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The article presents the results of research on modified steel fiber-reinforced concrete and shows
the expediency of their use to increase the effectiveness of fortification protection structures against
shock loads. It was established that according to the results of tests of compressive strength
(fom = 79.4 MPa) and tensile strength during bending (£, ;= 7.4 MPa), steel fiber-reinforced concrete can
be classified as high-strength (strength class C 50/60) and rapid-hardening (finy/ femes = 0.57) in
accordance with DSTU EN 206:2018. Manufacturing in factory conditions of reinforced concrete
elements of structures based on high-strength steel fiber-reinforced concrete with increased resistance to
various types of force effects during shelling will allow to obtain quick-assembling/quick-dismantling
fortification structures that will be able to provide protection for the personnel of the units of the armed
forces of Ukraine.

Key words: quick assembly/quick disassembly fortification structure, high-strength steel fiber-
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Introduction

Currently, in the context of martial law, research on improving the complex of fortifications that
meet the tactical requirements of rapidly moving and maneuverable military action is gaining importance.
At the same time, great importance is attached to the quality of the construction material, as well as to such
requirements as compactness during storage and the possibility of transportation by off-road trucks. Ele-
ments manufactured by industrial methods are widely used in the construction of such structures, in par-
ticular, the coverings and walls are assembled by stacking reinforced concrete elements close together,
which are interconnected by metal bolts (Danica, 2018; Kisil, 2016; Hryhorovskyi, 2022).

It is characteristic that reinforced concrete structures of fortification protective structures can be
subjected to significant dynamic impacts. A characteristic feature of the impact is the development of sig-
nificant forces on the surfaces of contact of bodies in a very short period of time. High loading rates can
significantly affect the behavior of materials that are impacted and destroyed in this way. Therefore, the
basic requirements for modern fortifications determine that the concrete of such structures must have high
strength under static loads and a low modulus of deformation (Babich, 2019).

When creating fortifications, it is necessary to increase their effectiveness to protect personnel from
modern attacks. Among the military fortifications, the VS-1 fire structure is known, which belongs to en-
gineering means and is assembled from unified reinforced concrete elements (see Construction of engi-
neering structures. Album No. 1, 2. — K.: DP MOU TsPI, 2015). At the same time, precast concrete ele-
ments of fortifications such as SP-1 and SP-2 (300 mm thick) are usually made of concrete of strength
class C32/40; their elements are reinforced with meshes of reinforcing bars A 500C and A 240C in accor-
dance with DSTU 3760:2006. This leads to an increase in the weight of the modular reinforced concrete
elements of the fortification, which significantly complicates their transportation to the installation site, as
well as on-site installation work. Another negative factor during shelling of fortifications with artillery and
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small arms is the injury of personnel by fragments of broken concrete. A highly effective way to solve this
problem of concrete structures destruction and personnel protection is to use modified steel fiber concrete
of a new generation (Dvorkin, 2018; Dvorkin, 2017; Marushchak, 2018; Korolko, 2018; Xiang, 2019).

To achieve high quality steel fiber concrete, it is important to choose technological parameters that
ensure uniform distribution of fiber and prevent its delamination. The effectiveness of the influence of
different types of fibers on concrete properties depends on the ratio of the elastic moduli of the reinforcing
fibers and concrete (Trevor, 2014; Maca, 2020; Yusof, 2010; Yusof, 2013; Fediuk, 2021).

Increasing the performance of fiber-reinforced concrete for protective structures is achieved due to
the combination of different types of fibers. As a result of the creation of a denser interphase transition
zone between cement paste, aggregate and fibers in such concrete composites, an increase in the values of
the impact viscosity coefficient by 5.5 times, the dynamic strengthening coefficient by almost 70 %, as
well as the absorption of impact energy by fibers is achieved (Khan, 2021; Moein, 2022). Thus, in the
conditions of martial law, the development and implementation of rapid-hardening high-strength concrete
with increased resistance to various types of force influences, including shock loads, in the construction of
fortifications and shelters to protect the personnel of the Armed Forces of Ukraine, as well as protecting
civilians, is an urgent task.

The purpose of the work is development and research of rapid-hardening high-strength steel-
reinforced concrete for the manufacture of quick-assembling/quick-dismantling fortification structures that
meet modern requirements for strength, reliability and resistance to shock loads.

Materials and Methods

To produce dispersed fiber-reinforced concrete, Portland cement DSTU B EN 197-1-CEM 1I/A-S
42.5 R by Dyckerhoff Cement Ukraine was used. The aggregates used were quartz sand (fineness modulus
of sand — 1.3), crushed granite from the Vyrivsky granite deposit, fraction 520 mm. Dynamon NRG 1010
polycarboxylate superplasticizer with the effect of accelerating hardening and modified lignosulfonate LS
TM Mapei were used as modifiers. Steel anchor fiber 1/50 mm (Budmat) was used to improve the me-
chanical characteristics of fiber-reinforced concrete and increase resistance to static and dynamic loads.

Flexural tensile strength, prismatic strength, elastic modulus, and Poisson’s ratio were determined on
prism specimens of 100x100x400 mm in accordance with DSTU B B.2.7-217:2009. The specimen was
loaded to the level of (40 + 5) %, in steps equal to 10 % of the expected destructive load, maintaining a
loading rate of (0.6 + 0.2) MPa/s within each step. To evaluate the protective properties of steel fiber con-
crete, a plate measuring 400 x 400 x 100 mm was fired using an SVD rifle, a 7.62 mm bullet of a 57-N-
323s rifle cartridge (7.62x54R cartridge, bullet mass — 9.6 g, initial velocity — 850 15 m/s), single shots
from a distance of 25 m.

Results and discussion

The compositions of steel fiber concrete based on Portland cement CEM II/A-S 42.5 R with a ratio
of components Cement : Sand : Agy.s mm : Ags-20 mm = 1:1.41:0.5:2.85 (C = 350 kg/m’) using steel fiber in
the amount of 20 and 40 kg/m’, consistency class S2 were designed. As can be seen from Fig. 1, for con-
crete with the addition of modified LS (W/C=0.43), a somewhat slowed down kinetics of early strength
growth is observed, while the compressive strength class C40/50 is achieved. The introduction of 0.3 wt. %
LS and 0.7 wt. % PCE into steel fiber concrete (steel fiber content — 40 kg/m’) ensures a 33 % reduction in
W/C, while the water-reducing effect of LS reaches 20 % (for concrete without additives, W/C = 0.54). At
the same time, for steel fiber concrete modified with the PCE additive, the greatest increase in compressive
strength is observed after 1 day — by 33 %, after 28 days the compressive strength of concrete reaches
79.4 MPa, which allows such steel fiber concrete to be classified as high-strength and rapid-hardening
(femo!/femns = 0.57) in accordance with DSTU EN 206:2018. Modified steel fiber concrete is characterized by
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a compressive strength of 83.0-85.9 MPa after 56 days of hardening. At the same time, it should be noted
that the introduction of steel fiber does not have a significant effect on the compressive strength during the
entire hardening period. At the same time, the flexural tensile strength of steel fiber concrete increases by
31.0 % (f., y= 7.4 MPa) compared to concrete without steel fiber (f ,=5.1 MPa).
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Fig. 1. Compressive strength of modified concrete reinforced with steel fiber

Studies of deformational properties have shown that the prismatic strength for concrete of compres-
sive strength class C40/50 after 28 days iS fom risn=03.0 MPa, and for steel fiber concrete of compressive
strength class C50/60 it corresponds to fe,, p.»=66.0 MPa. At the same time, the elastic modulus for con-
crete without fiber is 60 GPa, and for steel fiber concrete it decreases to 54 GPa, with Poisson’s ratio of
0.20 and 0.17. The prism specimens of steel fiber concrete after testing the bending tensile strength and
prism strength are shown in Fig. 2.

a b

Fig. 2. Prism specimens of steel fiber concrete, after testing:
a — tensile strength in bending; b — prism strength
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To determine the impact resistance of steel fiber concrete, slabs with 400x400x100 mm were
molded on the basis of high-strength concrete reinforced with steel fiber. After a high-speed impact of a
7.62 mm caliber bullet, holes were formed on the surface of the plates, for which the penetration depth of
the bullet was 2 cm, and the diameter was 6.0-9.0 cm (Fig. 3). After shelling the samples, it was found that
for a slab based on high-strength concrete, the main crack formed after the 2nd shelling, while in a slab
based on high-strength steel fiber concrete, the surface of which is bonded with steel fibers, the main crack
was recorded after 3 shellings.

FagmwemT e

Fig. 3. The surface of a steel fiber concrete slab after being shot with a 7.62 mm bullet

Based on the results of the conducted research, a quick-assembly/quick-disassembly fire fortification
structure with a plan size of 3100x3000 mm was designed; height — 2740 mm, the thickness of reinforced
concrete walls — 240 mm, while the internal size of the room for conducting fire is 2400x2500 mm (Album
Fire construction VS-1 VOLUME 1 Design solutions 04-22-KB). Reinforcement of the elements is pro-
vided by grids made of reinforcing steel AS00S and A240S according to DSTU 3760:2006.

An experimental model of a prefabricated/quickly disassembled fortification based on modified dis-
persed-reinforced steel fiber concrete was manufactured. The fortification consists of unified reinforced
concrete elements of full factory readiness. There are 4 loopholes in the outer walls — embrasures closed
with metal doors. The total volume of fresh concrete was 11.5 m’. Reinforced concrete elements of the
quick assembly/quick disassembly construction (Fig. 4) are made of steel fiber concrete (brand of concrete
mix by consistency S2) of compressive strength class C40/50.

Fig. 4. Structural elements of a fortification based on high-strength steel fiber concrete

It was found that the steel fiber-reinforced concrete of modular elements (wall panel SP and PP) of
the fortification structure showed rapid strength gains: SP-1 after 1 day of hardening — 22.4 MPa, SP-2 —
20.7 MPa, PP-1 — 25.2 MPa; after 28 days hardening, the compressive strength of SP-1 is 65.9 MPa,
SP-2 — 67.6 MPa, PP-1 — 71.2 MPa, which corresponds to the concrete class in terms of compressive
strength C40/50. At the same time, the tensile strength in bending is 6.7—7.0 MPa, the water resistance
grade reaches W14—W16; the frost resistance grade is F300.
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The elements of the fortifications were manufactured in the factory in compliance with all standards
and regulations. The elements can be delivered and assembled using the technical means available to the
troops. A prefabricated industrial structure is delivered to the construction site in the form of separate
structures. The set of elements allows the structure to be assembled without the use of welding; additional
protection against concrete fragments and noise insulation of the structure are provided for additional pro-
tection against damage. A quick-assembling/quick-dismantling fortification structure based on modified
rapid-hardening high-strength dispersed-reinforced concrete allows to protect personnel from armor-
piercing and high-explosive shells of enemy artillery to create mobile platoon strongholds. A quick-
demountable/quick-demountable fortification structure based on modified fast-hardening high-strength
dispersed reinforced concrete allows to protect personnel from armor-piercing and high-explosive shells of
enemy artillery.

Conclusions

Rapid — hardening high-strength steel fiber-reinforced concrete with increased resistance to various
types of force impacts for fortifications has been developed. By combining the physical approach, which is
realized by introducing a polycarboxylate superplasticizer and dispersed steel fiber reinforcement, it is
possible to obtain rapid-hardening high-strength steel fiber concrete of compressive strength class C 50/60.
Dispersed steel fiber reinforcement in combination with PCE allows for a 31 % increase in flexural
strength. The developed steel fiber-reinforced concrete allows for an increase in compressive strength to
class C40/50-C50/60 compared to typical concrete (strength class C32/40, designed by the Defense Re-
search Institute), which determines the reduction of the wall thickness from 300 to 240 mm.

Prospects for further research

Due to the use of high-strength steel fiber concrete, it is possible to obtain quick-assembly/quick-
dismantling fortification structures with increased impact strength. In this case, a reduction in the thickness
of reinforced concrete elements is achieved, which makes it possible to reduce the weight of the fortifica-
tion structure and ensure its delivery and installation with the technical means available in the military. In
further research, it is advisable to combine steel and basalt fibers, which will increase the protective prop-
erties of fortification structures.
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BUCOKOMIIIHUI CTAJIE®IBPOAPMOBAHUI BETOH JJISI ®OPTUPIKAIIMHUX CIIOPY ]

© Canuyvruti M. A, Kponusnuyexa T. I1., Hluiixo O. A., bobeyvkuii FO. b., Bowiniok A. b., 2023

[IpencraBneno BHCOKOMIIHI cTanediOpoOeTOHN Uit MIBHAKO301pHUX/IIBUIKOPO30ipHUX (opTUdiKa-
LIAHUX CIIOPYI 13 MiJBUILIECHOI0 CTIHKICTIO 0 YAapHUX HaBaHTaKeHb. OepikaHHS BUCOKOI MIITHOCTI HA PO3TST
npu 3ruHi ( f,, y=7,4 MIla) Ta ctucky (f.,, =79,4 MIla) 3a0e3nedyeTbcs IUIIXOM MO€AHAHHS (Qi3UYHOTO MigXo-
Iy, IO peaji3yeThcsl BBEACHHSIM IOJIIKapOOKCHIIATHOTO CyIepIuiacTugikaropa Ta IUCIEPCHOTO apMyBaHHS
OeToHy crajneBoro (iOpor. BcraHoBneHo, o 3a pe3ynbraraMu BHIIPoOOyBaHb crayediOpoapMoBaHuil O€TOH
MOXHa BiTHECTH J10 BHCOKoMinHoro (xnac miruocti C 50/60) Ta mBUAKOTBEpAHYUOTO (foma!/femas = 0,57), Bin-
noigHO 10 JICTY EN 206:2018. ITokasano, 1o micis i MBUAKICHOTO yaapy Kyii kaniopy 7,62 MM Ha mo-
BEpXHI IUTHT cTajediOpoapMoBaHOro OETOHY MaricTpaibHa TpimuHa (ikcyeTbest micns 3-X o0cTpiniB (rinou-
Ha TPOHUKHEHHS KYIIi CKiIamae 2 cM, a mamerp — 6,0-9,0 cm).

[IpoBeneHO BUTOTOBJICHHS CKCIIEPUMEHTAILHOTO 3pa3Ka IBUAKO301pHOI/ IBUAKOPO30ipHOT GopTudika-
LiAHOT CHOPYAM HAa OCHOBI po3po0ieHOro cranediOpoapMOBaHOTO OCTOHY, SIKHUI XapaKTePU3yBaBCSA KJIaCOM
MinHocTi Ha ctuck C40/50, MIIHICTIO Ha pO3TSr mpH 3ruHi — 6,7—7,0 MIla, Mapkoro 3a BOAOHETIPOHUKHICTIO
W14-W16; mapkoro 3a Mopo3socritikictio F300. BectaHoBieHo, 1o po3pobiieHuii cTanediopoapMoBaHuil 6eTOH
JTa€ 3MOTy 3a0e3MeuuTH 301IbIICHHS MIITHOCTI Ha cTUCK o kiacy C40/50—C50/60 mopiBHSAHO 3 TUIIOBUM Oe-
TOHOM Kjacy MittHocTi C32/40 (muB. ByniBHUNTBO imkeHepHHUX cropya. Amsoom Ne 1, 2. K.: JJIT MOV ULI1],
2015), mo BU3HaYa€ MOXIJIMBICTh 3MEHIIeHHs TOBIIMHK cTiHd Bix 300 no 240 mm. Po3pobnenHs Ta BpoBa-
JOKEHHS IIBUAKOTBEPIHYYMX BUCOKOMIIIHHX cTajediOpoapMOBaHUX OETOHIB i3 ITiJBHIIEHHM OIOPOM IO Pi3-
HUX BHJIB CWJIOBHX BIUIMUBIB IiJ] Yac 0OCTpUIiB (DOpTHQIKAIIHHAX CIOPYI apTHIEPIE0 Ta CTPLICIBKOO
30pO€I0 1aCTh 3MOT'Y 3a0€3MEUUTH 3aXUCT 0OCOOOBOT0 CKIAaMy MiApo3aiiaiB 30pOHHUX cril YKpaiHH.

KuarouoBi cinoBa: mBuako36ipHa/mBuaKopo30ipHa ¢opTudikaniiiHa crnopyaa, BHUCOKOMiHMIA
crajediopoapmoBanuii 6eToH, MoaudikaTopu, crajgeBa ¢iopa, MinHiCTb, yIapHi HABaHTaKEHHSI.



