHOGUOpoapMHUpOBaHHBIE (METALIOKOP + MoJMIponuieH, Metaiiokopa + TBM, nonunponunen + TBM).
BrrsBunm BeICOKHE 3HAa4eHUS MOAys ynpyroct (6omee 25 ['Tla), mpounoctu npu m3rude (mo 10,19 MIla) u cxxatun
(mo 46,67 MlIla). OTHOLIEHHE IPOYHOCTH P U3TUOE U CHKATHH JJISI HCCIEAYEMBIX U TPaJUIIMOHHBIX MaTepruanoB — 1:4
n 1:10 coorBercTBeHHO. CpaBHHIM CMOJEITHMPOBAHHBIE U SKCIIEPUMEHTAIFHBIE TIOKA3aTeNn IPOTrH00B OAIOK IIPH HAarpy3-
kax oT 5 1o 72 xH. BeisicHnIN, 4TO KOHEYHORJIEMEHTHOE MOJIEITMPOBAHNE MTO3BOJISIET MMPOSKTUPOBATh KOHCTPYKIIMU U3
pa3paboTaHHBIX MAaTEPHAIOB U MPOrHO3MPOBATH MX SKCIUTyaTallMOHHBIC XapAKTCPUCTHKH.

Obcysncoenue. Y CTaHOBIIEHBI CIIy4ad HAMMEHBILETO PACXOKACHHS JaHHBIX MoAeInpoBaHus u onbToB. s OI'TI-1 ato
8 % (marpyska — 35 xH), st ®I'TI-2 — 11 % (50 kH), mnst TTI-3 — 7 % (38 xH), misa OI'TI-1 (1 %) — 3 % (30 xH).
Cpenu rubpuaHOapMUPOBAHHBIX GuOporeomnonuMepoB Hawtyuiiee coorserctBre — y I'OITI-3. [Tpu narpyske 55 kH
pacxoxaenne — 0,80 % (teopust — 4,98 mm, ombiT — 5,02 mm). dust TDITI-1 myymmii nokazatens — 1,85 % (72 xH,
5,85 MM, 5,96 mm), g TOITI-2 — 9,12 % (63 xH, 5,58 mm, 6,14 mm). [IpuknaaHy o IIEHHOCTh PE3YJIBTATOB MOJITBEP-
JIMJIa MX BU3YyallU3allnsi — CXOXECTh U COBIAICHHE KPUBBIX Ha rpaduKax.

3aknouenue. JlokazaHbl IPEUMYIIECTBA MTPEJIOKESHHBIX HHHOBAIIMOHHBIX KOMIIOHEHTOB JIJIsl IPOU3BOJICTBA CTPOUTEIb-
HBIX MaTepuanoB. OHHU 3KOJIOTHYHBI, AEMOHCTPHUPYIOT AOCTAaTOUHYIO y1000yKiIaapiBaeMocTh. [IpoekTupoBanue rudpua-
HOApMHUPOBAHHBIX (PHOPOreonoINMEPOB Ja€T BO3MOKHOCTD MOTYYUTh BHICOKHE 3HAUEHHS TPOYHOCTH MPH HU3THOE U CxKa-
THH (CYIIECTBEHHO BBIIIE, YeM y HEAPMUPOBAHHBIX 0eTOHOB). Momyns yrnpyroctu 6omnee 25 I'Tla qokassiBaet xoporee
CONPOTHUBJICHHE MaTepHaia aedopManusaM. Vtorn MosennpoBaHust aieKBaTHBI Pe3yJIbTaTaM SKCIIEPUMEHTOB.

KioueBble cji0Ba: MOHOapMHPOBaHHBIE (HOpOreononnMepsl, THOPUAHOAPMUPOBAHHBIE (PHOPOTEONOIMMEPHI,
nepepaboTka TEXHOTEHHOTO CBIPbS, TEXHOTEHHbIE BOJIOKHHUCTHIE MaTepHajbl, TEXHHYECKHe cBoiicTBa (¢uOD,
TeONOJIMMEPHBINA 0eTOH

BJIaFOIIapHOCTI/I. ABTOpLI 6J'Ial“0ﬂapHLI AHOHUMHBIM PCICH3CHTAaM 3a YACJICHHOC BpEMA U ICHHBIC KOMMCHTApUU.

dunancupoBanue. Pabora onyOmukoBana npu (uHaHcoBod momnepxkke PH®, mnpoekr Ne 25-19-00426
(https://rscf.ru/project/25-19-00426/).
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Introduction. One of the priorities of the strategy of scientific and technical development of the Russian Federation is
to counteract man-made, biogenic, sociocultural and other sources of danger to society and the economy [1]. The most
important task of environmental safety is the development of processes and techniques [2], resource conservation [3], and
complex processing of man-made materials [4], obtaining products with high performance characteristics on their basis [5].

Transdisciplinary approaches provide a new level of development of building composite mixtures. For progress in
this area, it is important to move away from the current templates of designing building materials [6]. To reduce the
complexity of recipes and the cost of components, it is necessary to use data from various sciences: materials science,
physics, chemistry, geology, nanotechnology, etc. In addition, certain operational characteristics can be assigned to the
new composite [7].

Improvement of physical, mechanical, operational, protective and environmental properties of modern modified
composites is based on:

— optimization of formulations and technologies;

— use of non-traditional types of natural and man-made raw materials [8].

It is known that the economic efficiency of projects is largely determined by the use of high-tech building materials [9].
Modern composites have good prospects in industrial and civil construction [9]. They are often used for unique projects
and objects that are operated under various conditions [10].

When producing the materials described above, one of two innovative strategies is usually used:

— recycling for the production of so-called “green” materials [11];

— creation of “smart” concrete for monitoring the condition of building structures [12].

It should be noted that the regulatory framework governing construction design does not contain recommendations on
the use of man-made waste as fillers for concrete. Promising approaches are discussed in the literature. As a rule, this
concerns the comprehensive processing of used tires, as well as fibrous materials — man-made waste from the production
of mineral wool [13]. However, both of these solutions have not been sufficiently studied and tested in practice.

The possibility of using carbon black and TFM waste should also be mentioned. However, even in this case there are
no adequate scientific conclusions that would prove the practical feasibility of introducing such composites into
construction practice [14].

The objective of the presented work was to study and design unreinforced and hybrid-reinforced fibergeopolymers
using the FEM. Within the framework of this study, two problems were solved: design of hybrid-reinforced
fibergeopolymers and analysis of beams made from them by the FEM. This was required to reach the stated goal, as well
as in general for the creation of sustainable building materials.

Materials and Methods. The binding base for the production of fibergeopolymers was sintered particles (beads)
extracted from waste basalt wool — technogenic fibrous materials (TFM). A combination of sodium silicate and sodium
hydroxide solution was used as an alkaline activating liquid. Polyfractionated quartz sand with a specific gravity of 2.67
acted as a fine filler. The maximum size of the coarse aggregate used in this study did not exceed 12 mm, which increased
the workability of concrete. The fiber from the metal cord of waste tires was heat-treated and cut. The fiber from TFM
was obtained through grinding basalt wool. The authors found that sometimes the actual technical properties of the fibers
differed from those declared by the manufacturers, and these actual parameters are given in Table 1.

Table 1
Properties of Different Types of Fiber
Properties Metal cord Polypropylene TFM

Diameter, mm 0.75 0.002 0.013
Length, mm 60-75 12.0 40-70
Length to diameter ratio 80-100 6,000 3,077-5,385
Tensile strength, MPa 2,500 3.50 2,000
Modulus of elasticity, MPa 210 345 75,000
Specific gravity 8 0.90 2.6
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The behavior of 1,000x200%100 mm beams made from hybrid-reinforced fiber-geopolymers was studied. They were
analyzed by the FEM in bending and shear. The deflection of geopolymer concrete beams was calculated to prevent
unacceptable deformations and provide normal operation of structures. The FEM is suitable for computer processing, it
can be used to solve problems in solid mechanics, fluid mechanics, heat transfer and vibrations.

Research Results. Compositions of sustainable fibergeopolymer mixtures have been developed, which show
satisfactory workability characteristics (Table 2). Workability provides high-quality, safe transportation of the
geopolymer mixture to the place of installation.

Table 2
Developed Compositions and Cone Slump Measurement Results
Composition Fiber content, % Slump, Workability
by volume mm
Cement concrete - 112.1 High
Unreinforced geopolymer (GP) - 103.5 High
Fibergeopolymer (FGP-1), metal cord 0.5 80.3 Average
FGP-2, polypropylene 0.5 78.4 Average
FGP-3, TFM 0.5 76.5 Average
Hybrid fibergeopolymer (HFGP-1), 025+ 025 65.4 Average
metal cord + polypropylene
HFGP-2, metal cord + TFM 0.25+0.25 70.2 Average
HFGP-3, TFM + polypropylene 0.25+0.50 68.7 Average

The composites were cured for 28 days under normal, unintentionally specified conditions. Their final mechanical
properties were summarized in Table 3. High values of compressive strength (up to 46.67 MPa) and bending strength (up
to 10.19 MPa) were shown. An extremely important difference in the ratio of bending and compressive strength for the
studied and traditional materials was established — 1:4 and 1:10, respectively. High modulus of elasticity (more than
25 GPa) is especially important for designers and engineers, since it determines the ability of the material to resist
deformation, i.e., the strength and stability of building structures. In Table 3, the compositions with the best characteristics
are highlighted in color.

Table 3
Mechanical Properties of Composite Materials after Curing for 28 Days
Composition Str’ength, MPa - Modulus of elasticity, GPa
compressive bending
Cement concrete 40.89 4.60 19.24
Unreinforced geopolymer (GP) 41.33 4.40 19.32
Fibergeopolymer (FGP-1) 46.67 8.79 25.01
FGP-2 45.78 8.60 24.57
FGP-3 34.67 8.00 20.02
Hybrid fibergeopolymer (HFGP-1) 46.67 8.39 25.03
HFGP-2 44.44 10.19 23.49
HFGP-3 40.44 9.50 20.11

The statics problems were solved by the FEM. The sequence of analysis in the Ansys software environment is
described below.

1. Setting the algorithm.

2. Specifying the geometry.

3. Specifying and determining the material properties (modulus of elasticity and Poisson's ratio).

For the modeling, a geopolymer beam with three degrees of freedom at each node was used. It moved and was
elastically deformed in x, y, z directions.

Modulus of elasticity of concrete:

E, =5000/R , 1)
where E. — short-term static modulus of elasticity, MPa; R_,,. — compressive strength, MPa.

Poisson's ratio is usually less than 0.5. In [15], the values from 0.18 to 0.24 are given, while in [16], the figures are
from 0.23 to 0.32.
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Meshing is based on the geometry of the structure. Visualization of the bending analysis in Ansys is shown in Figures 1-11.
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Fig. 1. Beam discretization
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Fig. 2. Deformation of beam FGP-1
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Fig. 3. Deflection of beam FGP-1
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Fig. 4. Deformation of GP beam
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Fig. 5. Deflection of GP beam
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Fig. 6. Deformation of beam HFGP-1
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Fig. 7. Deflection of beam HFGP-1
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Fig. 8. Deformation of beam HFGP-2
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Fig. 9. Deflection of beam HFGP-2
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Fig. 10. Deformation of beam HFGP-3
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Fig. 11. Deflection of beam HFGP-3

Comparison of the experimental and theoretical results of deflection is given in Tables 4, 5 and Figures 12—17.
Geopolymer concrete is an elastic-plastic material, therefore the stress-strain graph is nonlinear.

Table 4
Comparison of Experimental and Theoretical Results of Deflection

Cement concrete GP FGP-1 FGP-2 FGP-3 FGP-1(1 %)

Load, Deflection, Difference, Deflection, Difference, Deflection, Difference, Deflection, Difference, Deflection, Difference, Deflection, Difference,
kN mm % mm % mm % mm o mm % mm %

exper.|calc. exper.|calc. exper.|calc. exper.|calc. exper.|calc. exper.|calc.

0 010 0 0|0 0 010 0 010 0 010 0 010 0
5 1085]0.65 24 0.74 [0.58] 22 048 (0.35| 27 0.55 (043 22 0.70 (042| 40 0.64 (047) 27
10 | 1.72 [1.45 16 1.52 {1.58 4 1.28 |1.14 11 128 (098] 23 1.56 [0.95| 39 144 (1.05 27
15 | 245235 4 235 (2.14 9 196 [1.56] 20 1.84 (1.14| 38 2,18 (147) 33 2,02 (1.87 7
20 |2.541(3.05] 20 2.96 (3.05 3 2.38 (2.02 15 2,64 (145 45 2.39 204 29 2.74 243 12
= 25 | 4.351(3.96 9 3.70 |3.65 1 2.96 (248 16 3.04 202] 34 3.34 290 13 3.64 (3.05 16
5 30 | 5.04 [4.57 9 420 (4.14 1 343 (3.05 11 378 275 27 4.10 |347 15 3.98 (3.85 3
S 35 | 6.25(543 13 4.75 |4.56 4 4.14 13.81 8 421324 23 498 |4.25 15 4.64 4.00 14
= 38 | 7.12 16.85 4 520 |5.10 2 497 |4.26 14 5.02 375 25 547 |5.07 7 5.08 |4.56 10
% 4 | - | - - 535|515 4 5.14 458 11 5.28 433 18 6.76 (5.48 19 5.38 [4.95 8
Z 50 [ - | - - 6.75 |5.45 19 548 (4.97 9 5.58 4.98 11 - | - - 6.57 |5.50 16
g 21 - | - - - | - - 6.03 (5.05 16 642 (5.52 14 - | - - - | - -
= 63| — | - - - | - - 6.12 (555 9 - | - - - | - - - | - -
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Deflection, mm
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Fig. 12. Deflection of a cement concrete beam
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Fig. 13. Deflection of GP beam
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Fig. 14. Deflection of beam FGP-1
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Fig. 15. Deflection of beam FGP-2
50
40 -
E 30 A
=}
<
Q
— 20 A
10 1
0 T T T T T T T
0 1 2 3 4 5 6 7
Deflection, mm
—e—experiment —@— calculation
Fig. 16. Deflection of beam FGP-3
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Fig. 17. Deflection of beam FGP-1 with 1% of metal cord fiber
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Table 5

Comparison of Experimental and Theoretical Deflection Results for Hybrid-Reinforced Fibergeopolymers

Deflection, mm
Load, kN HFGP-1 HFGP-2 HFGP-3
exper. calc. exper. calc. exper. calc.
0 0 0 0 0 0 0
5 0.26 0.14 0.32 0.18 0.30 0.17
10 0.55 0.37 0.67 0.42 0.58 0.37
15 0.97 0.64 1.18 0.71 1.05 0.82
20 1.28 0.99 1.64 1.07 1.54 1.02
25 1.86 1.14 2.03 1.84 2.07 1.71
30 2.04 1.86 2.85 2.04 2.48 2.10
35 2.74 2.41 3.12 2.26 3.99 2.89
40 3.04 2.74 3.98 3.24 4.29 3.12
45 3.65 3.24 4.26 3.75 4.54 3.92
50 3.98 3.74 5.24 4.36 4.96 4.26
55 4.18 4.08 6.05 5.05 5.02 4.98
63 4.86 4.66 6.14 5.58 5.64 5.21
64 5.26 4.89 - - 6.03 5.74
70 5.77 5.14 — - — -
72 5.96 5.85 — - — -
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Fig. 18. Deflection of beam HFGP-1
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Fig. 19. Deflection of beam HFGP-2
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Fig. 20. Deflection of beam HFGP-3

Thus, the finite element modeling of beams made from mono-reinforced and hybrid-reinforced fibergeopolymers has
shown good convergence of experimental and theoretical results, which allows for the efficient design of structures from
the developed materials and the prediction of their operational characteristics.

Discussion. The most noticeable discrepancy between the results of experiments and calculations (45%) was found
for FGP-2 at a load of 20 kN. At 15 kN, the difference was 38%. However, in this and the following cases, it is important
to emphasize the low absolute values. At 20 kN, a deflection of 1.45 mm was theoretically assumed, but the experiment
showed 2.64 mm. The corresponding data at 15 kN were 1.14 and 1.84. At other loads, the difference was significantly
smaller. For FGP-3, the maximum discrepancy was recorded at minimum loads: 40% at 5 kN and 39% at 10 kN. If we
are talking about absolute figures, then in the first case, the calculation is 0.42 mm, the experiment is 0.70 mm. In the
second case, 0.95 mm and 1.56 mm, respectively. For FGP-1 and FGP-1 (1%), the maximum discrepancy did not exceed
27%, and at low loads. At loads of 5 kN, the theoretically obtained deflection indicator for FGP-1 is 0.35 mm, established
empirically — 0.48 mm. The difference is 27%. At a load of 5 kN for FGP-1 (1%), the calculation shows a deflection of
0.47 mm, the experiment — 0.64 mm. The corresponding data for 10 kN are 1.05 and 1.44. The difference in both cases
is 27%. For other loads, it is significantly less.

Let us also note the cases of the best convergence of the calculation and experimental data. For FGP-1, this is 8%
(load — 35 kN), for FGP-2 — 11% (50 kN), for FGP-3 — 7% (38 kN), for FGP-1 (1%) — 3% (30 kN).

The results of the study of hybrid-reinforced fibergeopolymers allow us to state that the most significant discrepancy
between theory and experiments is recorded at minimum loads (in this case, 5 kN). Thus, for HFGP-1, it is 46.2%
(calculation shows a deflection of 0.14 mm, experiment — 0.26 mm). The corresponding difference for HFGP-2 is 43.8%
(0.18 mm and 0.32 mm), for HFGP-3 — 43.3% (0.17 and 0.30). At other loads, the discrepancies are smaller.

The best agreement between calculations and experimental results for HFGP-1 is 1.85%. This figure is recorded at a
load of 72 kN (theory — 5.85 mm, experiment — 5.96 mm). The smallest discrepancy, obtained when modeling the
deflection for HFGP-2, is 9.12% (63 kN, 5.58 mm and 6.14 mm, respectively). For HFGP-3 — 0.80% (55 kN, 4.98 mm
and 5.02 mm). As noted above, extremely minor discrepancies in absolute figures should be taken into account. Both
individual and generalized data are of interest for design and engineering practice. This is confirmed by the visualization
of the results of the work — the curves in Figures 12-20 are similar or coincide in numerous cases.

Conclusion. Innovative components for the production of sustainable building materials have been obtained [17].
Ecological compatibility is due to the fact that an alternative to cement is used [18], and this provides a significant
reduction in greenhouse gas emissions. The design of hybrid-reinforced fibergeopolymers makes it possible to obtain
high strength values — both in compression (from 46 MPa) and in bending (from 10 MPa). When using hybrid fiber, it
is possible to reach bending and compression strength at the level of 1:4, and this is several times higher than for
unreinforced Portland cement concrete [19]. The modulus of elasticity of more than 25 GPa shows good resistance of the
material to deformations, which has a positive effect on the strength and stability of building structures [20]. The finite
element analysis of hybrid-reinforced fibergeopolymer beams confirmed the experimental results obtained [21].
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The three main research results are described below.

1. Two types of geopolymers were obtained:

— mono-reinforced (fiber from metal cord, polypropylene fiber, and fiber from waste from basalt wool production — TFM);

— hybrid fiber-reinforced (metal cord+polypropylene, metal cord+TFM, polypropylene+TFM).

2. Fiber-reinforced geopolymer concrete mixtures have standard workability characteristics that allow them to be
efficiently transported to the place of use and placed in formwork.

3. Finite component modeling of beams made from mono-reinforced and hybrid-reinforced fibergeopolymers show
good agreement between experimental and theoretical results, which allows for efficient design of structures made from
the developed materials and prediction of their performance characteristics [22].
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