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This document provides a systematic overview of the latest developments in the field of bendable and non-centrally
compressed elements and composite elements made of wood and concrete, focusing on key topics including mechanical
characteristics, molding processes, fire resistance, interfacial mechanisms and stability assessment. As a result of the
analysis, it was determined that: glued wood, due to its multilayer structure, good flexibility and controlled surface be-
havior, has clear advantages when exposed to fire, bending and composite systems, although the stability of the surface
at high temperatures and the mechanisms of prolonged aging require further study. Progress in the field of flexible wood
components, driven by advances in hydrothermal softening, local compaction, material modification, and cross-sectional
innovations, however, challenges remain related to molding stability and the continuity of the manufacturing process for
large-sized parts. Wood—concrete composite structures exhibit excellent ductility, energy dissipation, and seismic perfor-
mance, but uncertainty remains about the long-term durability of the joints and behavior under environmental conditions.
In general, engineered wood materials are evolving from the study of individual properties to the development of a mul-
tiscale paradigm of “material-interface—structure—environment”. Future work should strengthen the understanding of
mechanics, multiscale modeling, process industrialization, and sustainability research to create high-performance

wooden structural systems.

Keywords: wood construction, wood—concrete composite structures, sustainability, compression, bending.

Introduction. With the advent of low-carbon construction concepts and the growing demand for renewable ma-
terials, wood has once again attracted attention in the construction industry due to its light weight, high strength-to-weight
ratio, renewability, and environmental benefits. In the field of engineering wood materials, the basis of research is the
determination of structural strength in compression and bending. Currently, the wooden structures are based on elements
made of solid and glued wood. Composite materials made of wood and concrete are a promising area. These systems are
believed to have the potential to optimize structural performance, design flexibility, integrated load response, and stability.
Research in the field of wood bending has made it possible to produce wooden parts of great curvature and arbitrary shape.
Structures made of wood—concrete composites combine the light weight of wood and the high compressive strength of
concrete, which demonstrates practical potential in seismic exploration and floor systems. Wood processing processes
determine the stability of the components in case of fire and prolonged environmental exposure. Therefore, it is important
to systematically analyze the progress of research on these categories of wood components.

Methods and materials. Bendable wooden elements. In recent years, researchers have pursued material modification,
process innovation, and structural optimisation to improve the bending performance and reliability of solid-wood elements.

First, material softening and enhancement of plasticity form the foundation of solid-wood bending. For precious

hardwoods such as teak, which are notoriously rigid and resistant to bending, researchers have proposed an innovative
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synergistic softening process. Research combining vacuum impregnation with softening solutions and saturated steam
treatment significantly enhanced teak's plasticity, enabling successful bending processing [1]. This breakthrough over-
comes the limitations of single-mode steam softening on hardwoods. Secondly, thermal modification — a common wood
modification technique — exerts complex effects on bending properties. Kubojima, et al. [2] revealed a dual effect of heat
treatment on wood toughness: in the early stage of treatment, the elastic modulus and bending strength may increase, but
with prolonged treatment, the viscous and plastic components decline significantly, leading to increased brittleness and
a continuous reduction in rupture work [2]. Thus, while moderate heat treatment can optimise certain mechanical indica-
tors, excessive thermal modification severely impairs the wood’s capacity for plastic deformation and undermines the
toughness of bent elements — particularly under impact loading. Thirdly, enhancing density through compression densi-
fication constitutes a direct physical approach to improving mechanical properties, including bending performance. Li [3]
compared different compression patterns and found that surface-compressed timber achieves the highest surface layer
density, elastic modulus, and static bending modulus at equivalent overall compression ratios. For bent solid elements,
this is instructive: selectively reinforcing the layer of a component that sustains the maximum bending stress most effec-
tively increases flexural capacity and promotes material-efficient design, rather than applying uniform, whole-section
compression [3].

Although Bal [4] did not directly investigate the bending process, the study demonstrated that impact bending
strength exhibits a parabolic variation with span length. This underscores the critical influence of test system geometry
and boundary conditions on the measurement of wood toughness [4]. When designing and testing bent solid elements, the
support span encountered in service must be accounted for to ensure bending performance assessments are accurate and
applicable. Node optimisation is crucial for maintaining the structural integrity of curved members. While Ribeiro AB. [5]
focused on research into load-bearing timber structural joints, employing finite element modelling and parametric opti-
misation methods. This provides methodological guidance for node design in curved solid members. Such analysis can
determine optimal mortise and tenon dimensions, minimising wood fibre cutting and damage whilst maintaining strength [5].

Consequently, research into curved solid timber members is inherently interdisciplinary—encompassing materials
science, manufacturing processes, mechanics, and design. Current trends indicate that advancement in this field hinges
upon: (1) innovative softening techniques to enhance wood plasticity; (2) targeted surface densification to optimise per-
formance distribution; and (3) the application of advanced numerical tools for precise joint design. Future work should
further elucidate the mechanisms underlying softening across species and develop more efficient, environmentally benign
shaping and setting techniques to broaden the applications of solid-wood bending in architecture and furniture design.
Presently the field faces three major challenges: (1) poor plasticity of hard species (e.g., teak) and the limited effect of
traditional softening methods; (2) strength gains from heat treatment and densification often come at the cost of reduced
toughness and ductility, increasing brittleness; and (3) a weak theoretical basis for node design, where stress concentra-
tions readily trigger structural failure and systematic optimisation methods remain insufficient.

In recent years, numerous experimental and theoretical studies have focused on the flexural behavior of glued-
laminated beams with varying cross-sectional geometries, species combinations, and reinforcement strategies, providing
systematic evidence for their application in building structures, bridges, and long-span roofs.

Research into fundamental mechanical properties has established the theoretical basis for understanding the bending
behaviour of glued laminated timber. Researchers systematically measured the material properties and flexural perfor-
mance of glued laminated beams, revealing that engineered timber beams exhibit significantly higher strength and stiftf-
ness than conventional sawn timber, with strength increases ranging from 39% to 90% and stiffness improvements from
35% to 45% [6]. In terms of cross-section and structural innovation, multiple studies have highlighted the significant
advantages of glued laminated timber as a bendable structural component, offering both manufacturability and plasticity
[7; 8]. Some scholars demonstrate that both orthogonal and parallel T-configurations maintain high load-bearing capacity
while reducing material consumption; orthogonal T-beams exhibit approximately 33% greater load-bearing capacity than

rectangular beams [7]. A separate study on hollow laminated timber beams aimed to achieve weight reduction while
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controlling flexural deformation. This research demonstrated that carefully designed hollow cross-sections could reduce
self-weight without compromising load-bearing capacity, thereby enhancing overall component efficiency while main-
taining flexural performance [9]. The selection of timber species and laminated configurations exerts a significant influ-
ence upon the bending properties and mechanical response of glued laminated timber. Comparative studies integrating
analytical models, finite element analysis, and experimental data from multiple timber species demonstrate a high degree
of consistency among the three methodologies — with most discrepancies falling within <5% — validating the models'
reliability in simulating bending behaviour [10]. This evidence supports the adaptability of glulam across diverse forestry
regions and drives the development of new species for flexible timber components. Within reinforcement applications,
steel plate reinforcement offers an alternative to FRP and CFRP [11]. While steel plates substantially enhance bending
stiffness and load-bearing capacity, practical implementation requires balancing weight considerations against durability.
Glulam exhibits predictable charring rates; strategically configured fire-retardant boards, thermal insulation layers, or
thickened protective systems can substantially delay charring progression and extend fire resistance duration [12]. This
research highlights the correlation between load-bearing capacity loss and effective cross-sectional reduction, proposing
fire protection design methodologies based on char layer evolution patterns [12]. It provides scientific foundations for fire
protection design, performance assessment, and code development in glulam structures.

Because glulam components offer high designability, controllable material properties, and flexural performance
that can be markedly enhanced by section optimization and composite reinforcement, they represent one of the most
promising forms within the bendable wooden elements system. Nevertheless, systematic quantification of how bending
performance is affected by species-specific defects, interlayer interface behaviour, and long-term actions is still lacking;
post-reinforcement interface bond-degradation mechanisms remain unclear; and stress models for hollow and complex
sections are not yet complete. Future research should integrate advanced numerical modelling, interface bond characterisa-
tion, long-term performance, and fatigue studies to promote deep application of glulam in bendable members, curved
beams, and large-span timber structures.

Compressed-Bendable wooden elements. Solid wood subjected to non-centrally compressed bending undergoes
combined bending, localized compression, and shear. Existing studies provide relatively systematic evidence on the me-
chanical behavior of solid wood during compressed-bending processes.

First, the fundamental mechanical properties of wood constitute the basis for designing compressed-bending ele-
ments. Cao H. [13] systematically tested the density, moisture content, tensile, compressive, and shear strengths of engi-
neered wood, confirming that wood exhibits linear elasticity in tension along the grain but elastoplastic behavior in com-
pression, while its shear strength is substantially lower than its tensile and compressive strengths parallel to the grain.
This implies that, in bending scenarios involving non-central compression, high shear concentrations should be avoided
to prevent localized failure, which provides direct guidance for jig design and load-path planning [13]. Second, the en-
hancement of wood plasticity and its ability to retain permanent deformation are fundamentally controlled by its micro-
structural components. Zhang Y., et al. [14] noted that hemicellulose hydration, lignin thermal softening, and relative
slippage between the crystalline and amorphous regions of cellulose constitute the core mechanisms governing longitu-
dinal compression and permanent deformation (PDR). For compressed bending under noncentral loading, these micro-
mechanisms determine both the magnitude of springback and the stability of the formed shape, providing the essential
scientific basis for improving bending quality [14]. Third, hygrothermal conditions significantly alter the bending behavior
of solid wood. Bending tests by Li and Zhao [15] demonstrated that water saturation and elevated temperature reduce
MOE and MOR to approximately half of the air-dried values, while markedly increasing failure strain and toughness.
This indicates that hygrothermal treatment can effectively enhance the plasticity required for compressed-bending ele-
ments, allowing larger curvatures without inducing brittle failure, thereby making it one of the most practical approaches
for achieving non-centrally compressed forming [15]. In addition, the review by Wu, et al. [16] systematically compared
softening methods such as boiling, steam, hot water, ammonia treatment, and microwaves, and noted that although each

technique has specific advantages in improving plasticity, reducing cracking, and stabilizing the formed shape, a balance
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must be struck among mechanical performance, environmental impact, and industrial feasibility. This indicates that the
selection of compression bending processes should be based on a comprehensive assessment of softening mechanisms,
forming quality, and process continuity. Barnes, et al. [17] provided key engineering evidence. Their short-term steam
heating of specimen centres at approximately 71°C did not significantly reduce the bending strength or compressive
strength perpendicular to the grain of red oak and sweet maple (typically <10% reduction) [17]. It indicates that low-
temperature steam can soften wood and enhance formability without substantially compromising structural performance,
thereby validating its applicability for compressed-bending elements in industrial settings.

Overall, existing studies indicate that the plasticity and shape retention of solid wood under non-centrally com-
pressed bending are jointly determined by hygrothermal conditions, microstructural changes, and intrinsic mechanical
properties.

Within the research framework of compressed-bendable elements (non-centrally compressed), glued wooden ele-
ments have emerged as a crucial pathway for enhancing bendability and load-bearing performance due to their manufac-
turability, controllable layer configuration, and stable mechanical behavior. The mechanical properties and service relia-
bility of such elements are jointly governed by layer composition, adhesive selection, manufacturing parameters, and the
interface and charring behavior under fire conditions.

Layer configuration and adhesive performance are key factors influencing the compressive and bending capacities
of glued wooden members. Experimental studies on mixed cross-laminated timber (CLT) conducted by Lee and Kim [18]
show that using high-MOE species as the major layer significantly increases compressive strength, while phenol-resorcinol-
formaldehyde (PRF) exhibits higher interfacial strength than the two polyurethanes, thereby reducing interface-dominated
failure modes [18]. Similarly, Qian C. (2023 systematically reviewed manufacturing techniques for structural glued wood
and pointed out that finger-jointing, wide-lamination, pressing parameters, moisture content, and adhesive curing behavior
directly affect dimensional stability, strength uniformity, and subsequent bend-forming performance. Therefore, for com-
pressed-bendable members, the configuration of the major load-bearing layers and the selection of thermally compatible
adhesives form fundamental prerequisites [19]. Besides, numerous studies have indicated that the adhesive interface be-
comes a critical weak link under high-temperature or fire conditions. In CLT floor fire tests, Yang H., et al. [20] found
that glue lines tended to crack first at elevated temperatures and evolve into fire-penetration paths. Consistently, Hu X.,
et al. [21] reported that the residual load-bearing capacity of glulam beams exposed to three-sided fire decreased markedly
with prolonged exposure, and that fire-retardant treatment exerted a positive effect on interface integrity. Moreover,
Zhang J., et al. [22] based on full-scale compartment fire tests coupled with a two-zone fire model, revealed the occurrence
of randomized char-layer shedding during CLT combustion, which significantly alters heat release and temperature dis-
tribution and plays a crucial role in evaluating compression—bending behavior and residual strength. These findings col-
lectively indicate that the reliability of glued wooden elements under combined compression and bending depends not
only on material properties but also on the thermal stability of the adhesive interface. Furthermore, introducing densifi-
cation or pre-compression techniques provides a viable route to enhancing the mechanical quality of wood substrates.
Van Hai, et al. [23] demonstrated that bleaching and hot-pressing significantly improved the density, bending strength,
and stiffness of compressed wood, offering higher-performance substrates for compressed-bendable glued elements.
However, the permeability and interfacial compatibility of such densified materials with adhesives require further opti-
mization to avoid insufficient bonding or brittle interfacial behavior.

In engineering practice, glued wooden components are often joined with connectors to form large-curvature or
long-span elements. Wei X. and Guo W. [24] reported that although metal joints enable the assembly of curved laminated
members, their in-plane and out-of-plane load-carrying capacities are lower than those of the members themselves, and
they are prone to magnifying second-order effects. Thus, joint design must be incorporated into the overall stability evalua-
tion. In addition, studies on flame-retardant film—scrimber composite systems have demonstrated synergistic effects between
surface flame-retardant layers and treated cores, substantially reducing heat release rates and improving fire resistance,

thereby providing safer composite strategies for indoor glued wooden elements [25].
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In summary, existing research indicates that performance optimization of glued wooden elements within com-
pressed-bendable systems should advance simultaneously across multiple dimensions, including layer configuration and
adhesive selection, high-temperature interface stability, manufacturing consistency, and joint and flame-retardant com-
posite design. These studies collectively provide essential theoretical foundations and engineering references for developing
glued wooden components with greater bendability, enhanced fire resistance, and improved interfacial stability.

Wood-Concrete Elements. Wood—concrete composite elements combine the light weight and renewability of
wood with the high compressive strength and durability of concrete, achieving a well-balanced compromise between
structural performance and sustainability. Recent research has focused on three core issues: the mechanical behavior and
seismic performance of composite material systems, interface connections and long-term durability, and numerical modeling
and engineering applicability at the component and system scales.

Firstly, from the perspective of material modification and seismic performance of components, Dominguez-Santos,
et al. [26] demonstrated that “wood-aggregate concrete blocks” prepared by adding wood-based additives (e.g., sawdust,
wood chips) can reduce stiffness while significantly enhancing ductility when an appropriate dosage (<15%) is used. This
improvement measure enhances the energy dissipation capacity and seismic performance of reinforced concrete frames
without significantly increasing costs. Researchers further indicate that this composite concrete holds potential for engi-
neering applications in earthquake-prone regions and contributes to resource recycling [26]. Additionally, interface con-
nection mechanisms and long-term performance are widely regarded as “critical controlling factors” for wood—concrete
composites. Push-out tests by Wang, et al. [27] revealed pronounced differences in interface failure modes, load—slip
behavior, and shear stiffness between bamboo—concrete and wood—concrete connections. These findings indicate that
modified analytical models or material-specific design parameters are required to accurately predict shear resistance and
slip behavior, underscoring that connection design cannot rely on empirical rules derived from a single material [27].
Meanwhile, long-term durability studies of adhesive-bonded joints by Giv, et al. [28] showed that wet-cast joints and
ductile adhesives (e.g., PUR) generally outperform dry-cast joints and brittle epoxies under outdoor and combined envi-
ronmental-load conditions. The results also indicate that interface properties may evolve significantly over time, suggesting
that long-term environmental effects must be incorporated into design and maintenance strategies for engineering appli-
cations [28].

At the component and system levels, Pan, et al. [29] proposed and numerically validated a hybrid high-rise system
that integrates lightweight timber modules with a reinforced-concrete core wall. In this system, every three stories are
partially replaced by timber modules. Nonlinear time-history analyses revealed that reduced structural mass results in
lower seismic demand, reflected in reduced base shear and interstory drifts [29]. These findings demonstrate that the
proposed hybrid system not only complies with current regulatory requirements but also delivers seismic performance
and carbon reduction benefits for high-rise buildings. In addition, stability studies on slab-type composite elements have
provided new insights. Research on the axial-compression buckling behavior of NLT (nail-laminated timber) — concrete
composite slabs by Gan, et al. [30] showed that in-plane axial compression induced by lateral actions can trigger plate-
strip buckling due to low through-thickness stiffness. Experimental results and refined finite-element models incorporating
initial buckling modes consistently revealed a characteristic two-span buckling pattern and associated failure mechanisms [30].
The study also provided ultimate axial capacities per unit width and displacement as well as moment—slip curves, offering
direct experimental references for the buckling design of slab-type composite elements.

Current research on wood-concrete composite components has established three key consensus points. Firstly,
moderate material blending and lightweight design can reduce seismic requirements and enhance ductility without com-
promising safety. Secondly, the type of interface connection and construction method directly determine both short-term
mechanical performance and long-term durability, necessitating parameter calibration based on experimental data.
Thirdly, integrating high-quality experimental data with calibrated numerical models is essential for engineering imple-

mentation and standardized design. Future work should emphasize multi-field coupled durability tests, standardization of
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connections, and life-cycle performance and carbon footprint assessments at larger structural scales, thereby promoting
the industrialization and codification of wood—concrete hybrid structures.

Results and discussion. A holistic analysis of the literature shows substantive advances in enhancing engineered
wood materials. However, several common principles and critical issues merit further investigation:

1. Micromechanical constraints on macroscopic performance remain prominent. Timber behavior during
hydrothermal softening, densification, and bending is governed by cell-wall composition, moisture content, lignin softening,
and cell-wall slippage. Existing studies clarify some micromechanisms, but a unified theoretical framework across species
and processes is missing. This gap limits the predictive power of models and constrains performance-controlled design.

2. The glued interface is often the weak link in component reliability. The performance of glued timber under
bending, compression, and fire conditions strongly depends on adhesive quality and interface stability. Studies indicate
that adhesive layers tend to deteriorate preferentially at elevated temperatures, and char-layer shedding can further alter
heat-transfer paths and stress distributions. Systematic data on interface aging and coupled environmental effects remain
scarce, posing a challenge for the long-term reliability assessment of compressed and compressed—bendable components.

3. A gap exists between laboratory forming techniques and industrial implementation. Hydrothermal softening,
localized densification, and various modification techniques have substantially improved the formability of bendable
components, but most work remains at the laboratory scale. The forming stability, dimensional consistency, and process
continuity for large-scale components have not been fully validated. Moreover, there is currently no unified assessment
framework or systematic methodology to evaluate the cost-effectiveness and industrial viability of different softening
technologies.

4. Interface behavior in composite systems remains highly complex. Wood—concrete composite structures
show excellent load-bearing, slip, and energy-dissipation characteristics. But connection performance is highly sensitive
to humidity, freeze—thaw cycles, fatigue, and long-term loading. Most existing models rely on short-term tests, which
cannot accurately predict interface degradation or structural performance over a full service life.

5. Sustainability assessments require further systematization and regionalization. Environmental impact
assessment studies, such as life cycle assessment research, have been conducted for glued and compressed wood products.
However, differences in regional forestry resources, processing energy mixes, and climate conditions make it hard to
apply current LCA data to different geographic contexts. Incomplete recycling pathways also prevent a full life-cycle
closure of environmental impact assessments.

In summary, engineered wood materials are shifting from experience-driven practice to mechanism-driven, multiscale
design and multi-material integration. This marks a major direction in structural engineering materials research.

Conclusion. Bendable wood structures, compressed—bendable elements, and wood—concrete composite structures
constitute the core of contemporary engineered wood materials. They demonstrate broad application potential in terms of
mechanical properties, formability, fire resistance, and sustainability. Analysis of existing literature indicates that techniques
such as densification, laminate optimisation, hydrothermal softening, and localised reinforcement can significantly enhance
wood's strength, plasticity, and durability. Adhesive systems and interface design play a critical role in structural reliability,
and wood—concrete composite systems offer clear advantages for seismic resistance and component rehabilitation.

However, major gaps remain in micromechanical understanding, quantifying interfacial behavior, process validation
for large-scale components, predicting long-term service performance, and regionally adapting environmental assessment.
Future research should prioritize cross-scale testing, multi-material modeling, and full life-cycle analysis to create engi-
neered wood materials that are high-performance, reliable, and sustainable.

Limitations and Future Directions. Although this review attempts to cover multiple research directions, several
limitations should be acknowledged. First, heterogeneity among studies in tree species, experimental scale, process
parameters, and environmental conditions constrains the direct comparability of results. Second, empirical data are insuf-

ficient for some critical mechanisms — such as adhesive aging, high-temperature interface behavior, and performance
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degradation under coupled hydrothermal conditions — limiting the precision of integrated conclusions. Third, the literature

is dominated by laboratory-scale investigations, and systematic studies of industrial implementation remain scarce.

Finally, the lack of standardized protocols for environmental impact assessment introduces uncertainty into sustainability

evaluations of timber systems.

Future engineered wood research will explore multiscale mechanisms, interface-dominated performance, intelli-

gent manufacturing, system-level integration, and sustainability. Advances in high-resolution imaging, digital modeling,

intelligent manufacturing, and material modification will help timber systems move from single-property optimization to

multifunctional, high-performance, whole-life design. This transition can make them a key enabler for green buildings

and low-carbon infrastructure.
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JPEBECUHA KAK KOHCTPYKIITMOHHBIA MATEPUAJI:
COBPEMEHHOE COCTOSIHUE BOITPOCA, ITPOBJIEMBbI, TIEPCITIEKTHUBbI

JIMIOHB 1133H", A.H. THJIB?, O®IH JIW>
(V¥ Yuusepcumem Hanvurcuxya, Kumait,

2 Honouxkuit 2zocyoapcmeennniii yuusepcumem umenu Eeppocunuu Ilonoyxoit)

B cmamwve npedcmasnen cucmemamuyeckuii 0630p nocieOHux papabomox 6 obaiacmu useubaemvix u eHeyeH-

MPEHHO CHCAMbIX I/IEMEHN 06, KOMNOZUMHbBIX I1€MEHMOE U3 0epeea u 6em0Ha, C AKYeHmom axkmydailbHoe cocmosrnue

eonpoca, 6Kn0Yas mexanudecKkue xapakmepucmuKku 0peeecqul, npoyeccosl u3eomoeaeHusl, 02Hecm0L71<0cmb, MeXAHU3MbL
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2026 BECTHUK IIOJIOJKOI'O I'OCYJJAPCTBEHHOI'O YHUBEPCUTETA. Cepus F

CONpANCEHUA U OYEHKY 00N208eyHOCIU. B pesyrbmame ananusa 0bii0 yCmano81eHo, Ymo KieeHas opesecuna, 61a200aps
€B0€ell MHO2OCIOUHOU CIMPYKMYpe, GblCOKOU NPOYHOCMU NPU Uz2ube u KOHMpPOIUpyemol pabome noo Haspy3KoU, umeem
ABGHYIE NPEUMYUWECNEA NO 02HECINOUKOCIU, U32UDY U NPUMEHEHUIO 8 KOMNOZUMHBIX CUCTNEMAX, XOMs paboma KOHCMPYK-
Yuu npu BLICOKUX MEMNePamypax u OTUmerbHoM 030eticmeuy Hazpy3ku mpeoyem 0OnoIHUMenbHbIX ucciedosanuli. He-
CMOMPL HA NPOSPECC 8 USYUEeHUU U32UOAEMBIX OePeBIHHBIX KOHCMPYKYUl, 00YCI06IeHHbI O0CMUNCEHUAMY 8 obaacmu
2UOPOMEPMANILHO20 PASMALYEHUS, IOKATbHO20 YNIOMHEHUsA, MOOUPUKAYUYU MAMEPUANOs U uHHOsayuli 8 obaacmu ghop-
MUPOBAHUS NONEPEYHO20 CeYeHUsl, OCMAIMCs NPOOeMbl, CEA3AHHBIE CO CTNADUTLHOCIBIO U320MOBNEHUS U HENpepblg-
HOCMbIO NPOU3BOOCNBEHHO20 npoyecca 0 KPYRHO2A0apumHelx KoHcmpykyuil. Koncmpykyuu uz opegecHo-6emonHbvIx
KOMNO3UMHbBIX MAMEPUAN08 001a0aiom 8blCOKOU NAACMUYHOCNGIO, PACCEUBAHUEM IHEPUU U CelICMUYECKUMU XapaKme-
PUCTHUKAMU, HO OCTAEMCs HeONPEOeIeHHOCHb 8 OMHOWEHUU 00A20CPOYHOU NPOYHOCHIU COCOUHEHUIL U pabOmbl 8 YCo-
BUAX HEOIA2ONPUAMHOU OKpYJrcaioweli cpedvl. B yenom opesecuna kax KOHCMPYKYUOHHBIU MAMePUA pa3gueaemcs on
U3y4enus OmoOeIbHbIX €20 CE0lCME K paspabomre MHO2OMACWMAOHOU NApaousmsbl «(Mamepual-no8epxXHOCMy-CmpyK-
mypa-oxpyscarowas cpeoay. Jaronetiwias paboma 6 0anHou 061acmu 00IXHCHA YeayOums ROHUMAKUEe MeXaHUKu, MHO-
20MacuimadH020 MOOETUPOBAHUS, UHOYCIPUATUZAYULU NPOYECCOB U UCCIEO08AHUT 8 00IACMU YCMOUUUB020 NPUMEHEHUS.

OQHHBIX Koncmpym;m? 0151 CO30aHUs 6’blCOK0np0u3600um€]leblx 0€p€6ﬂHHblx KOHCMPYKYUOHHBIX CUCIMEM.

Knroueswie cnosa: cmpoumeilbCmeo u3 ()p@GECqul, KOMNo3ummusvle KOHCMpYKyuu u3 0epeea u 6em0Ha, ycmoﬁlm-

6ocmb, corcamue, useuo.
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PACYET HAIIPSKEHHO-TE®@OPMHUPOBAHHOI'O COCTOAHUA )KEJIE3OBETOHHBIX
9JIEMEHTOB TP BO3AEUCTBHUHA HAT'PY3KH 1 BBICOKOHU TEMIIEPATYPBI

0-p mexn. nayx, npog. JI.H. TA30BCKHHY, kano. mexn. nayx, ooy. J1.0. I'/TYXOB?,
Kano. mexn. nayx, oou. A.M. XATKEBHY, kano. mexn. nayx, ooy. A.H. THJIB?,
Kano. mexn. nayx, ooy. A.H. KOJITYHOBY, kano. mexn. nayx 3. YAIIAPAHT AH]AY
(V9= Honouxui 20cyoapcmeennstii ynusepcumem umenu Eeppocunuu Ilonoyxoit,
2000 «CopmKnyon, Munck, ¥ Bomceanckuii mescoynapoonstii yuugepcumem nayKku u mexnonozuil)
Vd.lazovski@psu.by, ?d.gluhov@psu.by, Ya.khatkevich@psu.by, Ya.hil@psu.by, Ya.koltunov@psu.by, katsvikisire@gmail.com

Memoowl pacuema napamempos HAnpsHCeHHO-0ePOPMUPOBAHHOLO COCMOAHUSA JCENE300ETMOHHBIX DNIEMEHINO08 NpU
8030€liCMBUU HASPY3KU U 8bICOKOL MeMNepanypbl HOCIMOSHHO coseputeHcmayiomces. Heruneiinas oeghopmayuonnas mooenn
pacuema 01 CMpOUmenbHbIX KOHCIMPYKYULL (dHcee300emoHHbIX, cmaneicene300emoHHbIX, KAMEHHbIX U APMOKAMEHHDIX,
0epesAHHbIX) NPU CUNOBbIX, MEMNEPAMYPHO-BAHCHOCIHBIX U OIUMENbHBIX 6030€UCBUAX NO360JAem NOJyYams Napamempbl
UX HANPSIIHCEHHO-0eDOPMUPOBAHHO20 COCNOSIHUS HA H0O0U CNAuL 0eoOpMUPOBAHUS, YUUmMblEams YUUEeCKyIO HeauHeli-
HOCMb pabomvl Mamepuaios, CMaoUtiHoOCMy 6030eUCmMEULL.

Buinoanen ananus uccnedosanuti enusnus nogviutennvix (om 50 °C 0o 200 °C gxarouumenvHo) u 8bICOKUX (cviute
200 °C 0o 1400 °C) memnepamyp na napamempsi 6a308blX MOUEK OUASPAMM 0ePOPMUPOBAHUL OEMOHA U APMAMYPbL
Jicene306emoHHbIX demenmos. Modenuposanue HanpaNCeHHO-0eh)OPMUPOBAHHOLO COCMOSIHUS HCENE300eMOHHO0 IeMEHmMA
BbINONIHANIOCH C YUETMOM BbIHYHCOCHHBIX MeMNEPamyPHO-8IAHCHOCMHBIX Oeghopmayuti mamepuanos. IIposedena sepuguxa-
Yus nPeoNoAHCEeHHOU MemOOUKY OJIs pacyema napamempos HanpaiceHHO-0eOPMUPOBAHHO20 COCTNOAHUS HCee300eMOHHBIX
9eMeHmMO8 NPy 8030elicmeUU HAZPY3KU U 8bICOKOU MEeMNepamypul, a MaK#Hce ux 02HeCmouKoCmil.

Kniouesvie cnosa: nenunetinas 0eqpoOpMaytOHHas pacuenHas MOOeilb, HANPSIHCEHHO-0ehOPMUPOBAHHOE COCMOsIHILE,
napamempul 6A308bIX MOYEK OUASPAMM 0eDOPMUPOBAHUSL DEMOHA U APMAMYPbL NPU OEUCTNEUU BbICOKUX MeMNepamyp,
BbIHYICOCHHbLE MeMnepamypHbie Oepopmayuu, paciem 0ZHeCmOUKOCHU JHcee300emMOHHbIX KOHCMPYKYUIL.

BBenenune. [Ipu remnepatypHsix BoznercTBusax Boiie 100 °C Ha jkene300eTOHHBIE KOHCTPYKITUH IO/ Harpy3KOu
M3MEHSIOTCSA MX TTapaMeTphl HaNpsHKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUS BCIICICTBHE BBIHYKJICHHBIX TEMIEPaTypPHBIX
nedopManyii B CO4eTaHUH ¢ TEMIEpaTypHOH ycaakoi OeToHa, HapyIICHNS CIEIUICHUSI apMaTyphl ¢ OETOHOM IIPH Pa3HOCTH
nx K03 (HUIMEHTOB TEMITEpaTypHOTO PaclINpeHNs], U3MEHEHHs NPOYHOCTHBIX U JIe(pOpMaIIMOHHBIX XapaKTEePUCTHK MaTe-
pHaJoB, 4YTO OTPA’KAaeTCs HA MX COMPOTUBICHUU CUIOBBIM BO3JEHCTBUIM.

CoracHo uccienoBaHusaM [ 1-6] mepBoHadaibHas MPOYHOCTH OETOHA TIPH CKATHH COXPAHSIETCS J0 TEMITEpaTyPhI
B 200-300°C. ITpu yBenndeHNH TeMIIEpaTyphbl HarpeBa NU3-3a pa3IoKeHUs THAPATOB IIEMEHTHOTO KaMHS U TIOTEPH MUHE-
panlaMu XUMHYECKH CBSI3aHHON BOJIBI €T0 IIPOYHOCTD CHIXKAETCS. Paspymenue cTpyKTypbl 6€TOHA MPOUCXOUT HE TOIBKO
B IIEMEHTHOM KaMHE, HO U 110 KOHTAKTY C 3aIIOJHUTENEM U3-3a Pa3HHUIIBI UX TEMIIEpaTypHBIX AedopMariuii (HanOOoIbIuMHU
TeMIepaTypHbIME JedhopMausaMu o0IagaeT rpaHUTHBIN mebeHs npu Temreparype Boimie 600 °C [4; 5]). [Ipu sToM n3-3a
00pa3zoBaHyst MUKPOTPELIMH PH OCTHIBAHUH HArPETOr0 OETOHA NMPO/I0JDKACTCS CHIIKEHHE ero IpoyHoctH [4—7]. Monyns
YIIPYTOCTH, IPOYHOCTB NPH PACTSHKEHUH U TIPH PACTSHKEHNH ¢ MU3THOOM HauMHAeT yMeHbIIaThes yxe npu 150-200 °C [4; 5; 8].
OCHOBHOE CHIKEHNE (PU3UKO-MEXaHUIECKIX XapaKTEpPUCTHK OETOHA MPOUCXOIHUT B IIEPHO] BpeMeHH Harpesa [5; 6; 9]. [Tpn
JUTMTEIEHOM BO3/IEHCTBUH BBICOKOM TeMITepaTypbl (PH3NKO-MEXaHUUECKHE XapaKTEPUCTHKN OETOHA POIOIDKAIOT CHHXKATHCSL.

HccnenoBaHus 0 BIUSTHAHM BRICOKOTEMIIEPATyPHOTO BO3JEHCTBUS Ha MPOYHOCTH OSETOHA MPHU PACTSKEHUH 0
HACTOSIIETO BPEMEHH BEChbMa OTPaHIMYECHHBI N3-32 MEHBIIIETO BIMSHUS HA IPOYHOCTH KeJIe300€TOHHBIX 371eMeHTOB [10].

JleiicTByromue B HacTOsIIEe BpeMs HOPMaTUBHBIE IOKYMEHTHI B 00JIaCTH pacdeTa U KOHCTPYHPOBAHMS JKEJIe30-
OETOHHBIX KOHCTPYKIUH npu fAeiicTBuy noBeimeHHBX (0T 50 °C mo 200 °C BxitounTenbHO) U BRICOKHX (cBbIme 200 °C
10 1400 °C) Temneparyp BIMsIHUAE TEMIEPaTypbl Ha IPOYHOCTHEIE U JieOpMallMOHHbIE XapaKTEPUCTHKN CBOWCTB OeTOHA
W apMaTypbl yUYUTHIBACTCS C TIOMOIIBIO CHCTEMbBI KOPPEKTUPYIOMNX KO3()(YUINEHTOB K MX OCHOBHBIM (0a30BbIM) XapakKTe-
pHUCTHKaM CBOMCTE mipu Oy = 20 °C1234

1 CIT 27.13330.2017. BeToHHbIE U *KeIe300€TOHHbIE KOHCTPYKIIMH, IPEAHA3HAYEHHbBIE I pabOThI B YCIOBUSIX BO3ICHCTBHS
TIOBBIIIEHHBIX U BEICOKUX TEMIEPATYp: YTB. U BBE]. B IeHCTBUE MpHKa30oM M-Ba CTp-Ba M KHJIMIL.-KOMMYHaJ. X03-Ba Poc. enepanun
ot 15 mas 2017 r. N 786/mp. — M.: Crannaptundgopm, 2017. — 106 c.

CII 21-00-00. OrHecTOHKOCTh U OTHECOXPAHHOCTD JK€JIe300€TOHHBIX KOHCTPYKIMI: YTB. IpUKa3oM M-Ba CTp-Ba U KHJIHILL.-
KOMMyHal. x03-Ba Poc. ®eneparnnu ot 10 mexadpst 2019Ne 790/mp. — M.: Cranmaptuadopm, 2020. — 86 c.

CTO 36554501-006-2006. IIpaBuna o o6ecreyeHHI0 OTHECTOMKOCTH U OTHECOXPAHHOCTH JKeNIe300€TOHHBIX KOHCTPYKIUH U3
TSDKEJIOTO OeTOHA: yTB. IpHKa3oM H. 0. reH. aupekropa GI'YII « HULL CrpourensctBo» ot 20 oxTsiops 2006 . Ne 156. — M.: ®I'VII
HUIL «CtpoutensctBoy, 2006. — 83 c.

ITocobue o pacuery OrHECTOMKOCTH M OTHECOXPAHHOCTH >KeJIe300€TOHHBIX KOHCTPYKIUMH U3 Tshkenoro 6erona (x CTO
36554501-006-2006): yrB. HUVDKDB nm. A.A. I'Bo3zneBa: BBen. Briepsbie: Aata BeegeHus 2008.01.01 / pazpabotano A.dD. Munosano-
BbIM, B.B. ConomonossiM, U.C. Ky3nenosoii [u ap.]. — M.: HUMXKDB uMm. A.A. I'Bo3nesa, 2008. —213 c.

KMK 2.03.04-98. betoHHbIE U jkene300eTOHHBIE KOHCTPYKLUH, TPEeAHA3HAUYCHHBIE AJIs1 paOOThI B yCIOBHUIX BO3ICHCTBHS 110-
BBIIIICHHBIX U BBICOKUX TeMueparyp. — Tamkent, 1998. — 115 c.

2 EN 1992-1-2-2004. Eurocode 2: Design of concrete structures — Part 1-2: General rules Structural fire design. — Supersedes
ENV 1992-1-2-1995; This European Standard was approved by CEN on December 2004. — Brussels: CEN, 2004. — 99 p.

3 ICTYH B EN 1992-1-2:2012. Espokon 2. IIpoekTyBaHHs 3a11i3006 TOHHUX KOHCTPYKLiH. YacTuna 1.2. 3araibHi ION0KEHHS.
Po3paxyHok koHCTpYKIi# Ha BorHecTiiikicTs (EN 1992.1.2:2004, IDT): 3aTB. Haka3oM Jlep>kaBHOTO HayK.-IOCHiA. 1H-Ty OyJiBeIbHUX
KOHCTpYKii Big 21 rpyanst 2012 p. Ne 652: BBen. Buepiue: Hagano yuaHocTi 2013.07.01 / [lepxxaBHe migmpueMctBo «lepxaBHuit
HayKOBO-IOCIITHUH IHCTUTYT OyIiBeIbHUX KOHCTPYKLit». — Kuis: Minperion Ykpainu, 2013. — 135 c.

4 TKII EN 1992-1-222009 (02250). [TpoeKTHpOBaHHE XKeNe300€TOHHBIX KOHCTPYKLwMiA. YacTs 1-2. OGIue IpaBuia onpeaeneHus
ornecroiikoctr // PYII «CtpoiirexHopm» M-Ba apxutektypsl u ctp-Ba Pecn. Benapycs. — Mumnck, 2022. — 76 c.
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Temmnepartypasie nedopManuy B coueTaHny ¢ AehOpMaLMAMU TEMIIEPATYPHOH yCaiKH, a TAKKE TEMIIEPATyPHbIC yCH-
TS B CTATHYECKH HEOTIPEIEIIMMBIX SJIEMEHTax B 00ILEM CiTydae ONpeIeIIIoT Yepe3 KPUBU3HY PHBEICHHOTO TIOTIEPEYHOTO
CEUYCHHMS DJIEMEHTA, C PEABAPUTEIHLHON Pa30MBKOI HAa YACTH C PA3IMYHON TeMIIepaTypoi Harpesa [9].

B HOpPMaTHBHBIX JOKyMEHTax’, NPUHATHIX Ha O0CHOBE®, a Takke B uccnenosanusx’ [4; 6; 7; 11-14] napsay ¢
YIPOIIEHHBIMU METOAAMH OLIEHKH IPOYHOCTH XKEJIE300€TOHHBIX 3JIEMEHTOB IPH BBICOKHX TEMIIEpaTypax MPHUBOIATCA
JTaHHBIE JJ1s1 BO3MOXKHOCTH IPUMEHEHUS HeJIMHEHHOW ehopMainoHHOM MO/ienn Ha OCHOBE TUarpamMM J1eOopMUpPOBaHUS
GeTOHa M apMaTypPhI IPH CKATUH-PACTSDKEHNH. B HOpMATUBHBIX 0KyMeHTax® annpokcnmanun anarpamm nedopmu-
POBaHHUS YUUTHIBAIOT CIEU(UKY pabOTHI 101 HArPY3KOH B COYETAHUH C TEMIIEPATYPHBIMHU BO3/ICHCTBUSMY.

PacdeT mapameTpoB HanpsKEHHO-AE(POPMHUPOBAHHOTO COCTOSIHUS JKEJIE300€TOHHBIX 3JIEMEHTOB NP BO3ACHCTBUU
Harpy3KH ¥ TEMIIEpaTypbl HA OCHOBE HEJIMHEIHOW e(hOpMallMOHHOM MO/IENTN TIOTIEPEYHBIX CEUCHUH TO3BOJISET I0JIy4aTh
Pe3yIbTaThl, OTPAXKAIOIINE UX PEATFHYIO PadOTy C BRICOKOW CTEIICHBIO TOYHOCTH. DTO JOCTHIAETCS MPUMEHEHHEM B pac-
YeTe anmpoKcHManui quarpaMm aeopMHUpOBaHUs OETOHA U apMaTypbl, OJIM3KUM K pealibHbIM [6; 7; 13—16].

Lenb HACTOAIIETO HCCIEIOBAHMS — IPAKTUYECKas pearu3aliist HeTMHEHHOH 1e(OpMaOHHON MOJIETTH K pacdeTy
apaMeTpoB HANPSHKEHHO-Ae(OPMHUPOBAHHOTO COCTOSHHS JKeJIe300€TOHHBIX 3JIEMEHTOB IIPU BO3/ACHCTBUH HATPy3KH
1 BBICOKOH TeMIIEpaTypHl, a TAK)Ke MX OTHECTOMKOCTH; BepU(PHUKALIUSI TEOPETHUECKUX PE3yIbTaTOB.

Juarpammsbl gedgopmMupoBaHusi 0eTOHA U apMaTypbl NPH JeiicCTBMM BBICOKOH TemMmepaTypsl. JuarpaMMbl
nedopMupoBaHust 0ETOHA IPH KPATKOBPEMEHHOM CXKATHU U BO3ZCHCTBUM TeMIIEpaTyphl 6 [U1s HeJMHEeHHOH fedopMalioH-
HOM MOJIE/IY IPMHUAMAEM B COOTBETCTBUH C JIOKYMEHTaMK® (PUCYHOK 1, @) ¢ 6a30BBIMU TOUKAMU: COPOTHBIIEHHUE CKATHIO f-,6;
OTHOCHTENbHas Je(opMalusi, COOTBETCTBYIOIIAS f., ¢, @ TAKXKE MIPEAEIbHBIC IeOPMALNU MIPH CKATUH Ecuy,0. [lapamMeTpsl
0a30BBIX TOYEK JUarpaMMbl 1e)OpMHUPOBAHHUS 3aBUCST OT TeMIepaTypbl B uuTepBaie (20; 1200) °C, Buzia 3amnosHuTeNs:
KapOOHaTHBIN WM CHIIMKaTHBIA. Hucnaznaromyio BeTBb TuarpaMMbl eopMUpOBaHHs OETOHA MPH CKATHU COTIACHO
HOPMATUBHOMY JIOKYMEHTY ' peKOMeH TyeTCst IPUHUMATE TMHEHHOM MJTM MHOM aNNPOKCHMAIUH (TIPU HATIMUH KCTIEPUMEH-
TaJIbHBIX JAaHHBIX JUI1 KOHKPETHOTO peKuMa Harpesa). B HacTosmeM ucciae0BaHUYN IPUHATA THHEIHAA anNpoKCcCUManus
HUCXOJAIIEH BETBH.

AnmnpoxcuManus AuarpaMMbl OeTOHA IIPU PACTSHKEHUH TIPUHSTA HENMHEHHOM ¢ HUCTIaAaione BETBBIO U ABYMS
0a30BBIMH TOYKaMU (B BEpIINHE JUATPAMMBI, TApaMeTPBl KOTOPO 3aBUCAT OT TEMIEPATYPHI HATPEBa B MHTEpBaje
(20; 600) °C; npenenbHbIE OTHOCUTENBHBIE 1eOPMALNN PACTIKEHHS £y IPUHUMAIOTCS U HOPMAJIBHBIX TeMIIEpaTypHO-
BIIQXXHOCTHBIX YCJIOBHH M3-3a OTCYTCTBHS 3KCIICPUMEHTAIBHBIX JAHHBIX BIMSHHS TEMIEPATYphl) (CM. PHUCYHOK 1, ).

3¢
c,0J ¢c,0 . .
0-6,9 - 3\ O < gcﬂ < gcl,€|’
&
c,0
Eqp| 24—
801,19
_ Jeo (gcﬂ _501,9)' < )
O-c,H - ’ gcl,(}| < gc,(i = gcul,i9|’ (1)
80141,:9 - 801,9
2
& &
_ ct,0 ct,0 . .
O = Jero| 2 B 3 0<e,9 <64,
gctl,ﬁ 801‘1,0
_ f;'tﬂgctl,g _ Zf;'t,gectu . < <
o - K H gotl,ﬁ - gcl,ﬂ - gclu’
gctﬂ 8c't,8

e 0c6 (0cp) — HANPSOKCHUS TIPU CXKATHU (PACTSHKCHUU) MIPH TemIieparype b,

&c,0 (€ct9) — OTHOCHTETBHBIE JicOPMAITUH TPH CIKATHH (PaCTSHKCHHUH) TIPU TeMIiepartype 6,

£c1,0 — OTHOCUTEJBHBIC JeopManuu OETOHA B BEPIIUHE AUarpaMMbI AeopMupoBaHus mpu Temieparype 6,

fero = ket (0) - for — IPOYHOCTH OETOHA TIPH PACTSHKEHUU TIPU TeMIepaTtype 6,

fc.0 — IPU3MEHHAS TIPOYHOCTb MPH CKATUU MPH TeMIieparype b;

€1/ — OTHOCHUTENbHBIC Ie(OpPMAaIMK B BEPIIMHE JUarpaMMbl 1e()OpMHUPOBAHUS;

Ectu — TIPEIICIIFHOE 3HAYCHUE OTHOCHTENBHBIX JIehopMaluii OSTOHA P PACTKCHUU.

B dopmye (1) 3Ha4eHNST OTHOCHUTENBHBIX JieopMaInnii 0eTOHA TIPU PACTSDKEHUH €7 U Ecy TIPH TeMTIEpaType 20 °C
OTIPENICIAIOTCS IO (hOpMyTTaM:

Kb g6 av01203f. )

g(‘tu

5 Cwm. cHocku 3 1 4.

6 CM. cHOCKy 2.

7 Jleurckuii E.B. [luarpaMMHBIH METO/I PEILEHHS CTATUYECKOM 3a1a41 PACYETa OTHECTOMKOCTH KeENE300ETOHHBIX KOHCTPYKIIMHA:
aBToped. muc. ... kaua. TexH. Hayk: 05.23.01 / Jlesutckuii Banepuit EsrenseBuu. — M.: MUUT, 2006. — 23 c.

8 Cm. cHOCKH 2,3 n 4.

9 Cm. cHOCKH 2,3 n 4.

10 Cm. cHocky 4.
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Pucynok 1. — lnarpammsl AeopMHPOBAHUS IPU KPATKOBPEMEHHOM HATPYKCHHUU
U BO3/¢eiiCTBHHU BLICOKUX TeMuepaTyp 6eToHa (a) U apMaTypsl (0)

Juarpamma ne)opMHUpOBaHUS HEHANPATAeMOW apMaTyphl IPU PAaCTSHKEHNH (CKAaTHH) JKeJIe300€TOHHBIX JIEMEHTOB

TI0J1 HArPY3KOH ¥ TEMIIEPATYPHOM BO3/IEHCTBIM COMNIacHO | MpUHUMAETCs HENMMHEHHOMN JUIS BOCXO/IANIEH BETBU C TOPU30H-
TaJIbHBIM Y4aCTKOM M HAaKJIOHHOH JTMHEHHOM HUCXO e BETBBIO (PUCYHOK 1, 6). Jluarpamma geopMUpoBaHUs apMaTypbl
OTIpENEISIETCS TPEMSI TTapaMeTPaMu, 3aBUCSIIIMHU OT TEMIEPATypsl §: MOAyJIeM YIPYrocTH Ejp; IPEenoM IpOIOpIno-

HAJTBHOCTH fjp, p; MAKCIMAJIBHBIM YPOBHEM HANIPSDKEHUH fiy, 0 .

O-S,U = g.y,OE.\',U; 0 < g.\',0 < gsp,ﬂ

GS,H = f;}*,e; gsyﬂ < 85,:9 < gst,H;
g.s‘,g - gst,ﬁ

€0 "0

su

O-S,B = 07 gx,B = gxu,ﬁ’

T€ 09— HANPSOKCHUS MIPU CKATUU (pacTsHKEHUN) TIPY TeMIepatype 6,

&5, — OTHOCUTEINIbHBIC Te(hOpMaLU TIPU CXKATHH (PACTSHKEHUH) TIPH TeMIieparype 0,

b 2 2
O‘x,ﬁ = f,‘vp _C+; a _(gxy,B _gS,H) > gspﬂ < gs,@ < gA

O-:,H = jpxy : 1_ 5 gstﬂ < gs,ﬁ < gsuﬂ;

3

Egp,0 — OTHOCUTEINBHBIC NIe(OpPMAIIH, COOTBETCTBYIONIUE MIPEIEITy TPOIOPIHOHATIBHOCTH fyp ¢ IPH TEMITEpAType &,
E€sy,0 — OTHOCHTEINbHBIE 1e(hOpMaIiy, COOTBETCTBYIOIINE HAYaJTy IUIOMIa KN TEKY4IeCTH IPY HAIIPsDKEHUH Tpeaesia

TEKYUECTH fsy, 9 IPU TEMIIEpaType I,

Est,0 — OTHOCHUTCIIBHBIC ,He(l)opMalII/II/I, COOTBETCTBYIOIIUEC KOHIY IUIOMIAAKU TEKYYCCTH NPU HAIIPSXKECHUUN peaciia

TEKYYECTH fsy,0 IPH TEMIIEpATypE 6;

' Cm. cHocky 2.
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2026 BECTHUK IIOJIOLKOI'O I'OCY/IAPCTBEHHOI O YHUBEPCUTETA. Cepua F

Esu,0 — IPECTBFHBIE OTHOCUTEIBHBIE e(OpPMAaLli apMaTyphl IPH PaCTsDKEHUH TIPH TeMIiepartype 0,

fsp 1 f — TIpeien NpOoNOpLHOHAIBHOCTH M NPEJeN TeKy4eCTH apMaTypsl Ipu HopMmaibHOU (okoso 20 °C)
TeMmmeparype.

B dopmyiie (3) BcnomorartenbHble IEPEMEHHBIE d, b, ¢ OIPENEINSIOTCS CIEYIOIINMH BBIPAKCHUSIMU:

c
2 _ .
a = gsy,@ _gsp,H gsy,ﬂ _gspﬂ + ’
Es 6
2 _ 2,
b —c~(gsy’9 —5Sp,9)-Esﬂ +c7; 4)
2
(f;y,ﬂ - -f;‘p,B )

CcC =

(g:y,e ) )Es,a - 2<fsy,.9 - fsp,a ) .

TemneparypHsbie nedpopmanuu 6eToHa n apMatypsl. Henuneiinas neopmanioHHast pac4eTHasi MOJIEIb JKeJIe30-
OETOHHBIX 3JIEMEHTOB IIPU COBMECTHOM CHJIOBOM M BBICOKOTEMITEPATYPHOM BO3JEHCTBHSX ITO3BOJISIET YYECTh JIOTIOIHHU-
TeJIbHBIE BBIHY)KACHHbBIE TeMIIepaTypHble AeOpMaliy U3-3a pa3HOCTH KO (GHUINEHTOB TEMIIEPATYPHOTO PACIIUPEHUS
0OeToHa M apMaTypbl, KOTOPHIE HE MTPOSBIAIOTCS B paboTe jkene300eToHa B OOBIYHBIX YCIOBHsIX. [Ipr 3 TOM nprHIMaeM
yCJIOBHE COBMECTHOCTH Jeopmanuii apMaTypbl 1 OeTOHA (CIipaBeUIMBa TUIIOTE3a INIOCKUX CEYEHHH IS pacTpeielIeHUs
CPEIHUX OTHOCHUTENBHBIX JedopManuii Mo monepeyHoMy Ce4eHHIO Kene300eTOHHOTO 3eMenTa) [16—-17].

Amnanornuso [3; 7; 15—17] cymmapHbIe TemIiepaTypHble AeOpMaIiy BEIYUCIIIOTCS KaK CyMMa COCTaBIIIOIINX
Ut OeTOHA M apMaTypHl (171 OeToOHA M apMaTyphl 00paTuMbIe TedopMalri TeMIepaTypHOTo paciipeHns £.(0) u &4(0);
JUIs1 OeTOHA TakyKe HeoOpaTUMBbIe TehopMaIiy TEMITepaTyPHOH YCAIKH £q5(0) ¢ Ko HUIIMEHTOM TeMIepaTypHOH yCaaKu
aes(9) [13]:

£:(0)=(£.(0)—&,(0))+£,(0);

5
£.(0)=a,(0)-AT. ©)

Temnepatypnas nedopmanus 6etoHa pu Temnepatype 0 °C, orcuntbiBaeMoii ot Temnepatyps 20 °C, BBIUHCIIACTCS
IO CIIeIYIONIUM BRIPaKEHHAM '%:
— 7Sl CUIMKATHBIX 3all0JIHUTENeH

£.(0)=—1,8-10"+9-10°.0+2,3-10" -6 mpm 20°C < <700°C;

(6)
£.(0)=14-10" npu  700°C < @ <1200°C;
— U1 KapOOHATHBIX 3aIMOJTHUTENICH
£,(0)=-1,2-10"+6-10°-0+1,4-10"" -0’ mpn 20°C < <805°C; o

£.(0)=12-10" mpu  805°C < 6 < 1200°C.

TemneparypHas aedopmariys HeHaINpsraeMoi apMaTypsl ipu Temnepatype 0 °C, oTCYUTBIBaeMOM OT TeMIlepa-
TypsI 20 °C, cornacHo [17] BEIUUCIIAETCS 1O CIEAYIONIM BEIPAKESHUIM:

£,(0)=-2,416-10"+1,2-10°-0+0,4-10°-6° mpu 20°C < < 750°C;
£, (0)=11-10" npu  750°C < 6 < 860°C; ®)
£,(0)=-6,2-10"+2-10" -0 npu  860°C < @ <1200°C.

Crnemyer OTMETHUTD, YTO JIOTOJIHUTEIbHAS TEMIICpaTypHas ycajka OeTOHA MPH MOBBIMICHHBIX TEMIIEPaTypax pas-
BUBAETCSI MIPU IIOCTETIEHHOM BBICBIXaHUHM OETOHHBIX KOHCTPYKIIHH OT Ha4aIbHON BIIAKHOCTH JI0 PABHOBECHOM C OKPYKAro-
Iel cpeioif pH MOBKIMIEHHBIX TEMIIEPATypax. B HOPMATHBHBIX JOKYMEHTaX ' I pacueTa OTHECTOMKOCTH KeNe300€TOH-
HBIX KOHCTPYKIIMH 3Ta COCTABIIONIAs HE YIUTHIBACTCS.

VY4uTHIBasA, 9TO 3HAUEHUS TEMIIEPAaTYPHBIX AePOpManinii 3aBUCAT OT TEMIIEPATyphl, KOTOPas paclpenenseTcs Io
MTOTIEPEYHOMY CEUSHHIO JKeIe300€TOHHOTO 3JIeMEHTa HePaBHOMEPHO, M OTCYTCTBHS HAPYIICHUS CIUIOITHOCTH OETOHa,
B IIPEANOJIOKEHUI IPUMEHUMOCTH FHIIOTE3bI INIOCKUX CEUYE€HHH BBIHYKIE€HHbIE TeMIlepaTypHble Aedopmanun &, (0)

YCPEIHSIOTCS: IJIsl TEMIIEpaTypHOTO Bo3aercTBuUs O °C co BCeX HApYKHBIX I'paHEl AJIeMEHTa — B BUJIE IPSIMOYTOJIbHOM
SMIOPEI; T HEPAaBHOMEPHOTO TI0 TIOBEPXHOCTH TEMIIEPATypPHOT'O BO3ACHCTBHA — C TPAAMEHTOM OTHOCUTEIBHBIX Aedop-
MAaIfii B BU/IE TPATIEIIUEBUIHON SMIOpPEI. TeMnepaTypHO-BIa)KHOCTHBIE BO3ACHCTBHS B BUJEC BBIHYKIACHHBIX yCPEIHEH-
HBIX IeOpMannii OT TEMIIEPaTypHON YCaAKH U TEMIIEpaTyPHOTO paciInpeHust 6eToHa (Kak pa3HOCTh C TEMITEPaTypPHBIM

12 Cm. cHocky 4.
13 Cwm. cHocku 2 u 4.
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pacuMpeHreM apMaTyphl) YUYUTHIBAIOTCS B HETMHEHHOH JIe()OPMAIIMOHHON pacieTHOW MOIETTH HAJIO)KEHHUEM Ha OETOH pac-
YETHOTO TOTIEPEYHOT0 CEYECHHS KEJIe300€TOHHOTO JIEMEHTA BHIHYKJICHHBIX JONOJHUTEIBHBIX OTHOCUTEIBHBIX J1e(op-
Manui ycaaku 6eToHa &, (0) [16-17].

Pacyer Hanps:keHHO-1e)OPMUPOBAHHOTO COCTOSIHUSI IPH COBMECTHOM CHJIOBOM M TeMIepaTypPHO-BJIAK-
HOCTHOM Bo3JelicrBun. OnpenencHue napaMeTpoB HaNpsKEHHO-Ie()OPMHUPOBAHHOTO COCTOSHUS )KEI€300C TOHHBIX
3JIEMEHTOB TP JICHCTBUM HArPy3KH M TEMIIEPATYPHI B OOIIEM CIIydae ¢ MOMEHTa BPEMEHH €T0 U3TOTOBIICHUS MPEATIona-
raeT, KpOME CHIIOBOTO BO3JCHCTBHS, yUET BBIHYKACHHBIX HEOOPATHMBIX AehopMaIuii ycaaku OETOHA IIPH €To TBEpe-
HUU €.4(t, t;), IMEIOIIEro BO3PACT t; K HaYally BO3AYIIHO-CyXOr0 XpaHEHHUs], K MOMEHTY BPEMEHH BBICOKOTEMIICPATYP-
HOT'O BO3JICHCTBHS £, a TAK)Ke CyMMapHbIe JiehopMaluy €, (0) TeMnepaTypHOH yCaaKu U TEMIIEPATYPHOTO PACLIMPEHHS

6erona u apmartypsl ipu Temieparype 0 °C (sepaxenue (5)).

Jlns peannzanuy HETMHEHHOW pacdeTHOH Ae(opMalmoOHHOW MOETH TPH BO3IEHCTBUM CHJIOBBIX (DakTOpoB (B 00-
mem ciydae: My, M,, N) 1 BeIcoKo# Temnepatypsl 0 °C monepeyHoe ceueHue Xeae300eTOHHOTO dJIeMeHTa pa30nBaeTcs
Ha 3JIeMEHTapHbIE IUIOMIaIKA OeTOHA U apMaTypHI. [ KaxX 10 3JIeMeHTapHOM TUTOIAAKH B 3aBUCUMOCTH OT pacipere-
neHus Temnepatypsl 0 °C 1Mo momepeyHoOMy cedeHHI0 (OTpeAeAeTCs TEIUIOTEXHHIECKIM PacueTOM) YCTaHABINBAIOTCS
mapaMeTpbl 0a30BBIX TOYEK qHarpamMm J1eoOpMHUPOBaHUS OETOHA U apMaTYPHI.

Pacyer HanpspKeHHO-1e(hOPMUPOBAHHOTO COCTOSIHHSI HA OCHOBE HEJIMHEWHOH Jie()OpMaMOHHON MOJIEINH IIPOU3BO-
JITCS B ZiBa 3Tana. Ha mepBoM 3Tame paccMaTpuBaeTcs He3arpy KEHHBIN BHEITHEH HArpy3KOH jKee300e TOHHBIH SJIEMEHT.
IIpu felicTBUM ycaaouHbIX AedopManuii .4 (t, t;) U qehopMaluii TeMIIEpaTypHOM YCAIKH &.(0) B apMaType BOSHUKAIOT
nedopMaluu cKaThs, a B 0eToHe — edopManuu pacTsokeHus. Hamoxxenue aedopMaiiuii TeMnepaTypHOro paciiupeHus
M3-3a TIPEBBIIICHMS 3HaYeHUS KOd((DHUIIMEHTa TEMIIEPATYPHOTO paCIIMPEHUS apMaTyphl os(0) Hal aHAJTOTHYHBIM KOd()-
¢dbunmrentToM aiis 6eToHa 0.c(0) mpu Temmnepatype 0 °C [15] mpUBOIUT K YBEIMUEHUIO 3HAYCHUH OTHOCHTEIBHBIX nedop-
Marui cxaTus B apMartype &(0) u oTHOCUTENBHBIX AepopManuii pacTspkeHus B 6eToHe &.(0). C mo3unmii HelmnHEeHHO I
neopMaOHHON MOJIENTH Ha IIEPBOM 3Talle pacCMaTPHBALTCS IMOTIEPEIHOE CEUCHHUE KeTe300€TOHHOTO 3JIEMEHTa, COCTOS-
1iee TOJIBKO U3 apMAaTypHBIX CTEPIXKHEH, 411 KOTOPOTO CIIpaBeJIMBa FMIIOTE3a INIOCKUX CEYEHUMN, U Ha KOTOPBIN Aei-
CTBYET, B 00IIIEM clTy4dae, BHEIIEHTPEHHO TPIIIOKEHHOE CKUMAFOIIEe YCHITFE OT CYMMapHOTO TEMITEPaTypHO-BIaXKHOCT-
HOTO BO3JIcHicTBUs OeTOHA. B pe3ynbTare pacyera ompenelsitoTcsl OTHOCUTEIbHBIC Ie()OPMAIIMK B CTEPIKHSIX apMaTyphl,
a TaKk)Ke JIOMOJIHUTEIbHBIE OTHOCUTENBHEIC Ie()OpMAaIIMK 3JIEMEHTAPHBIX IIOMA0K OeToHa. [lomydeHHBIC HA TEPBOM
JTarne pacyera OTHOCHUTEIbHbIE JehopMalny KeIe300eTOHHOTO 3JIeMEHTa Oy Iy T SBJISATHCS HCXOJHBIMH Ha MOCIIEIYOIINX
CTaJMsX ero paboThl.

B o0miem cityuae pacyera napamMeTpoB HaNPSHKEHHO-1e(hOPMHUPOBAHHOTO COCTOSHUS KEIe300€TOHHOTO JIEMEHTa
B MOMEHT BPEMEHH / MPU BBICOKOTEMIIEpAaTypHOM Bo3zeicTBrH O(x,y) °C B JBYX IUIOCKOCTSIX CHUJIOBOTO BO3JIEHCTBHS CH-
CTEMa YpaBHEHUH, COCTOSIIAsA U3 ypaBHEHUI PAaBHOBECHS U THIIOTE3bI IIJIOCKUX CEYEHNUH, OTUCHIBAIOLIEH NOJI0KEHUE I110C-
KOCTH pacIpeIeTICHIsI OTHOCHUTENBHBIX 1eOpMAIIHii IT0 €T IOTIepEeIHOMY CEUSHHIO, Ha TIEPBOH CTaINH pacyeTa IMeeT BH:

H o(e(x,y,0),)(x—x,)dxdy = 0;

[[o(e(x,2.6),)(» =y, )xdy = 0;

[Jotex,.0), )dvdy = 0;

g(x,y,@)l =¢&,+ l/rx(x_xo) +1/ry(y_y0) té, (t,ts)+6‘02 (0(x,)),

(€)

rne  ox,y, 0), &x, y, 0)r — HopManbHbIe HANPsHKEHUs, OTHOCUTEIbHBIE Je(hopMaIliy Ha IEPBO CTaIUH pacyeTa B dJie-
MEHTapHOH IJIoIaake OeToHa, apMaTyphl ¢ KOOPIAMHATAMH (X, ) TIpu Temiiepatype O(x, y);

Xo M Yo — KOOPJIMHATHI LICHTPA TSXKECTH MOMEPEUHOT0 CEUSHHUS HKEeJIe3006TOHHOTO 3JIEMEHTa,;

1/r¢ u 1/ry, — KpUBU3HA IIPOJOIBHOM OCH XKeJIe300€TOHHOTO 3JIEMEHTa OTHOCHTEIHHO COOTBETCTBEHHO OCH X U ),

&, — OTHOCHUTEIbHAsS JeopMalyst OT JEHCTBUS yCHIIUS ycalku 0ETOHA, COOTBETCTBYIOIIAS €0 HEHTPAIbHOMY
MIPUIIOKEHHUIO;

&, (t,t,) — oTHOocuTeNbHbIE IeopMalMu ycaJKku 6ETOHA IPU €r0 TBEPAEHUM;

&, (6(x, y) —cyMMapHble OTHOCHTENBHEIE AeQOopMali TEMIIEPATyPHOT'O PACIINPEHHS U TEMIIEPATYPHOH ycaaku

0eToHA B 3JIEMEHTAPHOU IIJIOMIA/IKE ¢ KOOpIUHATAMH (X, )).
Ha BTOpOM 3Tane pacuera cucreMa ypaBHEHHH [T pacdeTa MapaMeTpOB HAMPSHKEHHO-EPOPMUPOBAHHOTO COCTOSI-
HUSI CKATOTO KeJIe3006TOHHOTO 3JIEMEHTA B JIBYX IJIOCKOCTSAX UMEET BUJL:

[[o(e(x, .00, (x = x)dxdy = M ;

[[o(e(x, 3,00,y = )y = M ;

HG(S(X, ,0),)dxdy = N,

8(x’y’0)1[ =&y +l/rx(x_xo)+1/”y(y_yo)+5(x,y’0)1>

(10)

15



2026 BECTHUK IIOJIOLKOI'O I'OCY/IAPCTBEHHOI O YHUBEPCUTETA. Cepua F

rae  o(x,y, O)u &x,y, ) — HOpManbHBIE HANPSKEHNS, OTHOCUTENbHBIEC TeGopMaIiy Ha BTOPOH CTaIUH pacueTa
B DJIEMEHTApHOH IJIOIa/IKe O€TOHA, apMaTyphl ¢ KOOpAWHATaMH (X, V) U Temiepatypoii (x,y) °C;

&,N — OTHOCHUTENbHAS JehopMalysl B LICHTPE TSHKECTH MONEPEYHOT0 CEUSHUsI OT ACHCTBHS MPOIOIBHOTO CKUMAIO-
IIEro yCuIIus;

&(x,y,0), — oTHOCUTENBHBIE Ae(hOpMALIMY B JJIEMEHTapHOMH IIomaaKe OETOHa, apMaTyphl C KOOPIUHATAMU (X, V)

u TeMmepatypoit 6(x,y) °C, BEIYHCIICHHBIC Ha TICPBOM dTale pacyera.

[ToTeHnman HeTMHEHHOH NedOpMaITMOHHON MOIETTH B U3JI0KEHHON ITOCTAHOBKE MO3BOJISCT JIJIS KEJIe300€ TOHHBIX
9JIEMEHTOB TIPU BO3JICHCTBUY BHEITHEH HATPY3KH U BRICOKOH TeMIepaTyphl pellaTh TPH THUIIA 3a7ay:

1) mpwm 3amaHHBIX BHEIIHEH Harpys3ke (M., M,, N) 1 pacupenereHin BEICOKOH TemMmepaTypsl 6(x, y) °C mo nomneped-
HOMY CEYEHHIO ITOy4aTh KapTHHY HaNpsHKEHHO-1e(hOPMUPOBAHHOTO COCTOSHHUS JKEIe300€TOHHOTO 3JIEMEHTA B paccMar-
pUBAECMOM IOTICPEUYHOM CCUCHHH;

2) TIpu 33J]aHHOM pacTpeAeNICHHH BBICOKON TeMIiepaTypbl O(x,y) °C 1Mo mornepedyHoMy CEUSHHIO MTOyYaTh Mpeeiib-
Hble BHyTpeHHUE YCHIHs (M.x, My, N,), BOCTIpHHUMaEMbIE jKeI1e300€TOHHBIM 2JIEMEHTOM B pacCMaTpHBaeMOM IoIepey-
HOM CCYUCHHH;

3) npu 3amaHHBIX BHELIHeH Harpy3ke (M., M,, N) 1 ©3MEHEHHH pacIIpe/ieNIiCHUs BBICOKOH TemMnepaTypsl 8(x, y, t) °C
TIO ITOTIEPEIHOMY CEIEHHIO C TEUCHHEM BPEMEHH f TIOJTydaTh Ipe/ie BPEMEHH COIIPOTUBIICHHS £, KeIe300€TOHHOTO 3JIeMEeHTa
CHJIOBOMY W TEMIIEPaTyPHOMY BO3ACHUCTBHIO (HAIPUMEP, OTHECTOHKOCTh IPH MOKape).

[Ipu pemenny epBOro TUIA 33149 AJITOPUTM PELICHUS CUCTEeMBI ypaBHeHuH (10) mpexycMaTpuBaeT mpu 3aJaHHBIX
YCHJIMSX W 3HAUYCHUSAX BBICOKOW TEMIIEPATyPhI ONPEICIICHAE METOJIOM TOCIIEIOBATEIIBHBIX PUOIMKESHUHN pacipeaeIeHus
OTHOCHTEJIFHBIX JAe(OpMAalnii 1 HOPMATIbHBIX HATPSDKEHHH M0 MONEPEYHOMY CEUCHHIO JKeIe3006TOHHOTO dJIEMEHTa C 3a/1aH-
HOU TOYHOCTBIO PEIICHHUS ypaBHEHHI paBHOBeCHs (BHY TPSHHHH IUKIT). PelieHre 3a1ad BTOPOro U TPETHEro THITA BBIOTHICTCS
MIOCIIE0BATEIFHBIM YBETIMICHNEM: IEHCTBYIONINX yCUIINH IIPY 3aJaHHOM 3HAaYCHUH TeMIIepaTyphl (3a7ada BTOPOTO THIIA);
BPEMEHH TEIIOBOTO BO3JCHCTBUSI (TEMIIEPATyphl B KaXKIOW AIIEMEHTAPHOM IDIOIIAAKE (3a/1a4a TPETHEro THIIA) C pea3a-
I.II/ICﬁ Ha KaXKJIO0M dTall€ pacu€Ta BHYTPECHHETO IIUKIIA. KpI/ITepI/IeM OKOHYaHUA Impouecca pacyeTa sABJISACTCA MAKCUMAJIIBHOEC
3HaYCHUE BHYTPEHHUX YCIINH (3a7a4a BTOPOTO THIIA) WITH BPEMEHH BBHICOKOTEMITICPATYPHOTO BO3JICHCTBISA (33/1a9a TPETHETO
TUTA), IPH KOTOPOM IIPOLIECC MOCIE0BATENBHBIX MPHONKEHUN BHYTPEHHETO IIHKJIA CXOTUTCSA C 3aJaHHOH TOYHOCTBIO.

Bepuduxanus HeauHeliHoil ne¢opManMOHHOI pacueTHONH MoJe/U NMPHU AeiiCTBUM BBICOKMX TeMIlepaTyp.
[MpaxkTHueckoe MOEIMPOBaHUE HAMPSHKEHHO-1E(OPMUPOBAHHOTO COCTOSIHUS HKENE300ETOHHOTO AJIEMEHTa TPH JeHCTBIN
BBIHYKJICHHBIX TEMITEPaTYpHBIX Je(opMariiii mpoBeeM Ha IpAMepe IIEHTPaIbHO HATPYKEHHOH Ke1e300e TOHHOH KOJIOHHBI
KPYIJIOTO mornepeyHoro ceuenus auamerpom 300 mm u3 6erona kiacca C30/37 (fx=30 MIla; fe=2,9 MIla; E~=33 I'lla)
C CHJIMKATHBIM 3aMOJIHUTENIEM U TPOIONBHOM apMarypoit 8616 S500 (f,,=500 MIla; E=2-10° MIla) knacca N ¢ paccros-
HHEM OT LIEHTPA TSHKECTH CTEPKHS apMaTyphl 10 HapyKHOH moBepxHocTH 30 MM. Pactipenenenne Temmneparypsl 6 °C o
HOIEPEYHOMY CEYCHHIO KOJOHHEI IPHHAMAEM B COOTBETCTBHH C HOPMATUBHBIM JOKyMeHTOM '* ripy 30-MUHYTHOM BO3/I€i-
cTBUM cTaHAapTHOro moxapa (R 30) (pucyHnox 2).

Pucynok 2. — Temnepatypuble npodu/iu KpyrJioii Koaonusl guamerpom 300 mm — R 3015

14 Cm. cHocky 4.
15 Cm. cHocky 4.
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ITo TabnuuamM 1oKyMeHTa '® onpeenseM napamMmeTphl 6a30BbIX TOUEK JUarpaMm ae(GopMUpOBaHus GETOHA U apMa-
TYpHI IPH KOHKPETHOM 3HaUeHUH TeMuepatypsl 0(x,)) °C Ha paccMaTpHBaeMOM ydJacTKe IOIIEPEYHOTO CEUEHUS KO-
nouHbI. [To ¢popmyram (6) B 3aBHCUMOCTH OT 3HAYCHHS TEMIIEPATYPhl BEIYUCIIAEM OTHOCUTEIBHEIC JeOpPMALUU TEMIIC-
patypHOTO pacupeHus 0eToHa £.(0) ms kaxxaoro ygactka. HaxoanMm ycpenHeHHbIE OTHOCUTEIbHEIE eopMannu Oe-
TOHa &:(0) B TIoIepevYHOM CeueHuH 1o hopMyIie:

Z(gc,i (0) : Ac,i )
Z Ac,z' |

rae A, — 1iouagb NoNepevyHoro ce4eHus i-ro yyacTka OeToHa.

£.(0)= (11

YcpeaHeHHbIe 10 MOTIePEYHOMY CCUCHHIO KOJIOHHBI OTHOCHTEBHBIC TEMIICpATYPHEIC TehopMaIiy OETOHA paBHBI
£(0)=2,71-107. OTHOCUTETBHEIE TEMIIEPATYPHEIE Je)OPMALMU ApPMATYPhl, HAXOAAMIEHCA B 30HE IEHCTBHS TEMIIEPATyPhI
0=300 °C, BeruncnseM no Gpopmynam (8): &(0)=3,72-10. Torna cyMMapHble BBIHYKJICHHBIE OTHOCUTEILHBIE Je()OpMaLn
JUTS PACCMATPUBAEMOTO JKeJIE300€TOHHOT'O 3JIEMEHTA PABHbI:

e, (0)=¢.(0)—¢ (0)=2,71-10"=3,72-10° =—1,01-10"".

PesynbTaThl IEpBO# CTAUK pacueTa MapaMeTpOB HAMPSKECHHO-I(HOPMUAPOBAHHOTO COCTOSHUS B TIONIEPECYHOM
CEUCHNH KPYTJION KOJIOHHBI U TIPH JICHCTBUH BBIHYKCHHBIX TEMIIEPATyPHBIX IeopMaluii U OTCyTCTBUU CHUIIOBOTO BO3-
neiicTBYsA, B X (PU3MYECKON MHTEPIPETAIMH aHAIOTHYHO JOKyMEHTY '/, pecTaBiIeHsl Ha pucyHKe 3. [loaydeHHble Ha
MEPBOW CTAIUH pacyeTa OTHOCUTEIbHBIC Ie(hOpPMAIIUU KaXKJOH SJIEMEHTAPHOM IUIOMAAKN OETOHA U apMaTyPhI HCIIOJIb-
3YIOTCSI IIPH pacdeTe Ha BTOPOU CTaiuu B cucteMe ypaBHeHHH (10).

PucyHnok 3. — IlapameTpsl HanpsizkeHHO-1e()OPMUPOBAHHOI0 COCTOSHUS B NONEPEYHOM CEYCHUH KPYIJIOH KOJIOHHBI
NPHU CTAHJAPTHOM BO3/1eiiCTBHH NMokapa B TedeHHe =30 MHH 0e3 CHJI0BOr0 Bo3/ielicTBHs (0€TOH pacTAHYT,
B 3aIUTHOM cJioe 6eToHa (0=700 °C) o0pa3oBaHue TPeUINH HOPMAJbHOIO OTPBIBA; APMATYpPa CKATA)

[IpoBepKy pacdeTHO# HeCyIIel CIIOCOOHOCTH )KeIe300€ TOHHBIX 3JIEMEHTOB IIPH BO3JEHCTBUH BBHICOKOI TemIiepa-
TypbI OXkapa (BTOPO#! THIT 3a/1a4) BBINOJIHUM Ha IPUMEPE OIBITHOM KeJIe300eTOHHOM OaJIKi, KOTOpast BO BpeMsi O'HEBOTO
UCTBITAHUS IOABEPranaach TPEXCTOPOHHEMY BBICOKOTEMIIEPATypHOMY BO3AECHCTBUIO CTAHAAPTHOIO TEMIIEPATYPHOTO pe-
XKHMa noxkapa. McrpITaHre Ha OTHECTOMKOCTB MPOBOAMIOCH C MCIOJIB30BAHUEM CTATUUECKU ONPENETNMOH KeIe300eTOH-
HOIt O6anku ¢ pasmepom nonepeynoro cedenus 210x410 mm, nmposnet 6anku coctasisut 6,0 M. banka apmupoBana paboueit
apMatypoii: B pacTsiHyTO# 30He — 3016 kiacca A-I; B cxxatoii 30He — 2012 knacca A-1. O6bemMHbIH Bec 6eToHa Kitacca B20
cocTapiget 2330 Kkr/M>, BlIaxkHOCTE 6eToHa 4%, 3aMOTHUTENb — M3BECTHSK, 3AIIUTHBIA cliok 6etora — 50 MM ' [17]. Oraesoe

16 Cm. cHoCKy 4.

17 Cm. cHocky 4.

18 SIkoeneB A.M. OCHOBBI pacyeTa OrHECTOHKOCTH JKENE300€ TOHHBIX KOHCTPYKLMI: [UC. ... I-pa TexH. Hayk: 05.26.01 / SkoBnes
Amnaronuii UBanosuy; [THUM npotusonosxap. o6oporst MOOIT PCOCP. — M., 1966. — 168 1.
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UCTIBITaHHE MPOBOAMIOCH JI0 TMOTEPU HECyIel crocoOHOCTH. Bpemst 1o moTepu Hecyeil cnocoOHOCTH (Ipenielt orHe-
CTOMKOCTH) OaJIKH OTIPEeIsIOCh 10 KPUBOM Mporuda O6anku myTeM HaxoKaeHHs Touku O — mepecedeHue AByX KacaTelb-
HBIX, IPOBEJIEHHBIX K KPUBOU MPOru6a 0 Havaua v B EPUO/L ero pe3koro ysenuuenus 2, Paspynienne Ganku npowuc-
XOJWJIO TIABHO M3-33 TEKY4YECTH apMaTyphl PaCTAHYTOH 30HBI. Pe3ysibTaTbl OTHEBOTO MCHBITAHUSA 3TAIOHHOMN Oankn
MIPEJCTABIICHBI HA PUCYHKE 4 B BUJE YCPEAHEHHOH TeMIIepaTyphl IPOrpeBa TPEX CTEpxKHEN pabodel apMaTyphl OamKu
(xpuBast 1 Ha pucyHke 4) ¥ KpUBOH pa3BUTHS Npornda 6anku (kpusas 2 Ha pucyHke 4). 3HaueHue GpakTHuecKoro npenesna
OTHECTOMKOCTH STAJIOHHOM XKeJe300€TOHHOM GaJIKK 110 PE3yJIbTaTaM OTHEBOTO MCTIBITAHUS COCTAaBUIIO R1462!,

1 — ycpenHeHHasi TeMIlepaTypa cTep:KHeil pado4eil apMaTypsl; 2 — nporud 6ajaku

Pucynok 4. — Pe3yibTaTbl OrHEBOT0 HCNIBLITAHUS CBOOOIHO ONEPTOii Kee300eTOHHOI Ganku??

Berumciisiem npeenbHbIi 10 IPOYHOCTH M3THOAIOINI MOMEHT U1l pacCMaTpUBaeMOi OajIKH B €€ HCXOJHOM CO-
CTOSHHM MDY HOPMAJILHOM Temreparype npu f=16 MIla; f,4=235 MIla; E.=23-10° MIla. B pesynbrare pacuera:
M,~46,202 xHwm (pucyHnox 5). PacueTHbiil (Ha9aIbHBIN) TPOTHO OANKH MPU XapaKTEPUCTUIECKUX 3HAUCHUSAX yCHIIAN
(=0,7M,=32,3 xHm) 111 paBHOMEpPHO pactpee/leHHON HArPy3KH BEYUCIAEM MCXOA W3 KpUBH3HEI 1/7=3,302-107% MM~
o opmyie:

a :i(l/r)lz :i(3 302-107°)-5800° =11,6 Mm
48 a487 o

Pacnipenenenue Temneparypsl 6 °C 1o nonepeyHoOMy CE4eHHIO OAJIKK IPUHIUMAEM B COOTBETCTBHUH C OJIMKAUIINM
1o pasmepy npoduiem 6anku 400x600 MM 0 HOPMATUBHOMY JIOKYMEHTY > 1ipy 120-MHHYTHOM BO3/I€HCTBHH CTaH/IaPT-
Horo nokapa (R 120) (pucyHok 6). YcpeaHeHHYIO TeMIeparypy cTepxHeil paboueii apMaTypbl B 30HE JICHCTBHS TEMIIE-

parypst 0=430 °C npuaumaem u3 pabot>* (cm. pucyHok 4). OHa COOTBETCTBYET JAHHBIM, TIOJTYYEHHBIM TIPU UCTIBITAHUN
OIIBITHOM OaJKu.

19 Cm. cHocky 18.

20 d&nopos B.IO. OruecTolKOCTb KENE306€TOHHBIX GAJIOK C YUETOM HX TEXHHYECKOTO COCTOSIHUSA B yCIOBHAX SKCILTyaTalluu:
IC. ... Kaug. TexH. Hayk: 05.26.01 / ®&énopoB Bragumup FOpeeBny; Axanemus ['ocyapcTBeHHOM IPOTHBOIOKAPHOH CITy>kObI MUHH-
CTEpCTBa MO JIeJIaM IpaXkJaHCKOH 00OPOHBI, Ype3BBIYaHEIM CUTYAIUsIM U JIMKBHAAINH MOCIEACTBUN CTHXMIHBIX neiictBuit PCOCP. —
M., 2021 - 176 .

21 Cwm. cHocku 18 1 20.

22 Cm. cHocku 18 u 20.

23 Cm. cHOCKY 4.

24 Cwm. cHockn 18 u 20.
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Pncyﬂox 5.- PesyanaTu BBIYUC/ICHUS NPEJCJILHOIO 10 MPOYHOCTH H3rudaroIIero MOMeHTa DAJIKU
B UCXO0/ITHOM COCTOSIHMM NIPHU HOpMaﬂbHOﬁ TeMIeparype

PucyHnok 6. — TemnepaTtypHsbie npopusn 6aaxu 7xb=600x300 mm — R 120 [17]

19
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ATTNpoKCHMAIWH Auarpamm 1eGopMHIpOBaHKs OETOHA M apMaTypHhI C yUETOM BIHSHHS TEMITepaTypPHBIX BO3ACUCTBUI
Ha ITapaMeTpbl 0a30BBIX TOUYEK IPUBEICHBI HA PICYHKE 7.

Pucynok 7. — lnarpammsl AeopMHPOBAHUS IPU KPATKOBPEMEHHOM HATPYKCHHUU
U BO3/eiliCTBHHU BLICOKUX TemMuepaTyp 6eToHa (a) U apMaTypsl (0)

Brruucisiem npeneabHbI 0 TPOYHOCTH U3THOAIOIIHI MOMEHT JUIsl paccMaTpUBaeMoi 0ajIky MPH CTAaHAAPTHOM
BO3JICHCTBUY MOXapa B TeueHne =120 MuH (pUCYHOK 8).

B pesynbrare pacuera: M,=37,589 kHm>32,3 kHm. JlononHuTenbHBIN IPOrub 6aJIKy NIpH XapaKTepUCTHYECKUX 3Ha-
yeHusX yeunwii (=0,7M,=32,3 kHM) 111 paBHOMEPHO pacpeeieHHOM HArpy3KU UCXO/s U3 KpUBM3HBI 1/4=2,747-107 mm™!
paBeH:

a

max,0

4%(2,417«10’5)58002 ~11,6 = 73,1 Mmm.

DTO COOTBETCTBYET FKCIICPUMCHTATBEHOMY 3HAYCHHUIO IPOTUOA OMBITHOM Oaliky P BO3ACUCTBUH TIOXKAapa B TeUC-
uue =120 mun (cM. pucyHOk 4). Pacxoxaenue cocrasiser [(73,1-70)/70]-100%=4,4%.

20
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AHAaJIOTUYHO BBINOJHIEM PACUET MPEAENBFHOIO MO MPOYHOCTH M3rHOAOIIEr0 MOMEHTAa AJISI pacCMaTpHBaEMOM
OaJIKu TIPU CTAaHIAPTHOM BO3CHCTBUH Mokapa B TeueHue =180 MuH (pucyHoK 9). YCcpeaHeHHYI0 TeMIIepaTypy CTepKHEH
paboueii apMarypbl B 30He JieiicTBusl Temreparypbl 0=620 °C npuHIMaeM U3 JIMHEHHON dKcTpanosinuy rpaduka ycpen-
HEHHOU TeMIIepaTyphl (CM. pUCYHOK 4).

PucyHok 8. — Pe3ysbTaThl BBIYHC/IEHHUS NPEIEILHOTO 110 MPOYHOCTH H3rHGaI0Iero MOMEHTa 6aJIKu
NPH CTAHJAPTHOM BO3/IefiCTBHM NoXkKapa B TeyeHne /=120 Mun

PucyHnok 9. — Pe3yabTaThl BbIYMC/IEHUS NPEAeIbHOI0 0 NPOYHOCTH U3ru0aiomero MoMeHTa 6aaKku
IPH CTAHJAPTHOM BO3/elCTBUHU NOKapa B TedyeHue =180 mun
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B pesynbrate pacueTa npezesibHOe 3HaUeHUEe 3rH0Aa0Iero MOMEHTa IPH CTaHAAPTHOM BO3JeHCTBHHU TOXKapa
B TeueHue =180 muH paBao M,=20,153 kHm<32,3 kHw™m — pazpynienne 6anku ¢ TeKydecThio pabodei apMaTypsl. AHa-
JIOTMYHO PEKOMEHIAUAM >, BEIYKMCIIAEM MHTEPHOAIMEH MOMEHT BpeMEHH, Korja (akTHUeckas Hecyllas CllocOOHOCTE
Oamku OyneT paBHa 32,3 kHwm:

=120+ 2297383 (190 150) Z138,2 s,
37,589 20,153

PacxoxaeHue npesesa OrHeCTOMKOCTH ONBITHOM Oaki>®, pacCUMTaHHOTO 110 MPEIaraeMoii METOJMKE Ha OCHOBE
JarpamMm Ae(popMHpOBaHKs 6ETOHA U apMaTyphl>’ U HEJTUHEHHOH Ae(pOpPMALMOHHOM PaCUETHON MOJIENIH, C pe3yIbTaTOM
skcnepuMenTa coctapisiet [(146—138,2)/138,2] - 100%=5,6%.

3axuroyenue. [IpoBeIeHHBIN aHATN3 UCCIETOBAHUMA MTOKA3all, YTO BRICOKAs TEMIEpaTypa OKa3bIBaeT CyIIe-
CTBEHHOE BJIMSIHUE HA MapaMeTpbl 0a30BBIX TOUEK AuarpamMm aedopMHUpPOBaHHs OETOHA U apMAaTYpPhI KeJIe300eTOH-
HBIX 3JICMEHTOB.

BriHy X IeHHBIE TEeMIIepaTypHBIE AeopMaIiy H3-3a pa3HOCTH K03 (HUITMEHTOB TeMITEpaTypHBIX Aedopmarmii Oe-
TOHA M apMaTyPHI TIPH ACHCTBIH BBICOKOH TeMIIEpaTyPhl BEI3BIBAIOT OTIOJHUTEIIBHEIE Ae(popMaIiiy pacTsDKEHUS OeToOHa
1 nehopMaIiK COKATHUSI apMATYPHL.

[IpumeHeHne HEMMHEHHOH e(hOpMAIIMOHHON pacueTHOH MOJENH IPH U3BECTHOM pacIpeAeTICHUN TeMIIePaTyphI
O(x, y) °C 1o moriepeqYHOMY CEYEHHUIO MO3BOIISIET MOTYyYaTh KAPTHHY HANPSIKEHHO-IE(POPMIPOBAHHOTO COCTOSHUS ITPH
BO3/ICHCTBUM yCUIMH OT BHEIIHeH Harpy3ku (M, M,, N) 1 BEICOKOH TeMIIepaTyphl, a TaK)Ke NpeebHble BHYyTPCHHNE
yewmust (M,x, M.y, N,), BOCTIpUHIMAaEMBIE JKeIe300€TOHHBIM AJIEMEHTOM B PACCMATPHUBAEMOM ITOTIEPEYHOM CEUCHHH.

Hemureitnas nedopmarionHast pacdeTHas MOJICIb JaeT BOSMOXKHOCTh TIPH 33/IaHHON BHEITHeH Harpyske (M., M,, N)
Y U3MCHCHHU PACHPE/ICIICHUs BRICOKOW TeMIiepatypsl O(x, y, t) °C mo monepeyHoMy CEUCHHIO ¢ TCUYCHHEM BPEMCHHU f
MOJIy4aTh Mpeel BPEMEHH COMPOTHBIICHHS £, XKEJIe300€TOHHOIO JIEMEHTA CHJIOBOMY M TEMIIEPATyPHOMY BO3JICHCTBUIO
(OTHECTOHKOCTB).

Ha npuMepe 1IeHTpaIbHO CXKATOM JKEIe300€ TOHHOM KOJIOHHBI KPYTJIOTO ONEPEYHOTO CEUSHHS TIPOICMOHCTPUPO-
BaHO PUMCHEHUE HEIMHCHHOM 1ehOpMAIIOHHON PacyeTHOM MOJICITH JJIsl pacyeTa apaMeTpoB HAPSHKCHHO-TePOpPMHU-
POBAaHHOTO COCTOSHUS OT BBIHYK/ICHHBIX TEMITEPAaTypPHBIX Ae(QOpMaIiii.

[IpoBenena BepruduKkanys HeMMHEHHOH AehOPMAMOHHOM pacueTHOW MOJIEN! MIPH CHIIOBOM M TEMITEPaTypHOM BO3-
JISACTBUSX JJIsl pacueTa OTHECTOUKOCTH (%) )KeJIe300eTOHHOM O0aku. PacxokaeHue BEIYUCIICHHBIX TapaMeTpoB (IIporuo,
OTHECTOMKOCTH) ISl paCCMaTPUBAEMOM OATIKM C HKCIIEPUMEHTANBHBIMA TaHHBIMHU HE TIPEBHIIIacT 5,6%.
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CALCULATION OF THE STRESS-STRAIN STATE OF REINFORCED CONCRETE ELEMENTS
UNDER THE INFLUENCE OF LOAD AND HIGH TEMPERATURE

D. LAZOUSKIY, D. GLUKHOV?, A. KHATKEVICH?, A. HILY, A. KALTUNOU®, E. CHAPARANGANDA®
(V-39 Euphrosyne Polotskaya State University of Polotsk, ¥ LLC «SoftClub», Minsk,
% Botswana International University of Science and Technology)

Methods for calculating the parameters of the stress-strain state of reinforced concrete elements under the influence
of load and high temperature are constantly being improved. The nonlinear deformation calculation model for building
structures (reinforced concrete, reinforced concrete, stone and reinforced stone, wooden) under force, temperature, humidity
and long-term effects allows us to obtain the parameters of their stress-strain state at any stage of deformation, to take into
account the physical nonlinearity of the materials, the stage of effects.

The analysis of studies of the influence of elevated (from 50 °C to 200 °C inclusive) and high (over 200 °C to 1400 °C)
temperatures on the parameters of the base points of the diagrams of concrete deformation and reinforcement of reinforced
concrete elements. Modeling of the stress-strain state of the reinforced concrete element was performed taking into account
the forced temperature and humidity deformations of the materials. Verification of the proposed methodology for calculating
the parameters of the stress-strain state of reinforced concrete elements under the influence of load and high temperature,
as well as their fire resistance, has been carried out.

Keywords: nonlinear deformation calculation model, stress-strain state, parameters of the base points of diagrams

of deformation of concrete and reinforcement under the action of high temperatures, forced temperature deformations,
calculation of fire resistance of reinforced concrete structures.
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STUDY ON THE COMPRESSIVE MECHANICAL PROPERTIES
OF RECYCLED AGGREGATE EXPANSIVE CONCRETE

MIN HAO, Doctor of Technical Sciences, Professor V. TUR
(Brest State Technical University)

Recycled aggregate concrete (RAC) is a promising low-carbon alternative to conventional concrete, yet its higher
porosity and weaker interfacial transition zones (ITZs) often lead to reduced stiffness and increased deformation, which
may amplify shrinkage-related serviceability risks. This study investigates the 28-day uniaxial compressive response of
RAC incorporating a magnesium-oxide expansive agent (MEA) using a full factorial matrix. Twelve mixtures were
prepared at a fixed water-to-binder ratio of 0.40 by crossing recycled coarse aggregate (RCA) replacement levels (0%,
30%, and 50%) with MEA dosages (0%, 6%, 8%, and 10% by binder mass). Cube specimens (100 mm) were tested under
displacement control, and peak stress, peak strain, and static elastic modulus were obtained from the recorded load-
deformation data; the modulus was evaluated by linear regression on the ascending branch within 0.2—0.5 of the peak
stress. At 0% MEA, increasing RCA replacement decreased peak stress from 38.0 MPa to 33.4 MPa and reduced modulus
from 32.0 GPa to 26.4 GPa, while peak strain increased from 1.75x107 to 2.30x1073. Across all RCA levels, MEA
exhibited a non-monotonic effect: a modest improvement at 6% was followed by strength and stiffness reductions and
higher peak strain at 8—10%, indicating a limited beneficial dosage window. The coupled trends suggest that deformation-
related performance of MgO expansive RAC should be assessed using measured pairs of stiffness and strain capacity
rather than peak stress alone. Given n = 1 per mixture at 28 days, the findings are interpreted as trend-based observations
and motivate further replicated testing and microstructural verification.

Keywords: recycled aggregate concrete, MgO expansive agent, compressive strength, elastic modulus, peak strain.

Introduction. Driven by resource constraints and carbon reduction, recycled aggregate concrete (RAC) is widely
regarded as a key pathway to the sustainability of cementitious materials; however, residual old mortar and a porous
microstructure weaken the interfacial transition zone (ITZ), lower the elastic modulus, and increase sensitivity to
shrinkage cracking, which continues to limit structural applications [1]. To improve volumetric stability and service
reliability, the concept of expansive concrete has been adopted to use expansion to counteract shrinkage; among these
systems, magnesium-oxide (MgO) expansive agents have seen systematic engineering application because their delayed
expansion can be tailored, with long-standing practice and standards particularly in mass concrete and concrete-face
rockfill dams in China [1].

From a materials mechanism perspective, the action of an MgO expansive agent centers on the hydration and
crystal growth from MgO to Mg(OH), (brucite), which occurs mainly in confined pores along pore walls and produces
controllable delayed expansion; unlike CaO or calcium sulfoaluminate systems that rely on early ettringite formation, the
rate and magnitude of expansion with a magnesium-oxide expansive agent are highly sensitive to particle reactivity,
calcination conditions, curing temperature, and restraint [2]. Experimental studies and reviews further show that reactivity
and dosage jointly define an effective window for compensating shrinkage and suppressing cracking; highly reactive MgO
can compensate drying and autogenous shrinkage at early ages, whereas excessive dosage or a mismatch in reactivity may
introduce diffuse microcracking and impair mechanical performance and durability [3].

Compared with normal concrete, the mechanical limitations of RAC are more closely tied to ITZ quality and the
pore-size distribution; recent work has quantified the dominant roles of ITZ and pore structure in controlling compressive
strength and stiffness and has indicated room for improvement through interfacial densification and internal curing [4].
Against this background, introducing an MgO expansive agent into RAC to balance volumetric stability with mechanical
performance has become a recent focus, but much of the existing work targets shrinkage and cracking control in high-
performance or specialized systems; under coupled conditions of RCA replacement and magnesium-oxide expansive-
agent dosage, a systematic understanding of uniaxial compressive behavior, including the stress-strain response, elastic
modulus, and peak strain, remains limited [5]. New reports also suggest that the optimum MgO dosage in recycled systems
may shift with RCA content and curing regime, yet the quantitative laws and mechanisms that govern compressive constitutive
behavior and stiffness deterioration or recovery still require clarification through a full-factorial test matrix [6].

Accordingly, this study examines recycled-aggregate concrete with an MgO expansive agent. A two-factor full
matrix crossing RCA replacement levels of 0%, 30%, and 50% with magnesium-oxide expansive-agent dosages of 0%, 6%,
8%, and 10% was established at a fixed water-to-binder ratio; standard cube specimens were prepared, and compressive
strength, stress-strain curves, elastic modulus, and peak strain were obtained. The aim is to elucidate the competing effects
of RCA-induced weakening and densification or microcracking induced by the magnesium-oxide expansive agent under
restraint, to identify an effective dosage window for MgO in recycled systems, and to provide practical recommendations
that reconcile volumetric stability with compressive performance.
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1. Materials and Methods

1.1 Materials

Ordinary Portland cement (P.O 42.5) conforming to GB 175 was used to ensure stable strength grade and consistent
chemical composition across batches'. Recycled coarse aggregate (RCA) was obtained from crushed demolition concrete.
The source concrete was jaw-crushed, water-washed for 2 h to remove loose adhered mortar, oven-dried to constant mass,
and then characterized for apparent density, water absorption, and flakiness index in accordance with GB/T 251772 Source
of recycled coarse aggregate — Provided by Beijing Jingyulu Construction Engineering Co., Ltd., Natural coarse aggregate
was continuously graded crushed stone (5-20 mm), and the fine aggregate was medium sand with a fineness modulus of
2.6 and silt content < 2%. A polycarboxylate high-range water-reducing admixture was added at 1.0% of the binder mass
to achieve comparable workability following JGJ/T 553. The expansive component was a magnesium-oxide-based
expansive agent (MEA) in powder form; the MgO content, fineness (or D50), and reactivity grade were provided by the
manufacturer. MEA dosages were set to 0%, 6%, 8%, and 10% of the binder mass.

Figure 1. — Source of Recycled Coarse Aggregate

1.2 Mix design and experimental matrix

The water-to-binder ratio (w/b) was fixed at 0.40. A full two-factor matrix was adopted by crossing RCA replacement
levels (0%, 30%, and 50%) with MEA dosages (0%, 6%, 8%, and 10%), yielding 12 mixtures denoted as RO—-MO to R50-M10
(Table 1). Mix proportions were designed in accordance with JGJ/T 55 to maintain comparable fresh consistency among
mixtures*. The target testing ages (28 days) and the corresponding procedures were selected according to GB/T 50081°. The
MEA dosage window (0—10% by binder mass) was selected to cover the commonly reported effective range for shrinkage
compensation/volume stability while avoiding potential performance deterioration at excessive dosages, based on previous
studies and reviews of MgO expansive systems [7-9].

Table 1. — Factorial mix matrix for recycled-aggregate MgO expansive concrete

Mix ID RCA replacement (%) MEA (MgO) dosage (% of binder) w/b
R0O-MO 0 0 0.40
R0O-M6 0 6 0.40
RO-MS8 0 8 0.40
RO-M10 0 10 0.40
R30-M0O 30 0 0.40
R30-M6 30 6 0.40
R30-M8 30 8 0.40
R30-M10 30 10 0.40
R50-M0O 50 0 0.40
R50-M6 50 6 0.40
R50-M8 50 8 0.40
R50-M10 50 10 0.40

Notes. RCA replacement x MEA dosage; w/b = 0.40; mix IDs R0O-MO to R50-M10.

! State Administration for Market Regulation, National Standardization Administration GB 175-2023 General Portland Cement. —
2023. URL: https://www.chinesestandard.net/PDF.aspx/GB175-2023?English_GB%20175-2023.

2 General Administration of Quality Supervision, Inspection and Quarantine, China National Standardization Administration GB/T
25177-2010 Recycled Coarse Aggregates for Concrete. —2010. URL: https://www.chinesestandard.net/PDF/English.aspx/GBT25177-2010.

3 The Ministry of Housing and Urban Rural Development of the People's Republic of China JGJ 55-2011 Code for Design of
Ordinary Concrete Mix Proportion. —2011. URL: https://www.doc88.com/p-7059188863793.html.

4 See footnote 3.

3 The Ministry of Housing and Urban Rural Development of the People's Republic of China GB/T 50081-2019 Standard for Test Methods
of Physical and Mechanical Properties of Concrete. —2019. URL: https://ebook.chinabuilding.com.cn/zbooklib/bookpdf/probation?SitelD=1&bookID=114599.
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1.3 Specimen preparation and curing

All mixtures were produced using a pan mixer. Coarse and fine aggregates were first dry blended with cement and
MEA to achieve a uniform distribution of powders and aggregates. Gauging water pre-mixed with the polycarboxylate
superplasticizer was then added, and the mixtures were remixed until a homogeneous consistency was obtained. Fresh
concrete was cast into 100 x 100 x 100 mm steel molds and compacted using table vibration to minimize entrapped air.
The specimen was demolded after the initial setting was completed. And cured in a standard curing room at 20 + 2 °C
and relative humidity > 95% until testing at target ages of, 28 days, in accordance with GB/T 50081°. For each mixture
and age, n = 1 specimen was tested; therefore, all reported values correspond to single measurements, and the experimental
scatter was not quantified in this study.

1.4 Compression testing and instrumentation

Uniaxial compression tests were conducted on a servo-hydraulic compression testing frame under displacement
control at 0.5 mm-min~!.The loading platens were lapped, and a small seating preload was applied before formal loading.
Load and axial deformation were continuously recorded. Axial deformation was measured using two opposed LVDTs
mounted at mid-height of the specimen. The axial strain was obtained from the average LVDT extension divided by the
gauge length Ly, where L, = 50 mm, consistent with GB/T 500817. Engineering stress—strain curves were constructed for
each specimen.

Figure 2. — Example of Servo Hydraulic Compression Testing Machine

1.5 Data reduction and definitions of reported variables

To ensure traceability of the reported response variables, peak stress, peak strain, and static elastic modulus were
calculated from the recorded load—deformation data using the following definitions.

(1) Engineering compressive stress and peak stress.

Engineering compressive stress was calculated as

g=A-P, (1)

where P is the instantaneous load (N) and Ais the loaded area (mm?). For 100 mm cube specimens, A = 100 X 100 = 10,000 mm?
(or calculated using the measured face dimensions). The peak stress (reported as Peak Stress, MPa) was defined as

Omax—INaX(o). (2)
Note that 1 MPa = 1 N/mm?.
(2) Axial strain and peak strain.
Axial strain was calculated as
_ Alavg
&= 0 ° (3)

where AL, is the mean deformation from two opposed LVDTs and L, is the gauge length. Peak strain €y,,, was defined
as the axial strain corresponding to 0,,,. For reporting convenience, peak strain was presented as €, X 103(x1073).

6 See footnote 5.
7 See footnote 5.
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(3) Static elastic modulus.
The static elastic modulus E was evaluated on the ascending branch of the engineering stress—strain curve. For each
specimen, the peak stress o,y Was first determined, and all data points (g’ 0;) satisfying

0-20-max50-i <0.5 Omax (4)

were selected. The modulus E was then obtained as the slope of the least-squares linear regression of o against € within
this interval:

o=a+Es, Q)

where a is the regression intercept and E is the regression slope. When o is in MPa and € is dimensionless, E is obtained
in MPa and was converted to GPa by dividing by 1000. This “windowed” evaluation provides a reproducible static
modulus and aligns with the customary working-stress concept used in ASTM C469/C469M, while differing from its
standard two-point chord definition and specimen geometry®.

2. Results

2.1 Compressive strength (peak stress at 28 d)

The 28-day compressive response is reported in terms of peak stress (omax), defined as the maximum engineering
stress obtained from the recorded load divided by the loaded area (Section 2.5).

Table 2. — Peak stress (omax) of recycled-aggregate concrete with MgO expansive agent at 28 days

RCA replacement (%) MEA dosage (% of binder) Peak stress, Omax (MPa)
0 0 38.0
0 6 39.2
0 8 36.5
0 10 34.1
30 0 36.1
30 6 37.2
30 8 34.7
30 10 32.5
50 0 334
50 6 34.4
50 8 32.1
50 10 30.1
40
= = 0
e 30
384 = A 50
]
? |
% 36+ ®
g
S A .
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Figure 3. — Peak stress (6max) of recycled-aggregate concrete with MgO expansive agent at 28 days

8 ASTM International. ASTM C469/C469M-22: Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of
Concrete in Compression. — 2022. URL: https://store.astm.org/c0469_c0469m-22 html.
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The results are summarized in Table 2 and illustrated in Figure 3. At a fixed water—binder ratio, Gmax is primarily
governed by the RCA replacement level: with 0% MEA, Omax declines from 38.0 MPa at 0% RCA to 36.1 MPa at 30%
RCA and 33.4 MPa at 50% RCA (Table 2; Figure 3), which is consistent with widely reported behavior of recycled-
aggregate concrete. At any RCA level, MEA shows a non-monotonic dosage effect: omax exhibits a slight increase at 6%
MEA and then decreases at 8% and 10% MEA. For example, at 0% RCA the values are 38.0, 39.2, 36.5, and 34.1 MPa at
0%, 6%, 8%, and 10% MEA, respectively; corresponding trends are observed at 30% and 50% RCA (Table 2; Figure 3).

At 0% MEA, omax decreases with increasing RCA replacement, from 38.0 MPa at 0% RCA to 36.1 MPa at 30%
RCA and 33.4 MPa at 50% RCA (Table 2; Figure 3). This monotonic reduction agrees with widely reported behavior of
recycled-aggregate concrete, where adhered old mortar and a generally weaker interfacial transition zone tend to reduce
compressive performance as RCA content increases [10].

For a given RCA level, MEA shows a non-monotonic dosage effect. A 6% MEA dosage is associated with
a modest increase in Omax relative to 0% MEA, whereas 8% and 10% MEA lead to lower ¢_max in all RCA series.
Specifically, at 0% RCA, o_max equals 38.0, 39.2, 36.5, and 34.1 MPa at 0%, 6%, 8%, and 10% MEA, respectively; at 30%
RCA the corresponding values are 36.1, 37.2, 34.7, and 32.5 MPa; and at 50% RCA they are 33.4,34.4,32.1, and 30.1 MPa.
Such an “optimum-at-moderate-dosage” response is consistent with the general understanding that MgO-based expansive
systems can be beneficial within an appropriate dosage/reactivity window, while excessive expansion may introduce
internal damage and reduce peak stress; however, the mechanistic interpretation should be regarded as qualitative in the
absence of replicate specimens [1; 7; 8].

2.2 Elastic modulus (28 d)

The static elastic modulus E was evaluated from the ascending branch of the engineering stress—strain curve by
ordinary least-squares regression within 0.2-0.5 0., as defined in Section 2.5. Because n = 1 for each mixture at 28 d,
the values in Table 3 and Figure 4 represent single measurements and are interpreted primarily through consistent trends
across the factorial matrix.

As shown in Table 3 and Figure 4, the elastic modulus decreases with increasing RCA replacement. At 0% MEA,
Edeclines from 32.0 GPa (0% RCA) to 28.8 GPa (30% RCA) and 26.4 GPa (50% RCA), which is consistent with the
generally reduced stiffness reported for recycled-aggregate concrete due to the higher proportion of adhered old mortar
and the altered interfacial transition zones [10].

For a given RCA level, MEA exhibits a limited “moderate-dosage” window. At 0% RCA, Eincreases slightly from
32.0 GPa (0% MEA) to 32.5 GPa at 6% MEA, and then decreases to 30.4 GPa (8% MEA) and 28.8 GPa (10% MEA).
Similar behavior is observed at 30% RCA, where E reaches 29.3 GPa at 6% MEA before decreasing to 27.4 GPa and 25.9 GPa
at 8% and 10% MEA, respectively. At 50% RCA, E is unchanged between 0% and 6% MEA (26.4 GPa), but decreases
at higher dosages (25.1 GPa at 8% and 23.8 GPa at 10%). These results are consistent with the general understanding that
MgO-based expansive systems can be beneficial within an appropriate dosage/reactivity range, whereas excessive expansion
may introduce internal damage that preferentially reduces stiffness [1; 8].

Notably, the modulus reduction at higher MEA dosages is coherent with the concurrent increase in peak strain
discussed in the next section, indicating a transition toward a more deformable response near peak when MEA is excessive
(see Table 3 and Figure 4).

Table 3. — Elastic modulus (E) of recycled-aggregate concrete with MgO expansive agent at 28 days

RCA replacement (%) MEA dosage (% of binder) Elastic modulus, E (GPa)
0 0 32.0
0 6 32.5
0 8 30.4
0 10 28.8
30 0 28.8
30 6 29.3
30 8 27.4
30 10 259
50 0 26.4
50 6 26.4
50 8 25.1
50 10 23.8
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Figure 4. — Elastic modulus (E) of recycled-aggregate concrete with MgO expansive agent at 28 days

2.3 Peak strain (28 d)

Peak strain €, is defined as the axial strain corresponding to the peak stress 6., on the engineering stress—
strain curve. For reporting convenience, €, is presented in x1073. Because n = 1 for each mixture at 28 d, the values
reported in Table 4 and Figure 5 represent single measurements and are interpreted through consistent trends across the matrix.

As shown in Table 4 and Figure 4, peak strain increases with RCA replacement. At 0% MEA, €,,,,, increases from
1.75%1073 (0% RCA) to 2.05x107° (30% RCA) and 2.30x1073 (50% RCA). This trend is compatible with published
observations that recycled-aggregate concrete often exhibits greater deformability under compression due to higher
heterogeneity and the presence of adhered mortar and multiple ITZs, which can promote earlier nonlinear deformation [11].

Within each RCA level, MEA dosage produces a distinct response: €, is unchanged or slightly lower at 6%
MEA (e.g., 1.70x1073 at 0% RCA; 2.00x107 at 30% RCA; 2.25x1073 at 50% RCA), but increases at 8% and 10% MEA.
For example, at 50% RCA, €44 rises from 2.25x107 (6% MEA) to 2.50x1073 (8% MEA) and 2.70x1073 (10% MEA).
The simultaneous increase in peak strain and the reduction in modulus at higher MEA dosages indicates a shift toward
a more deformable response near peak when MEA is excessive. A plausible explanation is that over-expansion under
restraint may introduce distributed micro-defects that reduce stiffness and allow larger inelastic deformation before peak
stress, although this mechanistic interpretation should be regarded as qualitative given the single-specimen nature of the
dataset [7; 8].

From a practical perspective, these results highlight that serviceability-related parameters (stiffness and strain
capacity) may not be inferred from peak stress alone for MgO expansive recycled-aggregate concrete; therefore, it is
advisable to consider measured pairs of E' and €,,,,, when comparing mixtures and assessing deformation-related performance
(Table 3 and Table 4; Figure 3 and Figure 5).

Table 4. — Peak strain (emax) 0f recycled-aggregate concrete with MgO expansive agent at 28 days

RCA replacement (%) MEA dosage (% of binder) Peak strain, emax (x1073)
0 0 1.75
0 6 1.70
0 8 1.85
0 10 2.00
30 0 2.05
30 6 2.00
30 8 2.20
30 10 2.40
50 0 2.30
50 6 2.25
50 8 2.50
50 10 2.70
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Figure 5. — Peak strain (e€max) of recycled-aggregate concrete with MgO expansive agent at 28 days

Discussion. At a constant w/b = 0.40, the coupled trends of peak stress, elastic modulus, and peak strain indicate
that the dominant mechanical penalty originates from RCA replacement, while MEA mainly modulates the response
within a limited dosage window. As RCA increases, the reduction in peak stress and stiffness is consistent with the generally
higher porosity and heterogeneity introduced by adhered old mortar and the presence of multiple interfacial transition
zones in recycled aggregate systems [12]. In parallel, the larger peak strain observed at higher RCA levels agrees with
published uniaxial compression observations that RAC tends to exhibit reduced modulus and increased deformation
capacity at comparable strength, reflecting earlier nonlinear deformation development under compression [13].

Within each RCA level, MEA shows an evident “moderate-benefit / excessive-penalty” pattern: a small recovery
in peak stress (and in some cases modulus) at 6% MEA is followed by reductions at 8—10% MEA. This behavior is
compatible with the concept that MgO hydration products (brucite) can provide restrained expansion and local pore
refinement when dosage and reactivity are appropriate, but may generate distributed micro-defects or expansion-induced
microcracking when expansion becomes excessive, thereby reducing stiffness and strength while permitting larger peak
strain [14]. The mechanistic plausibility is supported by microstructural and pore-scale discussions that link brucite growth
pressure and confinement effects to expansion behavior and strength sensitivity [7]. Recent studies on MgO expansion
agents further emphasize that the stable performance of MEA is strongly dosage- and activity-dependent, and that excessive
contents can deteriorate volume stability and microstructure, which aligns qualitatively with the stiffness loss and strain
increase at higher MEA dosages in the present matrix [15].

From a design and interpretation standpoint, the joint reading of (Gmax, £, €max) suggests that peak stress alone is
insufficient to represent deformation-related performance for MgO expansive RAC, particularly when MEA exceeds the
moderate range and stiffness becomes more sensitive than strength. Because each 28 d result corresponds to n = 1, the
discussion should be framed as a trend-based interpretation across a consistent factorial matrix rather than a statistically
validated conclusion; accordingly, the present results are best positioned as an initial mechanical mapping that motivates
future replication ( >3 specimens per mix-age) and complementary evidence (e.g., MIP/SEM or restrained expansion/shrinkage
measurements) to confirm whether the inferred micro-defect/ITZ mechanisms are indeed governing the stiffness—strain shifts.

Conclusion. At 28 days and w/b = 0.40, RCA replacement set the baseline mechanical level. Without MEA, peak
stress decreased from 38.0 MPa (0% RCA) to 36.1 MPa (30% RCA) and 33.4 MPa (50% RCA), while the elastic modulus
dropped from 32.0 GPa to 28.8 GPa and 26.4 GPa; peak strain increased from 1.75x107 to 2.05x107> and 2.30x1073.
These coupled changes indicate a progressively more compliant and deformable compressive response as RCA content
increased.

MEA showed a limited beneficial dosage range. A 6% dosage produced a small strength recovery across all RCA
levels, whereas 8—10% generally reduced strength and stiffness and increased peak strain. This combination points
to a trade-off: higher MEA dosages may increase deformation capacity near peak but at the expense of stiffness and,
in several mixes, peak stress.
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For interpretation and mixture selection, peak stress alone does not capture the deformation-related response of
MgO expansive RAC. Reporting and comparing mixtures using the paired indicators (£, €max) together with 6 max is more
informative, especially when MEA exceeds the moderate range. Because n = 1 for each mix at 28 days, the findings
should be treated as trend-based observations that require replicated testing to quantify variability.
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Tocmynuna 10.01.2026

BJUSHUE MATHE3UAJIBHOM PACIHIAPSIIOIIEN TOBABKA HA PABOTY ITPH COKATHA
U TE®@OPMAIIMOHHBIE CBOMICTBA BETOHA HA BTOPUYHBIX 3AIIOJTHATEJIAX

MHHBb XAO,
0-p mexH. nayk, npog. B.B. TYP
(Bpecmckuii 20cy0apcmeenHblil mexXHUYeCKull ynugepcumem)

Hepepabomannwiii acpecamnuvtii bemon (RAC) sensemces nepcnekmusHou aibmepHamusoi 00blyHOMY OemoHy
C HUBKUM COOepIHCaHueMm yenepood, 0OHAKo e2o DoJiee 8bICOKASL NOPUCIOCTb U boiee cliabble uHmep@etichble nepexooHble
sonvl (ITZ) wacmo npugoodsm K CHUINCEHUIO JHCECMKOCTNU U YEEAUUEHUIO Oedopmayui, Ymo MONCEMm YCUIUMb PUCKU
00CTYAHCUBAHUSL, CEAZAHMDLE C CYICEHUEM. B amom uccnedosanuu uzyuaemces 28-0nesHas 00HOOCHAS peakyus Ha Cocamue
PAK, sxmouaiowas 6 cebs sxcnancuonuslii azenm okcuoa machus (MOA) ¢ ucnonvzosanuem noiHou GaxmopuaibHou
Mampuywl. J[eeHaoyamv cymecell ObLiu nPU2OmoseHsbl P (PUKCUPOBAHHOM COOMHOUEHUU 800bl K CEA3bIBAIOWEM) GEUECEY
6 pazmepe 0,40 nymem nepeceuenus yposHe 3ameHbvl nepepabomannozo epyboeo acpecama (PKA) (0%, 30% u 50%)
¢ 0ozamu MDA (0%, 6%, 8% u 10% no macce céazviearoueco eewecmea). Kyouueckue oopasyut (100 mm) Oviau ucnvimarol
HOO KOHMPOLEM CMEWeHUsl, d NUKOBOe HANPsdICeHUe, NUK08Asi 0eopmayus u CMamuieckuil MOOYib 31aCmMUYHOCU
ObLIU NOSYHEHbL U3 3aPEeSUCTNIPUPOBAHHBIX OAHHBIX HAZPY3KU-0edopmayuil; MOOYIb Obll OYeHeH TUHEHOl peepeccuell Ha
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socxoosauetl eemsu 6 npedenax 0,2—0,5 nuxoeozo nanpscenus. Ilpu 0% MEA ysenuuenue 3amenvt RCA ymenwuiuno
nukogoe nanpsisicerue ¢ 38,0 MPa 0o 33,4 MPa u ymenvwiuno mooyns ¢ 32,0 GPa 0o 26,4 GPa, 6 mo epems Kak nukosoe
nanpsicenue yeenuuunocy ¢ 1,75x107 0o 2,30x1073. Ha scex yposnax PKA MDA demoncmpuposan nemonomonmbsiii
agpgpexm: 3a CKpOMHBIM YIyUUIeHUeM Ha 6% NOCIe008AN0 CHUNCEHUE NPOYHOCMU U HCeCMKOCU U D0lee 8bICOKOe NUKOBOe
nHanpaxcenue na 8—10%, umo ykasvieaem Ha ozpanuienHoe nojesnoe okHo 003uposku. Cosmecmuvie meHoeHyUU
npeononazalom, Ymo xapaKxmepucmuru, cesasantuie ¢ oegpopmayuen MgO skcnancuenozo RAC, ciedyem oyenugams
€ UCNONL30BAHUEM USMEPEHHBIX NAP JICECMKOCMU U HASPY30YHOU CROCOOHOCU, d He MOLbKO NUKOBO20 HANPSNCEHUSL.
Yyumwieas, umo n = 1 na cmeco 6 meuenue 28 Ouell, pesyibmamol UHMEPRPEMUPYIOMCIL KAK HAOTI00eHUsl, OCHOBAHHbIE
Ha MeHOEHYUsX, U MOTMUSUPYIOM OdibHelluee NOBMOPHOE MECUPOBAHUE U MUKPOCTNPYKIMYPHYIO NPOBEPKY.

Knroueswvie cnosa: nepepabomanuwiii azpecamusii 6emon, MgO 3KCnancusHuvlil acenm, npOYHOCMb K CHCAMUTO,
MOOYIIb INACMUYHOCIU, NUKOBOE HANPSAINCEHUE.
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YK 624.058.2:69:004 DOI 10.52928/2070-1683-2026-44-1-34-41

ONbIT IPUMEHEHUS JIASEPHOI'O CKAHUPOBAHMUS ITPU ITPOBEJAEHUH
HATYPHBIX UCIIBITAHUH ) KEJIE3OBETOHHOU IIVIMTHI HEPEKPBITUS
HAJ ABTOMOBUWJIBHBIM HAPKMHI'OM COBMECTHO C BIM-TEXHOJIOI'UsIMA

E.H. CABHHA, 0-p mexn. nayx, ooy. E.A. MOUCEHYHK,
A.A. AKOBJIEB, A.B. KYJIAH
(benopycckuil HAUUOHATLHBIIL MeXHUYecKull ynugepcumem, Munck)

B ycnosusix pexoncmpyxyuu u usmenenuss QyHKYUOHAIbHO20 HA3HAYEeHUsl 30AHULL AKMYANIbHOU UHICEHEPHOT
3a0auell A61emcst 00CMOBEPHASL OYEHKA (PaKmuyecKoll Hecyuel CnocoOHOCMU Jicelle300emoHHbIX nepekpuimuil. B cmamve
npeocmagien Onbim UHMeZPayuu 1a3epHo2o U YomospamMmempuiecko2o ckanuposanus ¢ BIM-mexnonozuetl npu npose-
OeHUU HAMYPHBIX UCTBIMAHU PPaASMEHMA MOHOIUMHOU JHCele306emMOHHOL NAUMbL NEPEKPLIMUS HAO NOO3EMHbIM A6MO-
MOOUNLHBIM NAPKUH2OM. B pamxax ucciedosanust 6binoinenvl HamypHbie UCHbIMANUS NEPEKPLIMUsL ¢ NOIMANHIM CIA-
muueckum nazpyicenuem. s popmuposanius 2eoMempuieckux UCXOOHbIX OAHHbIX UCNOIb308AHbL OECULOMHbIL 1ema-
MenbHblll annapam, MoouibHble meie@oHvl, HazeMHblll 1a3epHblil ckanep. I1o pe3yrbmamam CKAHUPOBANUS NOTYHEHbL
obnaxa mouex, Ha OCHO8e KOMOPLIX CHOPMUPOBAHA UHPOPMAYUOHHASL MOOETb 0OBEKMA ¢ YHemoM PaKmuyeckozo noo-
JHCEHUSL HECYUUX KOHCIMPYKYULL U BbISBIEHHBIX 2EOMEMPULECKUX OMKIOHEHUL om npoekmubix 3uayenuil. C ucnoiv3oeanuem
VIMOYHEHHOU PACYEeMHOU CXeMbl 8bINOIHEH PACUEN HANPAICEHHO-0eDOPMUPOBAHHO20 COCMOSIHUSL JICENE300eMOHHO20 nepe-
Kpblmusi U Onpedesiend e20 akmuieckas Hecywdas ChOCOOHOCHb C YUemoM NPOEKMHbIX U IKCIIYAMAYUOHHBIX HASPY3O0K.
B xo00e cmpoumenvbro-monmadsichvix pabom nompebo8aniacs KOppeKmuposKa nPOEKMHbIX PeuleHUll, Cé3aHHAsL C U3MeHe-
HUeM CXeMbl U GeUYUHbL NPUTLOICEHUS. HAZPY30K, YMO ObLIO ONEPAMUGHO YYMEHO 3d CYem NpuUMeHeHust yugposoul ungop-
mayuonnou modenu. Ilokazano, umo ucnoib3osanue ckanupoganus u BIM-mexnonozuti npu HamypHuIX UCHbIMAHUSIX NO3-
80J151€M NOGBICUMb A0EKEAMHOCb PACYEMHbIX MOOEEH, YMEHbUIUMb CPOKU NPUHSIMUSL PeUeHUil U 00ecneuums CoKpauje-
Hue gpemenu 6600a obvekma 6 sxcnayamayuio. Ilonyuennvie pesyibmamsl NOOMEEPACOAIOM NePCHEKMUSHOCHb NPUMEHE-
HUSL YUPPOBLIX MeMO008 npu 06C1e008AHUU, UCNBIMANUAX U IKCHILYAMAYUU HCENE300EMOHHBIX KOHCMPYKYULL.

Knrouegvie cnosa: BIM-mexnonocuu, yugposasi mooensb 06vexma, GUpmyanbHas pedibHOCHb, paciémuas cxemd,
Jrcene300emoHHas nauma nepekpuimus, ckanuposanue oovexma, bIIIA, obraxko mouex, HanpsAICEHHO-0ePOPMUPOBAHHOE
cocmositue.

Bgenenue. B ycrnoBusx BBICOKOI IIIOTHOCTH 3aCTPOWKH KPYIHBIX TOPOIOB M OTPAaHUYCHHOCTH CBOOOIHBIX TEPPH-
TOpHUil 17151 HOBOTO CTPOUTEJILCTBA BCE 0OJIEE IIMPOKOE PACIPOCTPAHEHHE MOIy4aeT OCBOCHHUE TTOI3EMHOTO IIPOCTPAHCTRA,
B TOM YHCJIe JUTS pa3MeImleHnss aBTOMOOMIBHBIX NapKuHTOB [1; 2]. Ilpu sxcmmyaTanyn Takux 00BEKTOB HEPEAKO BO3ZHH-
KaeT He0OXOTMMOCTh H3MEHEHUS (PYHKIIMOHATIHHOTO HA3HAYCHHS IOMEIIICHNH, PACII0I0KEHHBIX HaJl IOJJ3€MHBIMH YPOB-
HsiMU. Tak, o(HCHBIE TOMEIIEHHs IEPBBIX ATaXKEH MOTyT Hepenpo(IMpOBATHCS TI0]] TOPTOBbIE, CKIIaJICKUE WITH O0IIECTBEH-
HBIE 30HBI, YTO MIPUBONT K YBEIHMUCHUIO SKCIUTYaTA[OHHBIX HArpy30K 1 N3MCHEHHIO CXEM X IPHIIOKEHHS K KOHCTPYK-
UM TIepeKpbIThi [3; 4]. I3MeHeHne (yHKIMOHATFHOTO Ha3HAYCHHS TIOMEIICHUH TpeOyeT MOATBEPKACHUS (PaKTUICCKON
HecyIel ClIocOOHOCTH KOHCTPYKIMI, TaK KaK MPOEKTHBIE PEIICHNUS, IPUHSTHIC Ha CTAIUN Pa3padOTKH, MOTYT HE COOT-
BETCTBOBATh HOBBIM yCJIOBHSAM SKCIUTyaTaly. B Mo100HBIX cHTyanusax BO3ZHUKAET HEOOXOANMOCTD BBITIOJTHEHUS TEXHH-
YECKOro 00CIeI0BaHMsl, pacCi€THOTO 0OOCHOBAHHS, A B Ps/IE CIIyIacB — HATYPHBIX UCIBITAaHNH )KeJIe300€TOHHBIX KOHCTPYK-
U JUIS1 OLIEHKH MX HaNpPsDKEHHO-Ae()OPMHUPOBAHHOTO COCTOSTHUS M SKCIUTYaTallMOHHOM HaIeKHOCTH [5].

TpanuuroHHBIE METOIBI 0OCIIEIOBAHNUS U PACYETHOTO aHAJIN3a, OCHOBaHHbIE Ha MPOSKTHOW IOKYMEHTALIUH 1 BbI-
OOpPOYHBIX U3MEPEHUsSIX, HE BCErJa MO3BOJISIOT C JOCTATOYHOW TOYHOCTBIO YYHTBHIBATh (DaKTHYECKOE Ie€OMETPUUECKOE
MOJIOXKEHHE KOHCTPYKTUBHBIX 3JIEMEHTOB, HAIWYKE OTKJIOHEHUH OT IPOSKTHBIX OTMETOK M B3aUMHOE PacIoIoKeHUE He-
CYIIMX DJIEMEHTOB. YKa3aHHbIE ()aKTOPbI MOTYT OKa3bIBaTh CYIIECTBEHHOE BIMSHHUE Ha PACYETHYIO CXEMY U PE3YJIbTAThI
OIpe/iesIeHUsl HANPsDKEHUH 1 ieopMaliyii B xKeIe300€ TOHHBIX KOHCTPYKIMSX [6; 7].

B nocneHue ropl akTHBHO Pa3BUBAIOTCS TEXHOJIOTHH JIA3€PHOTO M (POTOrpaMMETPUUECKOT0 CKAHUPOBaHHUS, 03~
BOJIAIOIINE NOJTy4YaTh IPOCTPAHCTBEHHBIE JaHHBIE 00 00BEKTaX CTPOUTENBCTBA B BUE 00JIaKoB ToueK. MHTerpanust pesyib-
TaTOB CKaHNPOBaHUA ¢ BIM-TeXHOIOTHAMH CO3AaET MPEANOCHUIKH TS POPMHUPOBAHUS HUPPOBBIX HHYOPMAIIMOHHBIX
MOJIeTIeH, aIeKBaTHO OTPAXKAIOIINX (PAKTHUECKOE COCTOSHHUE COOPYKEHUH M MO3BOJIIOINX YTOYHATh PACUETHBIC CXEMBI
TIPY BBITTOJTHEHUHU pacdeTos [8—10].

Hecmotpst Ha Hanw4Ime OTAETHHBIX MCCIIEIOBAHNH B NaHHOW oOmactu [11-18], Bompocs! mpakTHIeckoro mpruMeHe-
HUS 00JIAKOB TOUYEK MPH MPOBEICHUH HATYPHBIX HCTIBITAHUH HECYIIHX KEIe300€TOHHBIX KOHCTPYKIIHI OCTA0TCs (hopMaib-
HBIMHU, 0OCOOEHHO B YaCTH MX UCIIOJIb30BAHMS JJIsi KOPPEKTHPOBKH PACUETHON CXEMBI.

OcHoBHas YacTb. Llerpo HacTOsIIIEro uecieI0BaHus SBIIsIeTCs 000CHOBaHHE BO3MOXKHOCTH IIPUMEHEHHS Jla3ep-
HOTO 1 ()OTOrpaMMETPHIECKOTO CKaHUpOBaHUs B coctaBe BIM-TexHOMOrMiA JUTS OBBIIEHHS JOCTOBEPHOCTH PE3YJIbTa-
TOB HaTYPHBIX UCTIBITAHUH KeJIe300€TOHHOI'0 NEPEKPHITHS U YTOYHEHNUS ero (pakTH4ecKoil Hecyliel cnocoOHOCTH Ha
IpUMepe NOA3EMHOT0 aBTOMOOHIIBHOTO TIAPKHHTA.

J1st ToCTHXKEHMs! TOCTABICHHOH LeJI B pad0Te pelIeHbI CIeyIOINe 3aIatum:

—  BBINOJIHEH cOOP MPOCTPAHCTBEHHBIX TEOMETPHIECKHX JJAaHHBIX (hparMeHTa MEPEKPHITHS C IPUMEHEHUEM Pa3In-
HBIX CPEICTB CKAHMPOBAHNS;
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— chopmupoBaHa nudpoBas HHPOPMAITHOHHAS MOJIETh 00BEKTa Ha OCHOBE 00JIaKa TOYCK;

— YTOYHEHa pacueTHas CXeMa jKeJIe300€TOHHOTO MEPEKPHITHS C yIeTOM (PaKTHUECKOTO MOJOKEHHS HECY X
JJIEMEHTOB;

— TIPOBEJCHBI HATYPHBIE UCIBITAHUS C IO3TAITHBIM CTATHUECKUM HArpy>KEHUEM;

—  BBINIOJTHEHA OLICHKA HANPSKEHHO-1€()OPMHUPOBAHHOTO COCTOSIHHSI KOHCTPYKIMH ITPY U3MEHEHUN CXEMBbI U BEITH-
YHHBI KCILTyaTallUOHHBIX HArPY30K.

HccnenoBaHus BEITIOIHEHBI HA (ParMEeHTE jKeJI€300€TOHHOTO IEPEKPBITHS 31aHNsI MHOTO()YHKIIMOHAIBHOTO KOM-
IUIEKCa C MOA3EMHBIM MApKUHTOM, PACIIOJIOKEHHOTO B I. MUHCKe. 3jaHUE IECTUITAXKHOE, B IIaHE UMEET NPSIMOYTOJIbHYIO
¢dopmy. KoHCTpyKTHBHAS cXeMa 31aHus — IPOCTPAHCTBEHHAS, MHOTOSIPYCHAsI, C MOHOJIUTHBIM JKeJIE300€TOHHBIM KapKacoM
1 6e30aT0YHBIMH TUTUTAMH HEPEKPBITHH.

[Toa3eMHBIH ypOBEHb HCIOIB3YETCS B KAYECTBE aBTOMOOHMIIBHOTO MapKuHTa. [IepekprITre Hal TapKUHTOM OTHOBpE-
MEHHO BHITIOJHSAET (PYHKIMH HEeCylel KOHCTPYKIIMK U OCHOBAHUS JJIsl Pa3MEIEeHUs TOMEIIEHUH 00IIeCTBEHHOTO U TOP-
TOBOTO Ha3Ha4eHHs, pacrnosiokeHHbIX Ha otMeTke 0.000. Penped MecTHOCTH MO mepuMeTpy XapaKTepu3yeTcs 3Ha4H-
TENILHBIMH TIEpEeTaJaMy BBICOT, BOJIN3U COOPY)KECHUSI OPraHU30BaHO JBIKEHHE aBTOTPAHCIIOPTHBIX CPEJCTB, YTO 00yCIaB-
JIMBAeT JOMOJHUTENbHBIC HKCIUTyaTaIl[HOHHbBIE BO3ICHCTBUS.

OOBEKTOM HATYPHBIX UCTIBITAaHUHN ABJISUICS (PArMEHT MOHOJIMTHOH XKeJIe300€TOHHOH IUTUTHI HEPEKPBITHS, pacIo-
JOXeHHBIN B ocax 4-5, b-B. 'eomerpuyeckue pazmepsl pparMeHTa, cXemMa OMUpPaHHU U apMHUPOBAHHUE COOTBETCTBYIOT
MIPOEKTHOM JTOKyMEHTalWH, IPUHATON Ha CTaJJUU CTPONTENBCTBA. [IepeKphITHe OTHOCHUTCS K KaTeropiy 0e30aI0YHBIX IUINT,
paboTaoUIKX B yCIOBUAX IIOCKOTO HAIIPSHKEHHO-/1E(OPMHUPOBAHHOTO COCTOSIHUS C Nepeaadeil Harpy3Kku Ha KOJIOHHBI
U BEPTHKAJIBHBIE HECYILIUE IIIEMEHTBHI.

B nporuiecce skcrutyaTanuy 3/1aHusi BO3HUKIIA HEOOXOIUMOCTh M3MEHEHUS (PyHKIMOHAILHOTO Ha3HAYCHUS TTOMe-
IIEHUH, PACIIOJIOKEHHBIX HAJl NCCIIEAYEMBIM ITEPEKPHITHEM, CBSI3aHHAS C Pa3MEICHHEM TOProBOro 000pyA0BaHUs, CKIIa-
JIMPYEMBIX MaTepHaIOB M 30H MacCOBOTO MPEOBIBAHMUS JIFO/ICH. YKa3aHHbIE M3MECHEHUS MPHUBEIH K YBEIMUYECHHIO DKCILTya-
TalMOHHBIX HATPy30K M N3MEHEHHIO CXEMbI X NPHIIOKEHHUS, UTO MOTPeOOBAJIO MOATBEPKACHUS (PaKTHIECKOH Hecyen
CHOCOOHOCTH NEPEKPBITHS U OLICHKH €ro HaNpsHKeHHO-1e()OPMHUPOBAHHOTO COCTOSTHUSL.

Ha ocHOBaHMM JaHHBIX O MPEAIONAraeMoOM pa3MeleHHH 000PYI0BaHuUs, MOIIOHOB AJIsl XpaHEHUs POy KIIUU
1 BO3MOXHBIX 30HaX KOHICHTPAIMM Harpy3oK OblUia pa3paboTaHa MpoOrpamMMa HAaTYPHBIX MCIIBITAHUH, MPeIyCMaTpPHBAIO-
111ast HOATAIHOE CTATUYECKOE HarpyKEeHUe UCCIIeAYeMOro pparMeHTa NepeKphITHI U KOHTPOJIb €ro 1e)OpMallMOHHBIX
XapaKTEPUCTHK.

Metoarka uccine0BaHus BKITI0YajIa KOMIIJIEKC OCIE0BATEIbHBIX ATAINIOB, HAIIPABICHHBIX HA MOJIyUYeHHUE TOCTO-
BEPHBIX TEOMETPHUYCCKUX U PACUETHBIX XaPaKTEPUCTUK XKEIE300€TOHHOTO IIEPEKPBITHUS U OLEHKY €0 (pakTHIEeCKOTo
HarnpspKeHHO-1e(OPMUPOBAHHOTO COCTOSIHUSA (PUCYHOK 1).

Pucynok 1. — Cxema nocie10BaTe/IbHOCTH BbINOJIHEHHs padoT

Ha TICPBOM ITalIC BBITIOJHCH BI/I3Y2LHLHLII>1 OCMOTp HECYHIUX KOHC’I‘pyKIII/Iﬁ MEPEKPBITUS C LCJIbIO BBIABJICHUA L[C(I)GK-
TOB, HOBpe)KZ[CHI/Iﬁ Y BUAUMBIX OTKJIOHEHUU OT IIPOCKTHOI'O ITOJIOXKCHUA.
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Ha BTOpOM 3Tane BBINONHEH COOP MPOCTPAHCTBEHHBIX TEOMETPHUECKHX JAHHBIX OOBEKTA C IPUMEHEHUEM JIa3ep-
HOTO 1 POTOTPaMMETPHIECKOr0 CKaHHpOBaHMs. CKaHUPOBaHHE KOHCTPYKIMH OCYIECTBIISIIIOCH C UCIIOJIb30BaHKEM Oec-
MUJIOTHOTO JieTateipHoro ammapara (DJI Mavic Pro), moOmnbHbIX TenedonoB (Samsung Galaxy S10, Apple iPhone 15
Pro Max) u HazemHoro JiazepHoro ckanepa (FARO FOCUS). B pesynbrare n3MepeHuii osrydeHsl o0yiaka ToueK, oTpa-
Karomye (akTHIecKoe MMOJIOKEHHE KOHCTPYKTHBHBIX JIEMEHTOB HCCIEeyeMOoro parMenTa nepeKphITHs U CMEXHBIX
KOHCTPYKUUH (PUCYHOK 2).

PucyHnok 2. — JledekTbl 00/1aKa TOYEK

Ha tpeTtpem 3Tare BeIoTHEHAa 00pabOoTKa MOMyYEeHHBIX 00J1aKOB TOYEK, BKITIOUast (PHITBTPALIIO IITyMOB, yIaJIeHIe 00b-
€KTOB, HE OTHOCSIIINXCS K KOHCTPYKIIHSM 3/1aHUSI, U YCTpaHEHUE 1e(heKTOB, CBA3aHHBIX C HAJIOXKEHUEM JIAHHBIX M HEOJIHO-
POJHOCTBIO IUIOTHOCTH TO4eK. OUKCTKA U MPeBapUTEIIbHAS 00Pa0OTKA BRIMOJHSIUCH C IIOMOIIBIO CIICIUATH3HPOBAHHOTO
porpaMMHOT0 obecriedeHus. [10IroToBICHHBIC JAHHBIC UCIIONB30BaHbI s (hOPMUPOBAHUS IIU(DPOBOM HHPOPMAIIMOHHON
MoJieNu 00beKTa (PUCYHOK 3).

PucyHok 3. — O6pafoTKa HCXOIHBIX JAHHBIX INIUTHI NEPEKPBITHA HAl TAPKHHIOM
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Ha geTrBepTOoM dTamne Ha OCHOBE IUPPOBOI HHOOPMAIIMOHHOW MOJIETTH BHIITOJIHEHO YTOUHEHUE PACUETHON CXEMBI
XKeNe300€TOHHOTO ePEeKPHITHS. [IpH 5TOM yUHTHIBANCH BEISIBIICHHBIE TEOMETPHIECKUE OTKIOHEHHS (PaKTHIECKOTO T0-
JIO)KEHUS HECYIIIUX DJIEMEHTOB OT MPOEKTHBIX 3HAUYEHUMN, YTO MO3BOJIUIIO TOBLICUTH aJIeKBATHOCTh PACYETHON MOIETH
1 JIOCTOBEPHOCTH PE3yJIbTaTOB ONpEICTeHUS HAPSHKEHHO-Ie(OpMUPOBAHHOTO COCTOSHHS.

HarypHple ucnbITaHus TePEKPHITHS TPOBOAINCH METOJIOM CTAaTHIECKOTO ITOATAITHOTO HarpyxeHus. Harpyska npu-
KJ1aJpIBasiach cTyrneH4aro ¢ marom 10 kH ¢ ucnonb3oBanneM NojI0HOB C KEpaMUUECKON IITUTKOM, Macca KOTOPBIX OIpe-
JIeNisIach 1o TPAaHCTIOPTHBIM HaKJIaJHbIM. KOHTPOJIb BEpTUKAILHBIX TIEPEMELIEHUI OCYIIECTBISIICS C IPUMEHEHUEM MPO-
rubomepoB Makcrmosa Tunia [IM, ycTaHOBICHHBIX B XapaKTepHBIX TOUKAX UCCIETYEeMOTo (parMeHTa MepeKphITHs B COOT-
BETCTBUH C NMPOrPAMMOU HCIIBITAHUA. Bcero ObLIO YCTAaHOBJICHO IATh H3MEPHUTEIBHBIX IPUOOPOB.

Pucynok 4. — Bug Harpy keHHOIi 5e/1€300eTOHHOI IINThI NIePEeKPLITHA MOA3¢MHOI0 NAPKUHIA

Pucynok 5. — O0muii Bua o0/1aka Toyek 1 unpoBoii Moaeu 00beKTa ¢ Hcnoib3oBaHueM BIM-TexHoiorun

IMocne kax10ro 3Tarna Harpy)eHus: UKCHUPOBAINCH 3HAUYCHHS IEpEeMeIleHH, KOTOPbIE 3aHOCHIINCH B paboune
TaOJIHILIBI M HCTIOIb30BAIMCH JUISl aHAJIN3a HANPSDKEHHO-1e(hOPMUPOBAHHOTO COCTOSIHUSI KOHCTPYKIMit. [TomyueHHbIe IKcie-
PYIMEHTAJIBHBIC TAHHBIC COMOCTABIISUTICH C PEe3yJIbTATAMHU PACYETOB, BBIMOJHCHHBIX Ha OCHOBE YTOYHCHHOM PACUCTHOM CXEMBI,
YTO TTO3BOJIMJIO TIPOU3BECTH BepUPHUKAIINIO ITU(POBOH MHPOPMAITMOHHON MOIEIH.
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Pucynok 6. — O01muii BUa 00beKTa nocjie BBOAA B IKCIIYyaTALMIO

B x071€ CTPOUTENbHO-MOHTXHBIX PA0OT, CBSA3aHHBIX C Pa3MEIEHUEM TEXHOJIOTHUECKOro 000pyI0BaHus, BO3HUKIIA
HE00X0AMMOCTb KOPPEKTHPOBKH MTPOSKTHBIX PELICHHIA, YTO MPUBEIIO K H3MEHEHHIO BEJIMYUHBI U CXEMbI MPUIIOKEHUS
Harpy3ok. C ucnonp30BaHUueM UPPOBOH HHHOPMAIIMOHHON MOJIEH M YTOYHEHHOH PACYSTHOM CXEMBI OBLIT ONIEPATHBHO
BBITIOJIHEH TIepepacieT HanpsKeHHO-1e(GpOpPMHUPOBAHHOTO COCTOSHHS MEPEKPHITHS U MPOBECHA OLIEHKA ero dKCIuyaTa-
[IMOHHOHN Ha/iekHOCTH (Tabmuma 1).

[Moce 3aBepriieHus pabOT BBHITIOIHEHO KOHTPOJIBHOE CKAHUPOBAHUE O0BEKTA, YTO MO3BOJIUIIO OIICHUTH COOTBETCTBHE
(aKTHYECKOTO COCTOSIHUSI KOHCTPYKIUH MPUHSATHIM PACUETHBIM PEIICHHUSIM U UCIIOJIb30BATh MMOJyUYEHHbIC JAHHBIC JIJIsI
KOHTPOJISI KCILTYaTalUH EPEKPBITHSL.

Tabnuma 1. — Pe3ynbTaThl HCCIIEAOBAHIS TEXHUIECKOTO COCTOSHHS IUTUTHI TEPEKPHITHS

Pe3yanaT1>1 HUCCIICAOBaHUA

Onucanue
(akTHUECKH CMOHTHPOBAaHHOE
TEXHUYECKOE 3aIaHHe HATYpHbIE UCIIBITAHUS
obopynoBaHHe
1 2 3 4
OO0 BUT

pacueTHON CXEMBbI

Hanpsixenus, MIla

Ilepememenust, Mm

B npouecce sxciepruMeHTaIbHBIX UCCIIEA0BaHN BBIIIOJIHEHBI HATYPHBIE HCIIBITAHUS (parMeHTa MOHOJIUTHOH JKe-
J1€300€TOHHOH TUINTHI NEPEKPHITHS HaJl TOJ36MHBIM aBTOMOOMIIBHBIM ITAPKMHIOM B COOTBETCTBHH C IIPOIPAMMOM HCIIbI-
TaHui. OTIBITEI IPOBOJMIIKCH C TO3TAMHBIM CTATHYECKUM HATPy>KEHHEM, YTO MTO3BOJIMIIO IPOCIEANTh U3MEHEHHE HATIPsI-
KEHHO-J1e()OPMUPOBAHHOTO COCTOSHUS KOHCTPYKIMH TP OCJIEI0BATEILHOM YBEIHYECHUH HArpy3KH.

Ha ocHOBe 1aHHBIX JIa3epHOT0 U (POTOrpaMMETPUIECKOTO CKAHUPOBaHMs COPMHUPOBaHa LU (ppoBast HHPOPMALHOH-
Hasl MOJIETIb O0BEKTA, OTpaXKaroImast (JaKTHIECKOE TEOMETPUIECKOE TTOJIOXKEHHUE HECYIIHX 3JIEMEHTOB NEPEKPHITHS. AHAIN3
MOJTy4EHHBIX 00JIaKOB TOYEK MO3BOJIMJI BBISIBUTD JIOKAJIBHBIE TEOMETPUYECKHE OTKJIOHEHUS OT IPOEKTHOTO MOJIOKEHHUS,
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00YCIIOBIICHHBIE TEXHOJIOTHIECKMIMH OCOOCHHOCTSIMU BBITIOJIHEHUSI CTPOUTENILHO-MOHTaKHBIX pa0OT. YKa3aHHbIE OTKIIOHE-
HUS HE HOCHJIM CHCTEMHOT'O XapaKTepa, OJHAKO NX y4eT MpH GOPMHUPOBAHNH PACIETHON CXEMBI OKa3all BIMSHUE Ha pacIipe-
JIeJIeHHe YCWIINI U BEJTMYMHBI PaCUeTHBIX JedopManuii.

B xoze ucnbITaHnii KOHTPOJIb BEPTHKAIBHBIX IIEPEMEIIEHNH OCYIECTBIIICS B IISITH XapaKTEPHBIX TOUKAX MIEPEKPHI-
THs. MakcuManbHas SKCTIEpUMEHTAILHO 3aUKCUPOBAHHAS BEJMYMUHA TPOTHOa cocTaBmiia 2,6 MM, 4TO HE TPEBHIIIACT
IIpeeNIbHO JIOyCTUMBIX 3HaYeHuH. [ToydeHHbIe 3HaUeHNsI IPOTHOOB UMEJH IIaBHBIN XapakTep U3MEHEHUs 110 Mepe
YBEJIMUECHUSI HArPY3KH M HE CONPOBOXKIAJIMCH PE3KUMH CKaYKaMH, YTO CBUJICTEIILCTBYET 00 OTCYTCTBHU NPU3HAKOB MOTEPH
HECyIIEeH CIIOCOOHOCTH MIIH PAa3BUTHSI MIPEACIBHBIX COCTOSHHUI.

Pacuer HanpspKkeHHO-/1€(OPMUPOBAHHOTO COCTOSIHUSI, BBIIIOJIHEHHBIH HA OCHOBE YTOYHEHHOH PacyeTHOH CXEMBI,
MOKa3aJl, YTO BO3HUKAIOLINE B KeJIe300€TOHHOM ITHTE HANPSDKEHHS HE TIPEBBIIIAIOT IPEISNIbHO JIOMYCTHUMBIX 3HAaUeHUH
IIpU IEHCTBUM PAaCUETHBIX M SKCILIYaTA[HOHHBIX Harpy30k. COnocTaBIeHHE PACUETHBIX U SKCIEPUMEHTAIBHBIX JaHHBIX
MOATBEPIMIIO a1eKBAaTHOCTh IIPUHATOM pacyeTHOH CXEMBI U LeJIecO00pa3HOCTh UCIONIB30BaHUs U(POBOH HHPOPMALTUOH-
HOIt MoJienH, chOpMHUPOBAHHON Ha OCHOBE 00JIAKOB TOYEK, JJIsl yTOUHEHUS PACUETHBIX I1apaMeTpOB KOHCTPYKIIHH.

Ocoboe 3Ha4YCHNE B paMKax NCCIEJOBaHNS NMEIa BO3MOXKHOCTh ONIEPATHBHON KOPPEKTUPOBKU PACIETHOMN CXEMEI
B CBSI3U C U3MEHEHHNEM (DaKTHYECKHX yCIOBHUil SKCILTyaTaly. B mporecce cTponTeIbHO-MOHTXKHBIX paboT ObLIa BHITION-
HEHa KOPPEKTHPOBKA PACIIOJIOKEHUS TEXHOJIOTHUECKOTO 000PYI0BaHHs, YTO IPUBEJIO K M3MEHEHHUIO BEIMYUHBI U CXEMBI
TIPUIIOKEHMS HarPy30K Ha IepeKprITHe. Mcnonp3oBanne nnudpoBoii HHPOPMAITMOHHON MOEIH TO3BOJIIIIO B KpaTJauIime
CPOKH BBITIOJTHATH IIEpepacteT HaNPsHKEHHO-IE(OPMHUPOBAHHOTO COCTOSIHUSI M OLICHHUTH BIMSHIE BHECEHHBIX N3MEHEHUH
Ha JKCIUTyaTallMOHHYIO HaJEXKHOCTh KOHCTPYKIIHU.

KoHTponbHOE CKaHMPOBaHUE TTOCTIE 3aBEPILECHUS CTPOUTEIHHO-MOHTAXHBIX PadOT U BBOJa 00BEKTA B IKCILITyaTa-
IIUIO MTO3BOJIMIIO YTOUHHUTD (hPaKTHIECKOE MOJIOKEHHUE 3JIEMEHTOB M COTIOCTABUTH €0 C PaCUETHBIMH JaHHBIMU. AHAIN3
TNMOJYUCHHBIX JaHHBIX ITOKa3aj, 4TO KO3(1)(1)I/ILII/IGHT HCIIOJIb30BaHUA )KeﬂeSO6eTOHHOI7[ IIUTATBI NEPEKPLITHA HE TPEBBINIACT
IPeJesIbHO Oy CTUMBIX 3HAUSHHH, 2 KOHCTPYKLUS 00ecIedrBaeT BOCIPHUITHE DKCILTYyaTallMOHHBIX HAarpy30k 0e3 mpe-
BBILICHUS OTPaHUYECHUH 110 Ae()OPMALISIM M HAIIPSDKCHUSIM.

3axaouenne. [TomydyeHHbIE pe3ysIbTaThl CBUACTEILCTBYIOT O TOM, UTO MHTErpalys ckanupoBanus 1 BIM-texHosnoruit
IIpU NPOBCACHUU HATYPHBIX HCIIBLITAHUH MTO3BOJISET ITIOBBICUTD JOCTOBEPHOCTH OLICHKHU HaHp}I)KeHHO-}le(l)OpMI/IpOBaHHOFO
COCTOSIHHS JKeJIe300€TOHHBIX KOHCTpYKunii. @opMupoBanue udpoBoit HHHOPMAIMOHHON MOJENN HAa OCHOBE 00aKa
To4eK oOecrednBaeT y4eT (pakTHIECKHX FeOMETPUIECKUX ITapaMeTPOB COOPYKEHNUS, YTO OCOOEHHO BaXKHO MPHU KOPPEK-
TUPOBKE IIPOEKTHBIX PELICHU.

JIOTIOTHUTENBEHO YCTaHOBIIEHO, YTO IPUMEHEHUE U(POBBIX METOI0B cOOpa 1 00padOTKH JaHHBIX CIIOCOOCTBYET
COKpAIIIEHUIO CPOKOB NPUHATHA PEIICHUH. B paccmaTpuBaeMoM cirydae ncronb3oBanue udpoBoit HHGpOpMamoHHOH
MOJIENIU U YTOYHEHHOW PACUETHOI CXEMBI ITO3BOJIMIIO COKPATHTH CPOK BBOJIa 00BEKTa B KCILTYaTalMIO Ha EPHOT 10 JIBYX
MECALECB U CHU3UTH TCKYIIUEC 3aTpaThl.

dunaHcupoBaHue. VccienoBanue He UIMEIO CIIOHCOPCKOH TOAIECPIKKH.

KondaukTt nHTepecoB. ABTOPHI 3asIBIISIOT 00 OTCYTCTBUU KOH(IIMKTa HHTEPECOB.

YnocroBepenue oneparopa: rpaxnanckux BITJIA — CO Ne0503083 ot 12 anpens 2024 rona.
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THE EXPERIENCE OF USING LASER SCANNING IN CONDUCTING FIELD TESTS OF REINFORCED
CONCRETE FLOOR SLABS ABOVE A PARKING LOT IN CONJUNCTION WITH BIM TECHNOLOGIES

E. SAVINA, E. MOISEITCHIK, A. YAKOVLEV, A. KULAN
(Belarusian National Technical University, Minsk)

In the context of reconstruction and changes in the functional purpose of buildings, an urgent engineering task
is to reliably assess the actual bearing capacity of reinforced concrete floors. The article presents the experience
of integrating laser and photogrammetric scanning with BIM technologies during field testing of a fragment of a mono-
lithic reinforced concrete floor slab above an underground parking lot. As part of the study, full-scale tests of the overlap
with phased static loading were performed. An unmanned aerial vehicle, mobile phones, and a ground-based laser scanner
were used to generate geometric source data. Based on the scan results, clouds of points were obtained, on the basis of
which an information model of the object was formed, taking into account the actual position of the supporting structures
and the identified geometric deviations from the design values. Using an updated calculation scheme, the stress-strain
state of the reinforced concrete floor was calculated and its actual bearing capacity was determined, taking into account
design and operational loads. During the construction and installation work, it was necessary to adjust design solutions
related to changes in the scheme and magnitude of the application of loads, which was promptly taken into account
through the use of a digital information model. It is shown that the use of scanning and BIM technologies in field tests
makes it possible to increase the adequacy of computational models, shorten decision-making time and ensure a reduction
in the time of commissioning the facility. The results obtained confirm the prospects of using digital methods in the
inspection, testing and operation of reinforced concrete structures.

Keywords: BIM technologies, digital object model, virtual reality, calculation scheme, reinforced concrete floor
slab, object scanning, UAV, point cloud, stress-strain state.
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CUCTEMBI MOHUTOPUHI'A HAITPSIAKEHHO-JE®OPMUPOBAHHOI'O COCTOAHUA
KOHCTPYKIII{!IE B COCTABE IU®POBOI'O I[BOﬁH?IKA 3JAHUN 1 TPAHCIIOPTHBIX
COOPYXKEHNU C IPUMEHEHHUEM JOITIOJITHEHHOU U BUPTYAJIbHOU PEAJIBHOCTH

E.H. CABUHA, A.A. AKOBJIEB,
A.B. KYJIAH, 0-p mexn. nayx, ooy. E.A. MOUHCEHYHK
(benopycckuil HAUUOHATLHBLIL MeXHUYecKull ynugepcumem, Munck)

B cmamve paccmompenvl 60npocel op2aHuzayuy MOKUMOPUHEA HANPANCeHHO-Oedhopmuposantozo cocmosust (HC)
KOHCMPYKYUL 30aHUT U MPAHCROPMHBIX COOPYACEHUL 8 cOCmase Yuppoeo2o 08OUHUKA ¢ NPUMEHEHUEM MEXHOL02U
BUPMYATLHOU U OONOJIHEHHOU PeanrbHOCMU. AKMYanibHOCMb UCCAe008aHUs 00YCI06TIeHA HEODXOOUMOCMbIO NOBbIUEHUS
HAOENCHOCMU U IKCNIYAMAYUOHHOU OE30NACHOCHU CIMPOUMETbHBIX 00bEKMO8, 3HAUUMENbHASL YACHb KOMOPbIX SKCHLYA-
MUpyemcsi 8 YCio8UsX NPeSblULeHUs HOPMAMUGHBIX CPOKOS CLYAHCObL, POCMA MPAHCROPMHBIX HASPY30K U 8030€UCMEUs.
HeONa20NPUSIMHBIX RPUPOOHO-KIUMAMUYECKUX ¢axmopos. Ilpednoscen nooxoo Kk nocmpoenuio yu@hpogozo 080OUHUKA,
ocHoBanHbll Ha unmezpayuu BIM-modenu, pacuemmuvix mooenell, peaiu308aHHbIX MemoOOM KOHEUHbIX dJIeMEHMO8,
U IKCREPUMEHMATILHBIX OAHHbIX agmomamusuposannozo mowumopunea HJJC. Obocnosan 6b160p cxemvl MOHUMOPUHEA
Ha 0CHOBE Pe3yIbmamos YUCIeHH020 MOOEIUPOBANUsl, NO3BOIAIOWE20 UOeHMUPUYUPOsamb Haubolee HANPIICEHHbLE
U omeemcmeennvle 3016l KOHcmpykyuil. [1okazano, umo ekuoueHue OAHHLIX MOHUMOPUHZA 8 COCMAB YUPDPOB020 0BOUHUKA
obecneuusaem aKmyaiu3ayuio pacyemHblx Mooeell ¢ yuemom Gakmuieckux YCioeutl IKCHIYAmayuu U HAKONIEHHbLX
nospexcoenuil. B kawecmee GyHKYUOHAIbHO20 C105 Yupposeoeo dsotinuka peanuzosana VR/AR-cpeda, obecneuusarowas
UMMEPCUBHYIO BU3YATUZAYUIO 2EOMEMPUL COOPYICEHUS, PE3YIbIMAMO8 MOHUMOPUH2A U PACYEMHbIX OannblX. Mcnonv3o6a-
HUle 8UPMYATbHOU U OONOIHEHHOU PeaTbHOCIU NOGbIUAEM HALTSLOHOCIb AHAIU3A PACHPEOENeHUsl HANPSIICeHUl U Oedhop-
Mayuti, CHUdICaem IUsIHUE YeI08eHecKo20 (paxmopa u cnocobcmeyem nObIUEHUIO P HEKMUSHOCU NPUHATNUSL UHIICEHeD-
HbIX peutenuti npu 006C1e008aHUL U IKCHIAYAMAYUY 30aHUll U MPAHCNOPMHBIX COOPYIHCEHU.

Peszynomamei 6binoiHeHHbIX UCCIC008AHUIL U ANPOOAYUS HA PEATBHBIX 00BEKMAX NOOMBEEPHCOAION NEPCHEeKMUE-
HOCMb NPUMEHEHUs. YUPDPOBLIX 0BOUHUKOG ¢ uHmezpuposanibim monumopuneom HJ[C u VR/AR-mexnonrocusamu 0ns ynpas-
JIeHUsL MEXHUYECKUM COCMOSIHUEM U IKCIIYAMAYUOHHOU HAOEHCHOCTIBIO CIMPOUMETbHBIX COOPYHCEHULL.

Kniouesvle cnosa: nanpsicenno-0eghopmuposannoe cocmosinue, MOHUMOPpUHe KOHCIMPYKyul, Yyugposou 080THUK,
BIM, memo0 xoneunvix snemenmos, supnyaibHas pearbHOCHb, OONOTHEHHASA PearbHOCNYb, MPAHCNOPHIHBIE COOPYIHCEHUSL.

BBenenmne. AKTyaabpbHOCT OpraHM3allMi MOHUTOPHHTA HAaNpsDKeHHO-AedopmupoBanHoro cocrosiHus (HJIC) xon-
CTPYKLHUH 3[aHUH U TPAHCIIOPTHBIX COOPYKEHUH OIPEACIAETCS COBOKYITHOCTBIO SKCIITYaTal[HIOHHBIX, KOHCTPYKTHUBHBIX
1 COLMAJIHO-?KOHOMHUUYECKUX (pakTopoB. 3HAYUTENIbHAS YaCTh TPAHCIIOPTHOI MH(PPACTPYKTYPBI, a TaKKe 3AaHUIH U COOpY-
JKEHHH, DKCIUTyaTUPYETCs B YCJIOBHUSIX IPEBBIIEHHSI HOPMAaTHBHBIX CPOKOB CITy>KObI, YBEJIMYEHHS! HHTEHCUBHOCTH U MacChl
TPAHCHOPTHBIX HATPY30K, a TAaKXKe BO3ACUCTBUS MPUPOIHO-KIMMAaTHIECKUX (hakTopos [1; 2]. YkazaHHBIE YCIOBUS MPH-
BOJAT K HAKOTICHHIO MOBPEXICHHH, IeTpalalliil MaTepHajIOB M U3MEHEHHUIO PACIETHBIX XapaKTEPUCTHK HECYIIINX JJIEMEH-
TOB, UTO OKa3bIBAaeT BIMSHHUE HA UX HECYIIYIO CIOCOOHOCTh M CYIIECTBEHHO TOBBIIIAET PUCKH JOCTH)KEHHS IIPEIEIbHBIX
COCTOSIHUH.

TpaaunuOHHBIE METOABI OLICHKH TEXHUYECKOTO COCTOSHHS, OCHOBAHHBIE Ha MEPUOANIECKNX BU3YaJIbHBIX 00CTe-
JIOBaHUSIX U JIOKAJBbHBIX H3MEPEHUSIX, HE 00eCIIeYHBAIOT IOy YEHHUS HETIPEPBIBHOI 1 00BeKTUBHON HH(OpMALHY O (haKT-
9eCKOM HaIPsDKEHHO-Ie(OPMHUPOBAHHOM COCTOSTHUY KOHCTPYKIHi [3; 4]. Takue moaxobl He ITO3BOJISIOT B ITOTHON Mepe
YYUTHIBATh HHTEHCHBHOCTH HArpy30K, Pa3BUTHE YCTAJIOCTHBIX IPOIECCOB M M3MEHEHUE KECTKOCTHBIX XapaKTEPUCTUK
3JIEMEHTOB B Ipoliecce HKCILTyaTaluy. B CBsI3U ¢ 3TUM BO3HHMKAeT HEOOXOJUMOCTh BHEJPEHUSI aBTOMATU3UPOBAHHBIX CH-
CTEM MOHUTOPHHTA, 00ECTIeYMBAIOIINX PErUCTPALIMIO IIapaMETPOB HAIIPSHKEHHO J1e()OPMUPOBAHHOTO COCTOSTHHS B PEXKUME,
OJIM3KOM K peallkHOMY BpeMeHH [5].

OcHoBHas yacTb. Opranmsanus MoauTopurra H/IC KOHCTpYKIUif B paMKaX HACTOSILETO UCCIICTOBAHUS OCHOBBI-
BaJlach Ha MPUHIMIAX CUCTEMHOCTH U (DYHKIIMOHAIBHON MHTETpalyy ¢ TU(POBBIMU ABOMHUKAMH 31aHUH U TPAHCIIOPT-
HBIX coopy>xeHuit [6; 7]. [Ipu hopMupoBaHNH CHCTEMBI MOHUTOPHHTA YIUTHIBAINCH PE3YIbTAThI aHAIN32 IPUMEHAEMbIX
COBPEMEHHBIX METOJ0B, OIIBIT UX IPUMCHCHUS, a TAKKC Tpe6OBaHI/ISI K JOCTOBEPHOCTHU U COITOCTABUMOCTH SKCIICPUMCH-
TaJbHBIX TAaHHBIX C pe3yJbTaTaMU YHCIEHHOTO MOJIETUPOBaHUs (PUCYHOK 1).

O0ocHOBaHME BEIOOpa CXEMBI MOHUTOPUHIa OCHOBBIBAJIOCH HA MOJIOKEHUSX MEXaHUKH JIe()OPMUPYEMOTO TBEPJIOTO
Tena [8; 9], Teopun HaJIeKHOCTH M IOIATOBEYHOCTH CTPOUTENBHBIX KOHCTPYKIMH. KiFoueBbIM TanoM sIBIsIach UISHTHDH-
Kanusa HanOojee 3arpyKCHHBIX U UMCIOUINX 3HAYUTEIIbHBIC HATIPSKCHUSA 30H KOHC’I‘pyKHHﬁ, B KOTOPBIX BO3MOKHO JOCTU-
JKEHHE TIPEJIeTIbHBIX COCTOSTHUN 110 HeCyIei CHOCOOHOCTH MIIN SKCIUTYyaTallMOHHOM MPUTOXHOCTH. [IJIst 3TOr0 HCIONB30-
BAJINCH PE3YJbTaThl pPACYETOB HANPSHKEHHO-Ie()OPMHUPOBAHHOTO COCTOSHHS KOHCTPYKIHMH 110 METO/ Iy KOHEUHBIX 3JIEMEH-
TOB, IMO3BOJIAIOMINE BBIABUTH 30HBI KOHICHTPAIIUU HOPMAJIbHBIX U KaCaTCJIbHBIX Hal'IprKeHI/Iﬁ, OInpeacInTb MECTa MaKCH-
MaJIbHBIX TIPOTHO0B, a TAKXKE IEMEHTBI, BOCIIPHHIMAIOIINE ITEPEMEHHbIE U IIUKIIMYECKHe Harpy3Kku. B coctas cuctemMsl
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MOHHUTOPHHTA BKITIOYAINCH TEH30METpHIECKUE U Ae(hOPMAMOHHbIC JATYHKH, & TAK)KE CPENICTBA PETUCTPALINK TUHAMITIE-
CKMX OTKJIMKOB KOHCTPYKIMH. ABTOMAaTH3MpoBaHHas cucteMa MoHuTopuara HJIC xoHCTpyKmii coOmpaia TaHHEIE C 3a-
JTAHHOW MEPUOTUYHOCTRI0, 00eCIIeurBalia X MEPBHYHYI0 00PA0OTKY U Iepeiady B UHPOPMAIMOHHYO CPeAy UPPOBOTO
JBOMHMKA. Tako 1MoIX0 1 TIO3BOJIMIT IIEPEUTH OT Pa3po3HEHHBIX H3MEPEHUH K (POPMHUPOBAHUIO HETIPEPHIBHBIX ITOTOKOB JaH-
HBIX, OTPXAIOMUX (PaKTHIECKOE MMOBEICHIE KOHCTPYKIINI B peabHBIX YCIOBHAX dKCIUTyaTaluy. sl CHYKCHHUS BIHS-
HUS BHEIIHUX (DAKTOPOB U CIYYaWHBIX MOMEX MIPUMEHSIIUCH MPOIEAYPhI QUIBTPAIIUHN, HOPMATH3AIUU U COITOCTABICHUS
9KCIICPUMCHTAIBHBIX TAHHBIX C PACUCTHBIMU 3HAYCHUSIMU. DTO 00CCICUNBATIO BOBMOKHOCTh BBISBICHHS OTKIOHCHU I
¢daxTiaeckoro HJIC KOHCTPYKIHIA OT MPOEKTHBIX M1 HOPMATUBHBIX TTOKa3aTeIel u (OPMHIPOBAIIO OCHOBY ISl YTOYHEHHS
pacUeTHBIX MOJIeTIEN U OIICHKHU TEKYIIETO TEXHUUECKOTO COCTOSIHUA coopyskeHus [10].

a) — uccieayemMblii 00beKT; 8) — 00J1aK0 TOYeK

Pucynok 1. — Peanu3oBanHble 00beKThI

Peanmzanus nngpoBoro ABOITHUKA 30aHUN U TPAHCTIOPTHBIX COOPY>KEHUH OCYIIECTBISIIACH KAK MHOTOYPOBHEBAS
nH(pOpMaNNOHHO-aHATUTHIECKAs CHCTEMA, TPEJHA3HAUCHHAS ISl HHTETPAIH T€OMETPUIECKUX, PACUCTHBIX M SKCIIEPH-
MEHTJIbHBIX JaHHBIX, II0JIy4aeMbIX B IIPOLIECCE MOHUTOPUHTA HANPSHKEHHO-e()OPMUPOBAHHOTO COCTOSIHUSI KOHCTPYK-
. [{udpoBoit [BoiHUK paccMaTpHBalICs KaK IMHAMHYECKH OOHOBIsIEMast IM(pPOBas KOIUS COOPY)KEHHUS, OTpaskaromiast
ero (paKTHIecKoe COCTOSTHHE M OCOOCHHOCTH paboTHI B peasbHBIX AKCIUTyaTallMOHHBIX yenoBusax [11; 12].

bazoBbIM anieMeHTOM 1IM(BPOBOTO JBOIHNKA siBiIsIack BIM-Mozei1b TpaHCIOPTHOTO COOpYKeHHs1, CHOPMUPOBAH-
Hasi Ha OCHOBE MPOEKTHOM JJOKYMEHTAIIMU U YTOYHEHHAs [0 pe3yJibTaTaM HHXEeHEepHbIX o0ciienoBanmii. ['eomerpryeckas
akTyanu3anus BIM-Monenu BBIONHAIACH C UCTIONIB30BAaHHEM PE3YIbTaTOB CKAHWPOBAHMUS, YTO 00ECTIEUMIIO COOTBET-
cTBHE IU(POBOTO NPEICTABICHHS (PaKTHIECKONH FeOMETPUH KOHCTPYKTHUBHBIX 3JIEMEHTOB, BKITFOUas! SKCIITyaTal[HOHHbIE
OTKJIOHEHUs U ieopMariuu (PUCYHOK 2).

WnTterpanus gaaasix MoanTopuara HJC KOHCTpYKIHNiA B TN POBO TBOMHUK OCYIECTBISUIACH ITyTEM MIPOCTPaH-
CTBEHHOU U JIOTHYECKON MPUBA3KU U3MEPUTENIBHBIX KAaHAJIOB K COOTBETCTBYIOLIMM 35eMeHTaM BIM-moznenu. Kaxnomy
TEH30METPUYECKOMY, Ne(h)OPMAIMOHHOMY WIJIM BUOPALIMOHHOMY JaTYHKY COTIOCTABIISUIACH KOHKPETHAs 30Ha WIH JIEMEHT
COOPYKEHHSI, 9TO TIO3BOJIIIO HHTEPIPETUPOBATE SKCIIEPHMEHTAIBHBIE JAHHBIE C YIETOM PEaIbHON CXEMBI PabOThI KOH-
CTPYKLIHH.

DKcneprMeHTaIbHbIE JaHHbIE MOHUTOPUHTa aKKYMYJIMPOBAJIMCH B CTPYKTYPHPOBAaHHOW 0a3e NaHHBIX HHU(PPOBOTO
JIBOMHHKA U TIPEJICTABISUIICH B BHJE HU(POBBIX 3HAYCHUI KOHTPOJIMPYEMBIX TAPaMETPOB C yIETOM BPEMEHH KX MOTyYEHHSI.
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PucyHok 2. — Peanu3oBanHble 00beKTbI

PacueTHble MOJeNN COOpPYKEHUH, pealn30BaHHbIE HA OCHOBE METO/Aa KOHEUHBIX 3JIEMEHTOB, HHTETPUPOBAIUCH
B I ()pOBOI JBOWHUK B BHJIE aHAIMTHIECKOTO MOy JIsi. [TapaMeTphl pacdeTHBIX CXeM YTOUHSIINCH HA OCHOBE JAHHBIX
MOHHMTOPHHI'A, YTO MO3BOJISIIIO YYUTHIBATH (PAKTHUECKHE yCIIOBHUS AKCILTyaTalli, U3MEHEHUE J)KECTKOCTHBIX XapaKTEPUCTUK
3JIEMEHTOB U BIMSHNE HAKOIUICHHBIX MOBpEXIeHNH. Takoi moaxoa odecednBai Mepexo] OT MPOSKTHBIX PACUCTHBIX
Mojienel K 9KCIUTyaTal[HOHHO-OPUEHTHPOBAHHBIM MOJAETSIM, COOTBETCTBYIOIIIMM PEAIEHOMY COCTOSIHUIO TPAaHCIIOPTHOTO
coopyxeHus (tabnmma 1).

B kadecTBe (hyHKIMOHATIBHOTO CJIOS IU(POBOTO JBOIHMKA OblIa pealli30BaHa BUPTyallbHasl U JIOTIOJTHEHHAS! peajlb-
HocTh (VR/AR-cpena), npenna3sHadeHHas Il IMMEPCHBHON BU3YalIN3aIlMi TEOMETPHHA COOPYKEHHS, pe3yIbTaTOB MOHH-
TOPHMHIA U pacueTHBIX JaHHBIX. VR-cpena obecreunBaa mpocTpaHCTBEHHOE NpesicTaBiaenue BIM-monenu ¢ HamoxeHueM
nH(popManny 0 HaNpPsHKEHHO-1e(POPMUPOBAHHOM COCTOSIHUH KOHCTPYKIIUH, YTO MO3BOJISIIO BEITIOTHATH MHTEPAKTHBHBINA
aHau3 pacnpeaeacHus aehopMalnii, mepeMelIeHUi 1 HapsDKEeHH B 00beMe coopyxkenus. AR-cpeaa ucnons3oBanach
JUISL COBMETIICHHS LI(POBBIX MOJENEH C pealbHBIM OOBEKTOM, YTO 00ECIIEYNBANIO HATJISTHYIO HHTEPIPETANIO PE3yIbTa-
TOB MOHHUTOPHHTA HEMOCPEICTBEHHO B MpoIiecce 00CIeI0OBaHUN M SKCIUTyaTalluy (PUCYHOK 3).

Ouenka 3¢ deKTHBHOCTH MPUMEHEHHS [I(POBOT0 ABOWHHKA 31aHNI M TPAHCTIOPTHBIX COOPYKEHHH BBITIOIHSIACH
Ha OCHOBE aHaln3a ero (PyHKIIMOHAIBHBIX BO3MOXKHOCTEH M AKCIUTyaTalldOHHBIX PE3yJIbTATOB, MOJYyYEHHBIX MPU UHTETpa-
I[IH JAHHBIX MOHUTOPHHTA HAIPSHKEHHO Ie(POPMHUPOBAHHOTO COCTOSHMS, YUCTIEHHOTO MOJICTIMPOBAHMUS M CPEACTB IIPOCTPaH-
CTBEHHOW BU3yanm3alu. B kauecTBe OCHOBHBIX KpHTEpHeB 3 (QEeKTHBHOCTH paccMaTpHBaliach 10cToBepHOCTH orieHkn H/IC,
ONEPaTUBHOCTH 06pa6OTKI/I I/IH(i)OpMaHI/II/I, YYBCTBUTCJIBHOCTh K UBMCHCHUIO TEXHUYCCKOT'O COCTOAHUA U IIPAKTUYICCKAA
MIPUMEHUMOCTH ITPH CTPOUTEIBCTBE U SKCIUTyaTalluy 3aHUH M TPAHCTIOPTHBIX COOPYXEHHUH. /I0CTOBEpHOCTH OLICHKH
HANpPsDKCHHO-1e(hOPMUPOBAHHOTO COCTOSHHS KOHCTPYKIIHIA 00ECIeYrBaIach 3a CUET COMOCTABICHHUS DKCIIEPUMECHTAIBHBIX
JTAHHBIX MOHUTOPHHTA C pE3yJIbTaTaMH YUCJIIEHHOT'O MO/IETTMPOBAHNS B COCTaBe IU(PPOBOTO NBOMHUKA. AHATOTHYHBINA
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MOJIXO/1 PEa30BaH P co3anuu IudpoBoro nBoitHuka mocra Xymoep (Benukobpuranus), rie JaHHBIC TEH30METPH-
YeCKOT0 M IWHAMHYECKOT'0 MOHHTOPHHTA HCITOIB30BATINCH JJIS aKTyalU3aIlii PACIETHBIX MOJIENICH W yTOYHEHUS HATIPS-
YKEHHOT'O COCTOSIHUS MPOJIETHBIX CTpoeHui [16]. Pe3ynbTaThl moka3anu CHUKEHHE PACXOXKIEHUN MEXKAY pacuyeTHBIMHU
1 9KCTIEPUMEHTAITLHBIMU 3HAYCHUSAMU JIe(OpMAIIi, UTO MTOATBEPKAACT (P (HEKTUBHOCTH HHTETPAIIMH MOHUTOPUHTA U pac-
YETHBIX MOJCIIEH.

Tabnuma 1. — Pe3ynpTaThl HCCIIEAOBAHIS TEXHUIECKOTO COCTOSIHHS IUTUTHI TEPEKPHITHS

Pe3ynbTarhl ncclieioBaHUs
OOmmii BUJT paCUETHOM CXEMBI Hanpsokenus, MITa [Tepemenienus, MM

Onucanue

TEXHUYCCKOEC
3a1aHuc

HaTypHBIE
UCIIBITAHUS

(bakTHyecku
CMOHTHPOBAHHOE
o0opynoBaHue

OnepaTHBHOCTH MOJIyYCHUS U aHAIN3a MHPOPMAIMU OCTHralach 3a CYET aBTOMaTH3UPOBAHHOTO cOOpa TaHHBIX
1 MX CTPYKTYPUPOBaHHOM 00paboTKH B ITu(poBOii cpene. B psane npoektos, peannzoBaHHbx B Kutae u IOxHoit Kopee
Ha KPYIHBIX MOCTOBBIX COOPYKEHHSIX, IIPUMEHEHUE U(POBBIX IBOWHUKOB MO3BOJIMIIO COKPATHTH BPEMsI aHAIM3a TEXHH-
YECKOT'O COCTOSTHHS C HECKOJIBKMX HE/IEIb 10 HECKOJIBKUX YacOB 3a CUET OTKa3a OT Py4YHOIH 00pabOTKH JaHHBIX U NIEpEXoa
K KpyIJ10cyTOYHOMY MOHUTOpHUHTY [17; 18]. AHanornuHble 3¢ QeKTsl HabI0Jat0TCA U P UCHOJIb30BaHUH pa3padOTaHHON
METOJI0JIOTHH. B peann30BaHHBIX MPOEKTaX MOHUTOPUHTA BAHTOBEIX W OAJIOYHBIX MOCTOB, ONIMCAHHEIX B pabote [4],
MTOKa3aHO, YTO aHAJIN3 NOJyYaeMbIX 3HAYCHHUH B cOcTaBe IM(PPOBOTo ABOWHUKA ITO3BOJISIET BRISIBJIATE pAHHHE CTaANN
HN3MEHEHHS KECTKOCTH AJIEMEHTOB, HE (PUKCHpyeMBbIe TPaJUINOHHBIMHA METOIaMH o0ciiefoBaHuA. [loyueHHbIe B HACTOSI-
IIEM UCCIIEJOBAaHUHU PE3YIIbTaThl MOATBEPKIAIOT BO3MOKHOCTD BBISIBICHHS aHATOTHYHBIX (P deKToB.

HUcnonszoBanne VR/AR-cpesbl B coctaBe 1upoBOro ABOHHUKA MOBBICHIIO AP (GEKTUBHOCTD MHTEPIPETALIMH PE3yJib-
TaTOB MOHUTOPHHTA U pacyeToB. [IpruMepsl IpUMEHEH!S] IMMEPCHUBHBIX CPEJ ISl aHaJIN3a COCTOSHUS MOCTOBBIX COOPY-
YKEHHUH MpecTaBIeHBI B padote [19], rae mokasaHo, 4To IPOCTPAHCTBEHHAS BU3YaIM3allks pacTIpeIeIeHUS HaPsHKSHUH
n neopManrii CHIKaeT BEPOATHOCTh OMIMOOK MPH KCIIEPTHOH OLIEHKE U ITOBHIIIAET KAYeCTBO MIPUHATHS HHKEHEPHBIX
peuieHuii. B pamkax mannHoro uccienoBanus VR/AR-cpena nCob30Baiach A/l BU3yalbHOTO aHAJIKM3a 30H KOHIICHTPAIIUH
nedopmanuii u cormocTaBIeHNS SKCIIEPUMEHTAIBHBIX U PACUETHBIX JIaHHBIX.

[MpaxTuueckas 3¢GHEeKTUBHOCTD MPUMEHEHHs] [HU(POBOrO ABOMHHKA 3aKIIFOYAETCS B BO3MOXKHOCTH 00OCHOBAHHOTO
MIPHUHATHS PEMICHUH NPH SKCIUTyaTalllK 30aHUH U TPAHCTIOPTHBIX COOPY)KEHHH. AHAIN3 3apyOeKHOTO OIBITA MTOKa3bI-
BAeT, YTO BHEJIpEHHE HU(PPOBBIX ABOHHUKOB MO3BOJISIET ONITUMU3UPOBATh 00BEMBI 00CIeJOBAaHHUN, CHU3UTh 3aTpaThl HA
BHEIDTAaHOBBIE PEMOHTHBIC PA0OTHI ¥ IOBBICHTH YPOBEHB AKCIDTyaTallMOHHO# Oe3omacHoCTH [ 16—18]. AHaIOTHYIHBIC BEIBOJBI
MOJIyYEHBI U IO Pe3yIbTaTaM BBIMOJIHEHHBIX UCCIETOBaHUH.

K ocHoBHBIM mpenmytiecTBaM nprMeHeHns: VR/AR-cpen B coctaBe U(POBBIX JBOHHUKOB 3IaHUAN U COOPYIKESHHUH
OTHOCSTCSI:

1. TloBbimenue HarasgHocTH anaau3a HJIC. IIpocTpancTBeHHas BU3yalu3amys pacupenesieHus qedopmanui,
HaMpsKEHUH U AUHAMHUYECKUX XapaKTEePUCTHUK T03BONISET HUHTYUTUBHO BOCHPHUHUMATE CIO0XKHbBIE HHXECHEPHbIE TaHHbIC
Y BBISIBIISITH 30HBI KOHIICHTPAIIMN HANPSDKEHUH ¥ aHOMAIBHOTO TIOBEICHNS KOHCTPYKIUH.

2. UnTerpamusi pa3HOPOJHBIX JaHHBIX B eqHHOI cpere. VR/AR-cpena obecrieunBaeT 0 JHOBpEMEHHOE OTOO-
pakeHHE TaHHBIX MOHHTOpHHTa, BIM-Mozeny, 00:1akoB TOUeK M Pe3yIbTaTOB YHCICHHOTO MOJECIUPOBAHUSA, YTO COOT-
BETCTBYET COBPEMEHHBIM KOHIEIIIHAM IU(PPOBHIX IBOHHUKOB.

3. CHuiKeHMe BJHSIHUA YesdoBeueckoro gaxropa. iMmmepcuBHOE pecTaBiIeHNe HHPOPMAHY yMEHbBIIAET
BEPOSITHOCTD OMIMOOK IPH MHTEPIIPETAIIMU PE3YIIHTATOB M MOBBILIAET KAYECTBO SKCIIEPTHBIX 3aKIIOYEHUH, YTO MOJATBEP-
JKJIEHO 3apyOEKHBIMHU HCCIIEI0OBAHMSIMU HHCTIEKIIHOHHBIX CUCTEM.

4. Tloppep:KKa AMCTAHIMOHHOIO AHAIN3Aa M KOJJIEKTHBHOI 3KcnepTH3bl. Mcnons3oBanne VR-cpen nossomser
BBITIOJHATH BUPTYaJIbHBIE MHCIICKIIMY M COBMECTHBIN aHaJIN3 COCTOSHUS COOPY KeHHs 0€3 pU3NIecKOro MPUCYTCTBUS HA
00BEKTE, 9TO OCOOEHHO aKTyalbHO ISl TPYIHOJOCTYIIHBIX U OTIACHBIX 30H.

5. Tlosbimenue 3¢ (eKTHBHOCTH NPUHATHS HHKCHEPHBIX pelieHnii. Busyansnas npussska napamerpos HJIC
K peabHBIM KOHCTPYKTUBHBIM 3JIEMEHTaM YCKOPSIET IPOLIECC OIIEHKH TEXHUYECKOT0 COCTOSIHUSA U 000CHOBAHUS PEMOHT-
HBIX Pa0OT M IKCIUTYaTAMOHHBIX MEPOTIPHSTHA.
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PucyHok 3. — PeasinzoBaHHBIE 00beKThI

HecmoTps Ha 3HAYNTENHHBIN MOTEHIMAN, aHATH3 MUPOBOTO OIBITA BRIABIISCT PSJl OTPAHWYCHUN U HEIOCTATKOB
npumenenns: VR/AR-cpen B MOHUTOpPHHTE 37[aHUI U COOPY>KEHUI:

1. Bbicokue TpeOOBaHMS K KAUeCTBY HCXOAHBIX JaHHBIX. DPhekTuBHOCTH AR/VR-BU3yanu3amnmu HanpsMyo
3aBUCHT OT TOYHOCTH BIM-Monenel, naHHBIX CKaHUPOBAaHUS U MOHUTOpUHra. OmuoKku Ha 3Tane GopMUpoOBaHMS LU]-
POBOTO IBOMHHKA MOTYT IIPHUBOJHUTH K UCKAKEHUIO BU3YAIH3UPYEMOH HHPOPMAIIHHL.
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2. OTcyTcTBHE eTHHBIX CTAHAAPTOB MHTErpamnuu. B HacTosmee BpeMst OTCyTCTBYIOT YHH(DHIMPOBAHHBIEC CTaH-
nmapTel uaTerpanun VR/AR-cpen ¢ cucremamu monutopuara H/IC n BIM-mumatdopmamu, 9to 3aTpyaHseT MacTabupoBa-
HUE U MPOMBIIIJIEHHOE BHEAPEHUE PELICHUIA.

3. OrpanuveHHasi popManau3anus aHaTuTHYecKuX pyHkumii. B psne peanmzoBanHbx mpoekToB VR/AR-cpena
HCTIONB3YeTCs IPEUMYIIECTBEHHO KaK HHCTPYMEHT BU3YalIN3aIlii, 0e3 rryO0KOW HHTETpalliil C aHATUTHIECKIMH H TIPO-
THOCTHYCCKHMHU MOJYJISIMH II(POBOTO IBOMHHUKA.

4. TexHuveckue U OPraHU3aINUOHHbIE 0apbephl BHeapeHus. [Ipumenenne VR/AR-texHomoruii Tpedyer crie-
UATIM3UPOBAHHOTO 000PYAOBAHMS, TIPOrPAMMHOT0 00ECIIeYeHNS M IOATOTOBKHY IIEPCOHANA, YTO OTPAaHWIHBACT UX MCIIOIb-
30BaHME B MOBCEIHEBHON MPAKTHUKE IKCILTYyaTUPYIOIINX OpraHu3alni.

IMepcnexTuBsl pazButst VR/AR-cpen B coctaBe HU(BPOBBIX JBOWHUKOB 3JaHUH M TPAHCIIOPTHBIX COOPY KEHUH
CBsI3aHbI C JalbHEUIIEH HBOIIOLMEN HHTEINIEKTYJIbHBIX CHCTEM MOHUTOPHUHIA U YIPABICHUS TEXHUYECKUM COCTOSIHUEM.
HaubOosnee nmepcrieKTHBHBIMU HAMIPABICHUSMU SIBJISTFOTCS:

— Tiy0Ookas unTerpanus VR/AR-cpes ¢ aHAIMTHYSCKUME MOIYJISIMU IIU(POBOTO JABOMHKKA, BKIIIOYAsi aBTOMA-
TU3APOBAHHYIO UICHTH(PHUKALINIO TTApaMETPOB PACUETHBIX MOJIENIeH 1 MIPOTHO3UPOBAHNE Pa3BUTHS TIOBPEKICHUI,

— pa3paboTka CTaHAAPTOB M METOAMICCKIX PEKOMEHAAINH 0 UCTIONb30BaHNI0 VR/AR-TexHONIOTHIT B MOHHTO-
punre HJIC TpaHCTIOPTHBIX COOPY>KEHHIA;

—  HCIOJB30BaHUE TEXHOJIOTHIA MAaIIMHHOTO OOYYEHHS [UISI aBTOMAaTHIECKOTO BEISIBIICHUS aHOMAJIAN U X BU3YaJTH-
3alUu B MMMEPCUBHOM cpeze;

— pacmupenue QyHKIHA AR-perreHuii 1 moIeBsIx 00CIeI0BaHN i, BKIIFOYAsk HAJIOKCHHUE PACUCTHBIX U IKCIIC-
PUMEHTAJIBHBIX JAHHBIX HA PEAJIbHOE COOPYKEHUE B PEKUME PEATbHOIO BPEMEHH;

— TEepexoJ OT AEMOHCTPALMOHHBIX PEIIEHUH K MPOMBIIIEHHBIM CHCTEMAaM, HHTETPUPOBAHHBIM B ITPOLIECCHI IKC-
TUTyaTaluy v yIpaBleHUs )KU3HEHHBIM ITUKJIOM 3JIaHUH U TPAHCTIOPTHBIX COOPYKEHUH.

3axioueHne. Pe3ynbTaThl HCCIEIOBAHUS MOATBEPKIAIOT, YTO MPUMECHEHHE HU(DPOBOTrO ABOMHIMKA 3MaHUN
U TPAHCIIOPTHBIX COOPYKECHUH 00ecreunBaeT NOBhIIICHIE NHPOPMAaTHBHOCTH U HaiexkHOCTH KoHTpoust HJ[C koHCTpyK-
uui. Mcnosb30BaHme JAHHOTO MOAX0/1a CO3/1aeT NPEANOChUTKH JJIs IEPEX0/ia K MHTEJIEKTYyaIbHBIM CUCTEMaM yIIpaBJie-
HUSI TEXHUYECKUM COCTOSTHHEM CTPOUTENBHBIX 0OBEKTOB.

PeannzoBannbie udpoBbie nBOiHNKH, BKitodaromue BIM-Monens, nanasie MoHuTOpuHTa, VR/AR-Ccpeny, pac-
YETHBIE CXEMBI U BCTIOMOTATENIbHbIE MOAYJIH, 00ECTICUNITH 1IEJI0CTHOE TPEICTABICHHUE O COCTOSTHIUH COOPYIKEHHUS, aHATHU3
HU3MEHCHHUS HAMPSHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUSI KOHCTPYKIHH, (popMupoBaHre HHGOPMAITHOHHONW OCHOBBI IS
YIPABIEHUS SKCIUTyaTallMOHHON HaJ€KHOCTBIO.
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SYSTEMS FOR MONITORING THE STRESS-STRAIN STATE OF STRUCTURES
AS PART OF A DIGITAL TWIN OF BUILDINGS AND TRANSPORT STRUCTURES
USING AUGMENTED AND VIRTUAL REALITY

E. SAVINA, A. YAKOVLEYV, A. KULAN, E. MOISEITCHIK
(Belarusian National Technical University, Minsk)

The article discusses the issues of organizing monitoring of the stress-strain state of building structures and
transport structures as part of a digital twin using virtual and augmented reality technologies. The relevance of the study
is due to the need to improve the reliability and operational safety of construction facilities, a significant part of which
are operated in conditions of exceeding standard service life, increased transport loads and the impact of adverse natural
and climatic factors. An approach to building a digital twin is proposed based on the integration of a BIM model, com-
putational models implemented by the finite element method, and experimental data from automated stress-strain state
monitoring. The choice of a monitoring scheme based on the results of numerical modeling is justified, which makes it
possible to identify the most stressed and critical areas of structures. It is shown that the inclusion of monitoring data in
the digital twin ensures that the calculated models are updated taking into account the actual operating conditions and
accumulated damage. A VR/AR environment has been implemented as a functional layer of the digital twin, providing
immersive visualization of the geometry of the structure, monitoring results and calculated data. The use of virtual and
augmented reality increases the visibility of stress and strain distribution analysis, reduces the influence of the human
factor, and improves the efficiency of engineering decision-making during the inspection and operation of buildings and
transport facilities.

The results of the performed research and testing on real objects confirm the prospects of using digital twins with
integrated VAT monitoring and VR/AR technologies to manage the technical condition and operational reliability of
construction structures.

Keywords: stress-strain state, monitoring of structures, digital twin, BIM, finite element method, virtual reality,
augmented reality, transport facilities.
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HNCIIOJBb30BAHUE METOJA CKAHUPYIOIIET'O 30HJIA KEJIbBUHA
JIUISI PAHHEN IMATHOCTUKH KOPPO3WHU TPYEOIIPOBOJTHOM CTAJIA

A.JI. CBUCTYH,
KaHo. mexH. nayk, ooy. K.B. IAHTEJIEEB,
0-p mexH. nayx, npog. B.H. POMAHIOK
(benopycckuil nayuoHabHBLIL MexuuyecKuil ynueepcumem, Munck)

Packpvimue mexanuzmos Kopposuu u nogvluleHue CmouKoCmu Mamepuaiog mpedyrom nepexooa om oyeHKu
UHMEZPATLHBIX XAPAKMEPUCTUK K AHATU3Y NPOYECccos8 Ha MUKpoyposHe. Llenvio oannoil pabomul A611emcs yCmanogaeHue
KOPPenAYUY Mextcoy npoCmpancmeeHnbiM pacnpedeneruem pabomol guixooa snekmpona (PB3) nosepxnocmu cmanu
U IOKaIU3ayuell 04az08 KOPPO3UOHHO20 PA3PYULEHUS C UCNONb308AHUeM Memoda cKkanupyiowe2o 30n0a Keaveuna (C3K).
Oxcnepumenmul Ha obpasye mpybonpogoonou cmanu 8 pacmsope NaCl npodemoncmpuposanu, umo C3K cnocoben oe-
MEeKMUpo8amsy 3apoicoeHue NUMmMUH2060U KOppo3uu nymem kapmuposanus pacnpedenenus PBO. B pesynomame ycma-
HOBILEHA KOPPeAAYUs MencOy TOKATbHbIMY sapuayusmy PBO u unuyuuposanuem Kopposuu, 4mo no3eoasem OuaeHOCmu-
posamb paspyulerue Ha OOKPUMU4ecKol cmaouu, 3a00120 00 NOAGAeHUs 8UOUMbIX Oedhekmos. Taxum obpazom, paboma
noomeepaicoaem, umo memoo C3K cuyscum ebicOKOUHPOPMAMUBHBIM UHCIMPYMEHMOM 051 MUKPOYPOBHEB020 AHAIU3A
Mexanuzmos Kopposuu. TIpsameim pazeumuem 0aHHO20 Ucciedosanus asnaemces npumenerue memooa C3K ons usyuenus
KUHEMUKU KOPPO3UU CMA 2a30nP080008 8 MOOCIbHbIX U HAMYPHBIX NOUEEHHBIX NEKMPOIUMAX ¢ Yeabr paspabomxu
NPOZHO3HBIX MOOenell U Kapm KOpPO3UOHHOU ONACHOCHIU.

Knruesste cnosa: ckanupyrowuii 3040 Kenveuna (C3K), noozemmsie 2a30nposoosl, KOppo3usi CMaiu, NOMeHyuail
Boavma, paboma evixoda snexkmpona (PBJ), nummuneoean xoppo3us, pacnpedenenue n08epxXHOCMHO20 NOMEHYUAd,
cmanv Cm3, konmaxmuas pasnocms nomenyuanos (KPII).

BBenenue. [IpoGiema coxpaHeHUs CYIIECTBYIOMIEH CHCTEMBI pacpeIeINTENbHBIX Ta30TPOBOIOB aKTyalbHA JJIs
benapycu B cBsi3u ¢ 00JIBIIMM 00BEMOM CYILIECTBYIOLICH CETH TEM, YTO 3HAYMTENIbHAS YaCTh ra30IPOBOJIOB UMEET CPOK
sKcITyaranuu 6osuee 50 sieT. B 3TOM KOHTEKCTe CTOUT 3a7aya MPOJOIDKEHUS SKCIITyaTalliy TIOCIeTHUX NI UX 3aMEHBI.
3ameHa ra3onpoBOIOB BECHMA JJOPOTOCTOSIIAsI, YTO 00YCIIaBINBAET HEOOXOAMMOCTD PELIEHHS 331241 OLEHKU HaJe)KHOCTH
CYIIECTBYIOIIEH CETH C TeM, YTOOBI MPOIUTE CPOKH IKCILTyaTanuu. B paboTte [1] paccmaTpuBaroTcst OYBEHHBIE (PaKTOPHI,
BIIMSIIOLIME HA COCTOSIHHE TOJI3EMHBIX PACIPEACIUTENBHbIX Ta30IPOBOIOB B YaCTH KOPPO3HOHHOTO paspynieHus. Tam xe
MIOKa3aHo, YTO OJJHOM U3 3a]au sIBISIETCSI ONIpeieJIeHUE COCTOSHHUS ra30IpOBOJIOB, 3aBHUCSILETO OT psija (pakTopoB, cpean
KOTOPBIX HanOoJiee BaXKHBIM SBIISICTCA BIMSHNE TPYHTOB. Pemenns yka3aHHOH 3a/1a9u, KaK IPaBmiIo, 0000IIeHHBIE, YTO
CTaBUT aKTyaJIIbHOH 3a]jaqy KOHKPETH3aluH XapaKTePUCTUK B3aUMOJICHCTBHS TTapbl METaJI-TPYHT.

CoBpeMeHHBIE HCCIIE0BATENHN, IOMUMO OIICHKH CTaHIAPTHBIX HHTErPAIbHBIX XapaKTEPUCTHK MaTepraiia (TaKux
KaK CKOPOCTb KOPPO3UH, IPOYHOCT, TIIyOHHA MEKXKPHUCTAIUIUTHONH KOPPO3UH U IIP.), TTIOAPOOHO U3YHaIOT MIPUYHHBI KOP-
PO3MOHHOTO pa3pyLIEHHs Ha MaKpO- U MUKPOYPOBHSX, YTOOBI PACKPBITh MEXaHH3MbI KOPPO3HH M ONTHMHU3UPOBATH KOP-
PO3HOHHYIO CTOHKOCTh MaTepHAJIOB. B 3THX HCCIeA0BaHIAX ITHPOKO MPAMEHSIOTCS METOBI ONITHYECKOW MUKPOCKOTIHH,
CKaHUPYIOILEH IEKTPOHHONW MUKPOCKOIINH, JJICKTPOXUMUUYECKUE METO/IBL. B 4acTn n3ydeHus Koppo3nuu IHPOKOE PacIpo-
CTpaHEeHHE B TIOCIIEHEE BpeMs HAXOJUT MeTo]] ckaHupyromero 3ou1a Kenpsuna (C3K). lannsiii MeTo obecrieynBaet
oTIpeieIeHre MPOCTPAHCTBEHHOTO pacTpeesieH st paboThl BeIxoa anekrpoHa (PBD) ¢ moBepxHocTH MaTepuaina. PBO nipen-
cTaBisieT co00i (PyHIaMEHTaIbHYI0 XapaKTEePUCTHKY TBEPJOTO Tea, 3aBUCSIIYI0 OT MHOXKECTBa (DaKTOPOB, BKIIIOYAs KOP-
po3uoHHbIE npoueccs! [2; 3]. [laxke aToMapHbIe H3MEHEHHs COCTOSTHUS HOBEPXHOCTH, TaKHe KaK HayaJIbHbBIE CTaJuH aJIcopo-
MM WK OKHCIICHWS, BIVSIIOT Ha TOJI0XKeHUe YpoBHs DepMu, 4TO HEMTOCPEACTBEHHO OTpaxkaeTcs Ha Benuunae PBD [2].
brnaronaps stoit 3aBucumoctr Meto C3K o6magaer crmocoOHOCTRIO IETEKTUPOBATh YIIbTpapaHHUE U3MEHEHUS MTOBEPX-
HOCTHBIX CBOMCTB, HHUIIUMPOBAHHbIC KOPPO3HEH, 710 MIPOSBICHHUSI MAKPOCKOTMYECKUX MIIN BU3YaIbHO HA0II01aeMbIX
npu3HakoB [4; 5]. Ota ocobennocTs aemaeT MeToa C3K BrIcOK0A(hPEKTUBHBIM HHCTPYMEHTOM JIJIS1 ICTEKTHPOBAHUS
1 TIPOCTPAHCTBEHHON JIOKATH3AINHU 3apOKIAFOIINXCS 09aroB KOPPO3HH.

OcHoBHas yacTb. B ocHoBe MeTona C3K nexur npuHImn BUOpHUpyromiero kouaeHncaropa (3ouaa Kenssuna) [2].
OTaNoHHAs TOBEPXHOCTH TyBCTBUTEIHHOTO AJIEMEHTA (30HT), BEITOTHEHHOTO M3 MaTeprala C OTHOCHTENFHO CTaOMITEHBIMHU
CBOHCTBaMH (30JI0TO, HUKEINb), ¥ UCCIIeayeMasl TOBEPXHOCTh 00pa3yloT 0OKIIaIK! TIIOCKOTO KOHJCHCATOpa, pa3elICHHBIE
BO3/IyLIHBIM 3a30poM. Mexy 00K/IaJKaMi KOH/AEHCATOpa BO3HUKAET KOHTAaKTHasl pasHocTh noteHiuanos (KPII, anek-
TpruectBo Bonbra). smepsiemas KPII (Ucpp) npsiMo nmponopronansHa pazHoctu PB3 (¢) moBepxHoCcTH Marepunanos
30H7a 1 obpasna [2]:

P11 — P2

Ucpp = e

rac € — 3apsa 3JICKTpOHaA.
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B metone C3K uyBCTBUTENBHBIN 3JIEMEHT (30H]) cOBEepIIaeT KojeOaTenbHbIe IBYKCHUS C 3aaHHON 4acTOTOH
HEPIICHIMKYJISIPHO TOBEPXHOCTH 00pa3na. DTo MPUBOAUT K IIEPHOAMYECKOMY H3MEHEHHUIO PACCTOSIHUS MEX/Ty 30HIOM
U TIOBEPXHOCTBIO, KOTOPOE MOJYJIMPYeT EMKOCTh 00pa3oBaHHOTO nMK KoHaeHcaropa. [Tpn nannunn KPII mexxny mate-
pHuanamMu 30H1a 1 00pasna, MOAYy AU EMKOCTH HHAYLUPYET B U3MEPUTENbHON IIETTH NEPEMEHHBIN TOK, aMIUTUTY1a
n ¢aza xoroporo nponopruoHanbHbl Bennanae KPII.

[t tounoro n3mepennst KPII npumensiercs koMmneHcanmoHHast (HyJieBast) cxema. DJIeKTpOHHas cuctemMa oopat-
HOH CBSI3U TOAAET Ha 30H]] BHEIITHEE ITOCTOSTHHOE CMEIAIOIIEe HApshKEeHHE (KOMIIEHCUpYIolIee HanpspkeHue, Ubias). ITO
HaNpspKeHNE aBTOMATHUYECKH PETYIHPYETCs [0 MOJIHOTO TOAABICHHS IIEPEMEHHON COCTABILIONIEH TOKa B Len. B co-
CTOSIHUY KOMIICHCAIINHU MPUIIOKEHHOE HAIPSDKEHUE PABHO 110 BEJTMYMHE U MIPOTUBOIIOIOXKHO 110 3HaKy uckomoi KPIT
(Uvias = — Ucpp).

ITocnenoBarenbHOE CKAHUPOBAHHUE 30HI0OM MIOBEPXHOCTH € perucTpanie Upias B KaXKI0H TOUKE MTO3BOJISIET IOCTPOUTH
nByMepHyto kapty pacnpenesnenus KPIT. Meron C3K siBnsiercsi 06CKOHTaKTHBIM M HEMHBA3UBHBIM. Ero BayKHBIM mpax-
THUYECKHM ITPEUMYIIECTBOM B CPABHEHHUH C OOJIBLIIMHCTBOM METOJIOB aHAJIM3a IIOBEPXHOCTH SBJISIETCSI BO3MOXKHOCTB IIPO-
BEJICHHS U3MEPEHUII B aTMOC(EPHBIX YCIOBUSX, 0€3 HEOOXOIUMOCTH CO3/IaHUS BaKyyMa, YTO KPUTHIECKH BasKHO /IS
HCCIIEJOBAaHUN TEXHUUECKHUX [TOBEPXHOCTEH, HAIIPUMEpP, CETMEHTOB OCHOBHOTO METAIIA PEAIbHBIX TPYOOIIPOBOIOB.

Meron C3K B ckanupyromei MogupUKaIiy SBISIETCSl OJHUM U3 HauOoJiee MEePCIEeKTUBHBIX IS HCCIIET0BaHUS
KOPPO3HOHHBIX IporueccoB. OKHUCHBIE IIEHKN HAa METAJJIE BBI3BIBAIOT COOTBETCTBYIOIINE U3MEHEHUS (PU3UKO-XUMHIE-
CKOTO ¥ MEXaHWYECKOT'O COCTOSIHUSI €70 IOBEPXHOCTH. Takne M3MEHEHHNS BELYT K CMEIIEHHIO JNIEKTPOXHMMHYECKOTO IOTEH-
nuana (yposeHb depMn) BHyTpH MeTauia M 00pa30BaHHIO ABOMHOTO AJIEKTPUUECKOTO CJIOS Ha TPaHHMIIE pasjiesa MeTasul-
MIOKPBITHE, UTO onpenensier 3HaueHrne PBD nosepxHocTu. JlokanpHele n3menenus PBD npsiMo nponopuyoHaibHbI 3¢-
(hEeKTHBHOMY IUIIOJILHOMY MOMEHTY U CTETIEHH MEXMOJICKYIISIPHOTO B3aUMO/ICHCTBHSI MaTepHaIoB OCHOBAHUS C TOKPHI-
THeM. HapymeHne MeXMOJIEKyISIpHBIX CBsI3eH BeJIET K COOTBETCTBYIOIUM U3MeHeHHsIM PBD u, cooTBeTCcTBEHHO, HEOI-
HOPOJHOCTH MOTEHINAILHOTO pesibedpa cyOcTpara ¢ IOKPHITHEM, IIPH 3TOM B CIIydae Takoro Jiedekra, Kak HeMpOKIIeH,
MeToz0oM KenmbpBrHA perucTpupyercs JIokansHoe u3MeHeHne PBO otHocutensHO Oe3nedexTHoro ydacTka [4].

B pab6ore [6] meTomom C3K m3ydaeTcs 2JIeKTpOXUMHYECKOE TIOBEICHHE U JIOKAJIBHBIA MEXaHH3M IIEIeBOH KOPPO3UH
yraepoauctoi crainu 20 ¢ OTCIOMBIIMMCS OKPBITHEM, C aKLIECHTOM Ha BIIMsHHE pa3Mepa aedektos (muuprHa 200 MKkM
n 800 MxMm) mocne 10 nHEl morpyeHus B MMUTHPYIOIIUHA IOYBESHHBIH pacTBOp. B pe3ynbrare MakcuMaibHBIN MTOTEH-
uan nedekra 200 mxm (0,2500 B) 6511 BBIe, yem y aedekra 800 mxm (0,0125 B). To ecTs ¢ yBeTHUEHNEM IIUPHHEI
nedexra o0 HOTEHIMA CMEIAJICS B OTPULIATENILHYIO CTOPOHY. Busyanuzaius 061acT ¢ aHOMAJIBHBIM TTOTEHIHATIOM
B MecTe AedexTa ¢ nomompto Meroga C3K no3Bossier 0TcineIuTh pacpocTpaHeHne MOAIIICHOYHOH KOPPO3UH, TOITOMY
JAHHBIF METOJI MOXKET PACCMaTPUBATHCS Kak AP (EKTUBHBIA METOJ] JUArHOCTHKH [IEIOCTHOCTH 3aIIUTHBIX ITOKPBITHH.

C3K ucnons3yercs sl M3y4eHNs BIMSHAS HOHHOTO COCTaBa IpyHTa. B3anMOoCBsI3p MEXIy KOHIIEHTpanueH pac-
TBOpenHoro kucioponaa (PK) (B muamazone ot 0,85 1o 20,20 ppm) u 37aeKTpoxXUMHUIECKO Koppo3uei cramu X80 B Mo-
JIeNupyIomeM pacTBope kucioi moussl MmetogoM C3K uccienyercs B ctatbe [7]. B pe3ynprate u3mepeHuii moryaeHo
pactipenenenue notennuana mo qanasM C3K st crami X80 B pa3nmnaHOM cOCTOSHHUH. BEISICHHIIOCH, UTO TIOBEPXHOCTHBIH
MOTEHIMA HEKOppOAupoBaHHO# ctany X80 ObUT OTpHUIIATENEHBIM, HO €0 paclpeesieHne ObliI0 paBHOMepHBIM. [ToBepx-
HOCTh cTanu X80 ObuIa MOKPHITa MPOJLYKTOM KOPPO3UH Nociie 48-4acoBOTO BO3JEHCTBHSI B MOJIEIEHOM pacTBOpe, He3a-
BucuMo OT ypoBHs PK. [IpuToM NOBEPXHOCTHBIN MOTEHLIMAT CMECTHIICS B MIOJIOKUTENBHYIO CTOPOHY, Pa3HOCTh IOTEH-
[IaJIOB yBeNH4IIack, 1 Ha kapte C3K mosBrmmchs sBHBIE KaTOOHBIE W aHOJHEIE 0OmacTH. Kpome Toro, Mopdomnorus mo-
BEPXHOCTH KoppoaupoBaHHoi ctanu X80 u pacnpeaenenue norenuana C3K nokaszanu xopoiee COOTBETCTBHE, KaK BUIHO
Ha pucyHke 1 (uutupyercs mo [7]).

Ipu PK 20,20 ppm noBepxHOCTHBIH noTeHnHan ctamn X80 ObLT O0Jiee TOJI0KHUTENEHBIM, pacIpeaesieHne ObIIo
PaBHOMEPHBIM, a pa3HUIIA TOTEHIIMAIOB COCTaBIsLIa Bcero 98 MB, uTo yka3sIBaeT Ha TO, YTO Ha MOBepXHOCTU cTayu X80
o4ty chopMUpPOBAIICS OJTHOPOAHBIH cI0H NpoayKToB Koppo3uu. [Tpu PK 4,12 ppm noBepXHOCTHBII IOTEHIIMAI CTAIN
X80 6511 OoJNIEe OTPHUIIATENBHBIM B 3HAYUTENBHO KoJieOancs, MakCUMallbHas pa3HHIla MOTEHIHAIoB qocturana 189 MB,
a aKTHBHBIE 00JIACTH UMEJIH 110JI0OCYATOE paclpeelieHne, YTO yKa3blBajo Ha TO, YTO Ha MOBEPXHOCTH JJIEKTPOAA MOT
00pazoBaThCs CIIOH PBHIXIIOr0, HOPUCTOTO MPOYKTa KOPPO3UH, HE U3MEHSSI aKTHBHOTO COCTOSIHUSI PACTBOPEHUSI CTAJIH.

B cratse [8] ¢ ucnomszoBanuem metona C3K usydaercs Biaustaue 1udGy3und HOHOB XKele3a Ha KOPPO3SHOHHOE
MIOBE/ICHNE YTJIEPOIUCTON CTAIM B TPEX PA3INYHBIX CPeax, IMUTUPYIOIIHUX MOYBY: MOJICJIBHBII PacTBOP, KAOJIMH H arap-
resb. Vi3MeHeHHs oTeHInala Ha FpaHuIe pas3/iea «CTallb-Cpelia» YeTKO OTPaXKatoT Hayajlo KOPPO3UH U COCTOSTHHE AU(-
(hy3un HOHOB METAJJIOB, a TaKkKe pocT AU(y3HOHHON 30HBI U CIIOSI PXKaBUUHEI cO BpeMeHeM. [uddy3us HOHOB U 1Ipo-
JIyKTOB KOPPO3HH B KAOJMHE ObLIa HEPaBHOMEPHOW M pa3iinyanach B Pa3HBIX JIOKAJIBHBIX oOsacTsx. B mouBeHHOM cpene,
13-3a CJIOKHOCTHU CTPYKTYPhI IIOYBLI U pa3m/1tu/1171 B (1)I/I3I/IKO-XI/IMI/I'~IGCKI/IX CBOfICTBaX, HOHBbI METaJlJla U CBA3aHHBIC C HUMH
MPOAYKTHI KOPPO3UH TAKXKE MPEUMYIIECTBEHHO AU(POYHIUPYIOT IO IMYyCTOTaM C BHICOKOH TOPUCTOCTBIO MIIN BIAXKHOCTBIO
TocJie pacTBOpeHus MeTaua. Takum oopazom, metox C3K criocoOeH BU3yan3upoBaTh N3MEHEHHE PACTIPEIeNICHHUSI TIOTEH-
I[Masia B 3aBUCUMOCTH OT COCTaBa CPEJbl, @ TAK)XKE OTCIECKHUBATH I'PAICHTHI TOTCHINANA, BBI3BaHHBIE TU(Qy3nei HOHOB
JKene3a B MOJCNIBHBII IPYHT.
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(a) — craab X80, He noABepraBuIasicss KOPPO3UU;
(b) — craub X80, Bolaep:kaHHas1 B pacTBoOpe ¢ coaepxkanuem 0,85 ppm PK;
(¢) — crauab X80, BbIIep:KaHHASL B pacTBoOpe ¢ coaepxanueMm 4,12 ppm PK;
(d) — craub X80, BoIep:kaHHASL B pacTBoOpe ¢ coaepsxanuem 20,20 ppm PK

Pucynok 1. — Ontuyeckoe nzodpaxeHue (cjieBa) U pacnpeieieHne NoTeHIUANA,
NoJIy4YeHHOe MeT010M ckaHupyouero 30HAa Keaspuna (CK3) (cnpasa), aans craiu X80 [7]
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N3yueHne BIUSHAS MUKPOCTPYKTYPBI METaJlIa Ha pa3BUTHE KOPPO3HH TAKKE BO3MOXKHO ¢ ucronb3oBanneM C3K.
KopposnonHoe nmosenenue ceapHoro coenuHerus n3 ciuiaBa Al-Cu-RE (amoMuHHIA-Meb-peIKO3eMENbHBIE 2JIEMEHTHI
RE=La, Ce) B 111e104HOM NOYBEHHOM IKCTPAKTE UcCieyeTcs B cTaThe [9]. VI3yueHbl 0COOEHHOCTH KOPPO3HH B PA3INYHBIX
30HaX CBAPHOTO COSAMHEHUS: B 30He cBapHoro mBa (WZ), 30He Tepmudeckoro BiusHust (HAZ) n ocHoBHOM Metaiie (BM).
C3K ucrnons30Baincst A1 H3MEPEHNs TOBEPXHOCTHOTO MOTEHIHANA. I [0BEpXHOCTHBIN MOTEHIMAI 30HBI CBAPHOTO 1B OBLI
3HAUUTEIBHO HIKE, UEM Y OCHOBHOTO METaJlla U 30HbI TEPMHUECKOT0 BIUSHUSA. DTO CO3/1a€T MUKPOTraJIbBAHUYECKY IO
KOPPO3UOHHYIO Tapy, I/ie 30Ha CBApHOTO IIBa AEHCTBYET KaK aHOJ U PacTBOPSAETCS, 30Ha TEPMUUYECKOTO BIMUSHHS BBICTY-
IaeT Kak KaTox.

B cratee [10] uccnenyercsa Koppensus MeX,y MUKPOTaIbBaHUYECKON KOPPO3HUEHN U CKOPOCTbIO KOPPO3UH Ha
Ha4aJIbHOH CTauM KOPpO3uH IBYyX(a3HOW cTaiy, NOJyYEeHHONH METOJOM HENPEPBIBHOTO OTXHra, B pacTBope NaCl.
C npumenenneM MeTtoaa C3K BeIsBIEHO, uTO 00a THITA MapTEHCUTA JEHCTBYIOT KaK MUKPOKATO M CIIOCOOCTBYIOT aHO/I-
HOMY PacTBOPEHHMIO NpHIIeTaroneld (eppuTHON MaTPUIIBL.

J1ist BBISIBIICHUS! IPUYHMHBI TIPEKAEBPEMEHHOT0 BBIX0JIa U3 CTPOS TPYOBI U3 HU3KOYTIepoaAncToii cranu [11] B cu-
CTEME [IEHTPAIN30BaHHOTO TEINIOCHA0XKEHHS 1TociIe 6 JIeT SKCINTyaTaluy IPOU3BEICH BU3yaIbHBIH OCMOTp 1 TabopaTop-
HBIE MICCIIEAOBAHUS C MIOMOIIBIO ONTHIECKOH MUKpocKonuu. OTKa3 NpOn30IIeN 13-3a MUTTHHIOBONH KOPPO3UH KaK CHa-
PY’XH, TaKk U BHYTpH TpyOBI, HO OoJiee BhIpakeHHOI cHapyxu. OO6HapysxeHbl BKioueHns anromuans (Al) (0,04% Al
B COCTaBE) M JIOKaJIbHAsI HEOJHOPOAHOCTH B BUJIE YBEINIEHHOH 00BEMHOM J10JIM MEPINTA B 00JIaCTH MUTTHHTOBOM KOP-
posun (13,68% nepiura npotus 5,57% B 30HE paBHOMEpHOU Koppo3un). Bxirouenns Al n pazHuma B Ko3QpHUImeHTax
TerutoBoro pacmupenust Fe/Al npusenn k 00pa3oBaHIIO MUKPOILENIEH BOKPYT BKIIIOUSHHH, MHULIUUPYS HIETIEBYIO KOP-
posuro. Takum o6pazom, npumerenue Merona C3K npu n3ydeHun BIUSTHAS MUKPOCTPYKTYPBI METajIa Ha KOPPO3HIO
TIO3BOJIMJIO MOJTYYUTh PSIJl 3HAYMMBIX PE3YJIbTATOB, & IMEHHO: 3aPETHCTPUPOBATH PA3HUIY MOTEHIINATIOB MEXIy METal-
JIOM CBapHOTO I1IBa U OCHOBHBIM METAJLIOM, 10Ka3bIBask HAIMYKE raJIbBaHUUEKUX 11ap, YCTAHOBUTDH Pa3HUILY IOTEHIUATIOB
MEXIly MapTeHCUTOM (KaTon) U GpeppuToM (aHo[) B IBYX(a3HOH CTaNH, a TAK)Ke BBISIBUTD JIOKATEHBIE MUHUMYMBI TIOTEH-
IIMaa BOKPYT BKJIOYEHUH Al, yKa3pIBaloOmuX Ha aHOAHYIO aKTHBHOCTbD KaK IPEIIIOCHUIKY 3ap0OXKICHUE MUTTHHTA.

B nocneaee BpeMst BHUMaHHE HcClIeoBaTeN el IprBieKaeT MUKPOOHOJIOrHUeCKH HHAynpoBaHHas kopposus (MUK).
B uccnenosanuu [12] u3yyanocsk BIUSIHUE HUTpATpeayUpyroliei 6akrepuu (Bacillus cereus) Ha KOPPO3UOHHOE PaCTpec-
KHMBaHUe NoJ HanpspkeHueM crann X80. MccnenoBareny akineHTHPOBaJIM BHUIMAaHHE Ha TOM, KaK pa3JINYHbIE MUKPO-
CTPYKTYpBI CTaJIM BIUSIOT Ha HA4YaJIbHYIO aAre3uro OakTepuil u nocneayromyo kopposuto. Merox C3K 6511 ncnoss3o-
BaH JUIS U3yYEHUsI CBA3H MEXKIY TEPMOJUHAMUYECKON CTAOMIBHOCTBIO IOBEPXHOCTH PA3IUUHBIX MUKPOCTPYKTYp CTalIl
U MX CKJIOHHOCTBIO K Ha4aJIbHOW aare3un 6aktepuil. KpynHo3epHucTas crainb nmokasana 0osiee BBICOKUI ITOTEHITHAT
BomnbTa (60siee BricOKyt0 PBD) 110 cpaBHEHHIO C IpyTMMH MUKPOCTPYKTYPaMH CTaJIH IO pe3yIbTaTaM OINBITOB. Beicokmii
noreHuyan Bonbra yka3eiBaeT Ha OoJiee 3HAUNTEIbHYIO TEPMOJUHAMUYECKYIO0 HECTAOMIBHOCTD ITIOBEPXHOCTH 00pasiia.
370 CBSI3aHO C KPYIHBIM pa3MepoM 3€pHaA, YBEIMICHUEM TPAHUIL 3€PEH H HEPABHOMEPHBIM PACIIOIOKEHHEM aTOMOB, TO
€CTh ¢ MHKPOCTPYKTYPO# 00pa3iia, KOTopasi MPUBOAXT K (JOpMHUPOBaHHIO OOJBIIOTO YMCIIa AKTUBHBIX IEHTPOB PAacTBOpE-
HUS U DJICKTPOHOB. DTH aKTHUBHBIE IICHTPHI PACTBOPEHUS M IEKTPOHBI Ha MOBEPXHOCTH 00JIEryaroT NpUKpeIvieHne 0ak-
Tepuil U MOTydeHUe UMH 3JIEKTPOHOB. Pe3ynpTatsl ¢ ncnoib3oBanueM Metona C3K cornmacyrorcs ¢ JaHHBIMU 10 Hadajlb-
HOH aare3ny, KOTOpBIE TOKA3alIH, YTO KPYITHO3EPHHICTAs CTallb UMEJa HanOOJIbIlIee KOJTNIECTBO MPUKPENHBIINXCS KIETOK
Bacillus cereus na pannux stanax norpyxenus. Meroa C3K cran nelicTBEHHBIM HHCTPYMEHTOM JUJIsI BHISIBIICHUS TIOBBI-
IIEHHOW BOCTIPUMMYHBOCTH KPYITHO3EPHUCTON CTalu K afare3uu Bacillus cereus, 910 3aTeM NMPHUBEIIO K CaMOM BBICOKOMH
CKOPOCTH KOPPO3HUH.

Mertoss! ckaHupoBaHus 30H10M KenbBrHa u ckarupyromieit KenbBuH-30H10BOM cuiioBoi Mukpockomniu (SKPFM)
aKTUBHO HCIIONB3YIOTCS TaKKe IS U3y4eHHs MPOHUKHOBEHHUS Bojopoaa B MeTauisl. Metoa C3K mo3BossieT J0KaIbHO
00OHapyXnBaTh MPOHUKHOBEHHE BOJIOpoAa B cTaib [ 13]. CunTaercs, yTo npucyTcTBue aToMoB Bogoposa (H) na mosepx-
HOCTH 00pa3sma BiIuseT Ha moTeHIwan Bonpra. MccnenoBanue, nposeneHHoe B [ 14] mokasano, 4To Hanmndue atomMmoB H
B CTAJIU CBSI3aHO C MOBBIIIEHHBIM HoTeHIIanoM BossTa. M3Mepenue norenuana Bonsra ¢ nomomsio SKPFM, Takum
00pazoM, IpeOCTaBIIET BO3MOXKHBIN MeTOx 11 0OHapyxeHus: aroMoB H B ctaax. CornacHo crienudukanusm oo6opy-
JIOBaHMs, OOJIee TTOJIOKUTENBHBIH (MM MEHEee OTPUIATEeNbHbIN) MoTeHnrall BospTa yka3eiBaeT Ha 6osee BHICOKYO KOH-
neHtpanuio aromoB H. B nccnenosanum [13] ykaspiBaercs, 9To MeHee O6J1aropoJHbIH MOTEHIMAN IuIeHky najuiaaus (Pd),
HaHECCHHOHN Ha CTOPOHY 0OHapy»XEHHs BOJOPO/IA, CBUIETEIBCTBYET O TOM, UTO IJIeHKa Pd mormomniaer Boopox (cBs3bI-
Banue Pd/H).

JList BEISICHEHUS CBSA3H MEXTY MIPOIIECCOM KOPPO3UH U IMTPOHHUIIaeMOCThIo Bogopoaa Cyras u ap. [13] pazpaboramm
obopynosanue Double-Head Scanning Kelvin Probe (DHSKP) — ckanupyrommii 30171 KebBUHA ¢ ABOWHON TOJTOBKOH.
KaxapIM 30HA0M MOXHO OJHOBPEMEHHO M3MEPSTh MOTEHIUANl KOPPO3UU Ha KOPPOAUPYIOLIEH CTOPOHE (CTOPOHA, MOA-
BEPXKECHHAsI KOPPONOHHOMY PacTBOPY) M MOBEPXHOCTHBIHN MOTEHIINAT Ha CTOPOHE 0OHAPYKEHUS BOJOPOA. DTO O3BOJISET
OJTHOBPEMEHHO OTCIICKHUBATH, KAK KOPPO3HOHHBIN MPOIIECC BIMAET HA MPOHNUIIAEMOCTH BOJIOPOJAA B CTallb, YTO HE OBLIO
MOJTHOCTBIO U3YYEHO paHee.

Ha ocHoBaHMM aHanmM3a HAY4HON JIUTEPATYPhl MOXKHO CIENaTh BBIBOA, YTO METOJ] CKAaHUPYIOIIEero 30H1a KenpBuHa
(C3K) stBsieTcst mepCIIeKTHBHBIM HHCTPYMEHTOM ISl H3YYIEHUSI KOPPO3HH CTANH, B TOM YHUCIIE U IIPU U3YUICHUH KOPPO3UH
MIOJI3€MHBIX TPYOOIIPOBOIOB.
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IIpudopsl 1 MaTepHaJbl IKCIIEPHMEHTAIBHBIX HCCIeJ0BAHMI. DKCIIEPUMEHTAIBHBIC HCCIIEIOBAHHS BBITIOJI-
HEHBI Ha CIIEUAIM3UPOBAHHON yCcTaHOBKE OECKOHTAKTHOI ckanupyromel anekrpomerpun « CKAH-19», paspaborannoit
U U3TOTOBJIEHHOH B benopycckoM HaloHansHOM TexXHHUecKoM yHuBepcutere o 3akazy OAO «MHTEI'PAJD». IlepBo-
HayvaJbHbIM Ha3HAYEHHUEM YCTaHOBKH ABJISUIACH JUATHOCTHKA TAPAMETPOB OJJTHOPOJHOCTH MOIYTIPOBOAHUKOBBIX IJIACTUH
(poto-3AC, nuddy3nonnas anuHa, yaesibHOE TOBEPXHOCTHOE CONpOTHBIIeHHE). OTHAKO YHUBEPCAILHOCTH (hru3nde-
CKOTO MPUHIIMIIA METO/1a BUOpHpYIoIero 30H1a KenbBiHA 03BOJISIET TPUMEHSTH ITAaHHYO YCTaHOBKY JUIsl HCCIIEJOBAaHUN
U aHa/IN3a MOBEPXHOCTHU METAJIIOB, CIUIABOB U JUANEKTPUKOB [15]. OCHOBHBIE TEXHHUYECKHE XapaKTePUCTUKH, TapaHTUPY-
IOIINE BBICOKYIO TOYHOCTH M IPOCTPAHCTBEHHOE Pa3pelleHue, IPUBEACHBI B Ta0mue 1. YcTaHOBKa 0OecTieunBaeT NpsiMoe
KapTHpoBaHue pacnpenencHus PBD (koppenunpyrormei ¢ MoBepXHOCTHBIM 3JIEKTPOXHUMHUYECKIM TOTEHIINATIOM) C TTOTPETI-
HOCTBIO He Oonee 2,0 M3B B nuamaszone ot £2 1o £2500 m3B. IIpocTpaHcTBEHHOE pa3pelieHe CKaHUPOBAHUS COCTABIISCT
0,5 MM, 9TO OCTATOYHO IJIsl MACHTH(UKALINH JIOKAIBHBIX 04aroB KOPPO3WH, TAKUX KaK 3apO’KIarOIIHecs MMTTHHT Y.

Tabmmmna 1. — Texanueckue xapakrepuctunku CKAH-19

[Tapamerp [Tokazatenp
JlaT4yuk onpeneneHus IeKTPOCTATUYECKOr0 IOTEHIAIa ITudposoii 3o0u1 KenpBuHa
JluaMeTp uyBCTBUTENBHOIO 3JIEMEHTA 30Ha, MM 1
Jlramnas3oH u3MepeHui MOBEPXHOCTHOTO NoTeHuuana, B +2
[lorpemHocTh onpeneneHus NoTeHIMana noBepxHocTu, MB +2
CucremMa 03MLUOHUPOBAHUS 3-X KoopMHaTHas Ha 0a3e MIArOBEIX ABHTATENEH
To4HOCTh MO3ULIMOHUPOBAHHUS, MKM +5
[IpocTpaHCcTBEHHAs pa3pemaronias CioCOOHOCTh, MKM 10
OO6nacTh CKAaHUPOBAHHUS, MM 200x200

KitoueBbIM U3MEpHUTEIbHBIM MOJYJIEM YCTAHOBKH SIBIISIETCS YHUKAIBHBIN InppoBoii uamepurens KPII, takxke
paspaborannsiii B BHTY [16]. [Ipumenenne ungpoBoit 00pabOTKM CUTHAlIAa ¥ KOCBEHHOIH KOMIIEHCALMOHHOM CXEMBI
U3MEPEHUs MO3BOJIUIIO JOCTUYb CKOPOCTH €AUHUYHOTO u3MepeHus A0 50 pa3 Bhlllle O CPABHEHUIO C TPAAULUOHHBIMU
aHasjoroBbeiMu m3MeputensiMu KPII, 1cnosp3yomumMyu MeTo ] BUOPHPYIOIIETro 30H/1a.

JlaHHOE TeXHUYECKOE MMPENMYIIECTBO JeJIaeT YCTAHOBKY MPUMEHUMOM ISl CKAHMPOBAHHS OTHOCHTEITFHO OOJBIIIX
IUTOINAAeH IOBEPXHOCTH. B cTaHAapTHOM peXMMe CKaHMPOBAHUS OHA 00eCTieunBaeT KapTUPOBAHIE PACIpeeIIeHIS I0-
TeHIMaja Ha oOpasue nuamerpoM 1o 200 mm. [TosrHOE CKaHWpOBaHME TaKOH IIIOMIAIH BEITOTHACTCS IPHUOIM3UTEIRHO 3a
2 gaca, IpA 3TOM BPEeMsI MOYKET BapbHUPOBATHCS B 3aBICUMOCTH OT BEIOPaHHOTO IIPOCTPAHCTBEHHOTO Pa3pEIICHISI H PEKUMa
YCpeIHEHUs CUTHAJA.

J1J1s IepCIIeK THBHBIX MCCIIETOBAHUH BaXKHOM KOHCTPYKTUBHOH oco0eHHOCTEI0 CKAH-19 siBistercst Hanmmame MoLy st
IIPOrpaMMUPYEMOr0 ONITUYECKOT0 OCBELICHMSI UCCIENYEMOM TOBEPXHOCTH. JIaHHBII MOYJIb II03BOJISET CO3/1aBaTh KOH-
TPOJIMPYEMYIO (POTOCTUMYJISLIUIO B IPOLIECCE CKAHUPOBAHUS, YTO OTKPHIBAET IEPCHEKTUBHBIE HANPABICHUS JUIs YIITy0-
JICHHOT'O U3YUCHHSA MCXaHU3MOB KOPPO3UU. Haan/IMep, HejieHanpaBJICHHasA (bOTOCTI/IMyJ'I}ILII/I}I JIOKAJIbHBIX YYaCTKOB I10-
BEPXHOCTH MO3BOJISICT U3y4yaTh (POTOUHIYIIUPOBAHHBIC U3MCHEHHS JICKTPOXUMHYECCKOT0 MOTeHIaa. J{is uccienosanums
craji OCO6CHHO AKTYaJIbHBIM SBJISICTCA aHaJIN3 OKHMCHBIX, TAaCCUBUPYIOMINUX UIIA a)lCOp6I/IpOBaHHI)IX TMOBCPXHOCTHBIX CJ'IOéB,
ANIEKTPOXMMHUUYECKHE CBOMCTBA KOTOPBIX NPOSIBISIIOT YyBCTBUTEILHOCTD K BHEITHEMY ONTHYECKOMY 00ydenuro. V3me-
perne quHamukd KPII mpu GoTocTumyamim gaét nHPOPMAIIHIO O CKOPOCTH U XapakTepe (POTOAICKTPOHHBIX IIePEeX0/I0B,
BIHSFOIIMX Ha KOPPO3HOHHYIO CTOHKOCTB.

OO0BEKTOM HCCIECIOBAHNUS CIYXKIJIA IUTACTHHA M3 HU3KOYTJIEPOIUCTON KOHCTPYKIIMOHHOM cTanu Mapku Ct3. Jlan-
Has MapKa IHAPOKO MIPUMEHSIETCS TPU H3TOTOBICHUH JIEMEHTOB MOI3EMHBIX pacIipeIeTUTeIbHBIX Ta30IpoBOI0B. s
obecrieueHnsT BOCIPOU3BOIUMOCTH PE3yJIbTATOB U YCTPAHCHHMS BIMSHUS 3arps3HEHUH, TOBEPXHOCTh 00pasiia ObLiIa moce-
JOBaTEeIBHO 00paboTaHa ITyTeM MEXaHUIECKOH 3anuTH(OBKY abpa3uBHON OyMaroii ¢ 3epHUCTOCTRIO P1800 10 BU3yamsHO
OJTHOPOJTHOTO COCTOSIHUSL. 3aTeM 00pa3iibl ObLTH 00E3KUPEHBI U MTPOMBITHI JUCTHILTUPOBAHHOM BOI0H. [Tocie moaAroToBKu
oOpaser BELAEP)KMBAIM HA BO3yXe B TeUeHHE 1 gaca 111 HOpMaIu3alii COCTOSHUS TOBEPXHOCTH U CTAOMIIM3aIINH eCTe-
CTBEHHOW OKCUIHOM MIEHKU. B kaduecTBe BMemIaroniel cpeibl ucnoib3oBaics 5% pactBop ximopuaa Hatpus (NaCl). O6-
pasell Morpy’kaJicsi B pacTBOp TOJILKO HaroyioBuHY. [laHHas koH(purypauus GopMupyeT Ha 0THOM 00pasiie YeTKO BhIpa-
KECHHYIO TPAHHUIy METaJUI-JIEKTPOINT-BO3AYX, B 30HE KOTOPOH JIOKAJIM3yeTcsl Hanboiee HHTEHCUBHBIM KOPPO3HUOHHBII
mporecc, o0ycnoBIeHHBIH nudepeHmansHoi adparueil. MccnegoBanns NpoBOIMIINCE TPH KOMHATHOH TeMIepaType
(22 £2 °C).

Pe3yabTaTsl ucciienoBaHuii u nx odcy:xkaenne. Ha pucyHke 2 npeicTaBieHsl pe3yJibTaThl aHAJIN3a TOBEPXHOCTH
o0pasIa B MICXOAHOM (HEBO3MYILIEHHOM) COCTOSIHUY. BU3yanbHbIH 0CMOTp (CM. pUCYHOK 2, @) TOJATBEPKIAET OTCYTCTBHE
BUJMMBIX 1e()EKTOB, 3arPs3HEHNH U aKTUBHBIX KOPPO3UOHHBIX 04aroB. [IoBepXHOCTH OJTHOPOJIHA U XapaKTEPHU3YETCs
HaJIMYHMeM eCTECTBEHHON OKCHIHOW IIEHKH, chopMupoBasieiicst B atMmocdepHbIX ycnoBusx. Kapra norennuana (cMm. pu-
CYHOK 2, 6) IEMOHCTPHUPYET OTHOCHUTENILHO paBHOMepHOe pacnpenenenne KPII (oTpakaer pacnpeneneHne OTHOCUTENb-
HbIX 3Ha4YeHni PBD) mo Beelt tutomanu oopasmna. HabmogaemMblid rpaIMeHT 1BETA, COOTBETCTBYIOIINHN AUANIa30Hy 3HaUe-
Huil 0T 45 1o 90 MB, sSIBJII€TCSI TITABHBIM 1 HE UMEET PE3KHX JIOKATLHBIX aHOMaJii. Takast KapTHHA COOTBETCTBYET TEPMO-
TUHAMHYECKH CTaOMIIFHOMY, ITACCHBHOMY COCTOSIHHIO IIOBEPXHOCTH METaJIa, IIPH KOTOPOM CKOPOCTH KOPPO3HOHHBIX
mporeccoB Mana. CTaOWIBHEIHN 1 y3KUH Irana3oH pa3dpoca 3HAYCHUH MOTEHITHAa CITYKAT KOHTPOJIBHOW TOUYKOH IS
MOCJIEAYIOLEN OLIEHKH U3MEHEHUH, BBI3BAHHBIX BO3IECICTBUEM arpecCUBHON cpeapbl.
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Pucynok 2. — UcxonHoe cocTosiHne odpasua (a)
M KapTa pacnpe/ejeHus NOBEPXHOCTHOIO NOTEHIMAJIA HCXOAHOro o0pa3ua (0)

[Mocne 15-munyTHOTO Bo3AeicTBIsA 5% pacTBopa NaCl Ha moBepxHOCTH 00pa3ua 3auKCHpOBaHbI IEPBbIE MPU3HAKN
BO3HHKHOBEHHSI KOPPO3HOHHOTO TPOIIECca, COTTacOBaHHbBIE Kak Ha MakpodoTorpaduu, tak u Ha kapte KPIT (pucyHok 3).
Ha maxpodoTtorpaduu (cM. pucyHOK 3, @) HaOIrI0Aar0TCS Clla0ble JTOKAIBHBIE TOTEMHEHHS, KOTOPBIE CBHACTEECTBYIOT
0 HaYAJILHOM CTaJMN pa3pylIeHUs] €CTECTBEHHON OKCHIHOM IUIEHKHM Ha MOBEPXHOCTH HCCIIelyeMoro oopasua.

Ha kapte pacnpenenenns KPII (cM. pucyHOK 3, 6) 3TH H3MEHEHHS MOYKHO IPOCIIEINTh KaK BRIPAKEHHYIO 00J1acTh
C aHOMAJIFHO HI3KMM 3HaueHHEM MOTEeHITHANa (SIPKO-pO30Bast/priosieToBas 30Ha cooTBeTcTBYIOT 3HadeHMsiM KPIT 10-30 MB).
Peskoe najenue norennuana Ha JanHoM ydactke (Ha 20-30 MB oTHOCHTEIBHO (DOHOBOTO 3HAUCHHS) CBUACTEIBCTBYET
0 pa3pyIICHNH ITACCUBHOTO CJIOS U 00pa30BaHUK aKTHBHOTO aHOJHOT'O Y4acTKa, I/ie IPOTEKAET PEaKIys OKUCIICHHS JKelle3a
(Fe — Fe*" + 2e7). 3a cyer pa3HOCTH MOTEHIIHAJIOB MEKIy aHOJHBIM [IEHTPOM M COCETHUMH YIaCTKaMH (3eJeHas 30Ha Ha
KapTe), COXpaHUBLIMMH KaTO/HbIE CBOWCTBA, BOZHUKAIOT MUKPOTJIbBAHUYECKHUE dJIeMEHThI. Takoe B3auMoJIeHCTBHE CO-
3[1a€T yCJIOBUSI JJIsl DHEPIeTUUECKOM MOJIUTKH KOPPO3HH, YTO CTUMYJIMPYET JlalibHelIIee yriryOlieHne U pOCT HUTTHHTA.

a 0

Pucynok 3. — Cocrosinne o0pa3na (a) 4 kapTa pacnpeje/ieHus I0BEePXHOCTHOr0 MOTEHIHAJIA
odpasua (6) nocie 15 MmuHyT npedbiBanus B pacrsope NaCl

Habmonaercst pazpactanue EpBUIHOTO 0Yara KOPPO3WH MOcie OHOTOo Yaca Bo3aercTBus pactBopa NaCl (cMm. pu-
cyHOK 3). AHOmHAas 00J1acTh, KOTOpas onpeneisercs mo Hu3kuM 3HadeHussM PBD (0-30 MB Ha xapte pacnpeneneHus
(cM. pucyHOK 3, 0)), MOKa3bIBaET CYIIECTBEHHOE YBEIMYEHHE [UIOIIA/IN 04ara KOppo3HH IPH COXPaHEHNH TIEpBOHAYaIbHON
KOH(UTypanuu. ITO MPsIMO yKa3bIBAECT HA IIPOTPECCUPYIOIIEE PA3BUTUE MUTTHHTA.

[Tocire BocbMu gacoB Bo3zeiicTBusa pactBopoM NaCl Ha ncneITyeMbIi 00pa3er] HaOIo1aeTcsl KaueCTBEHHOE U3-
MEHEHHE KapTHHBI KOPPO3HOHHOTO TMporiecca (pUCYHOK 4). BepxHsis (He morpyxeHHas B pacTBOp) 4acTh 00Opaslia Ha KapTe
pacupenenenus KPII (cMm. pucyHOK 4, 6) COXpaHSET YCIOBHO-0THOPOIHBIN XapaKTep, KOTOPBI COOTBETCTBYET KaTOTHOM
30He (3enéHas 30Ha (70—100 MB)). OmHOBpEeMEeHHO Ha IMOTPYKEHHON YacTH POPMHPYETCS CIOKHAS TeTePOTEeHHAS DIICK-
TPOXMMHUYECKAs CTPYKTypa, PeICTaBICHHAsl MO3auKOil U3 00JacTell ¢ pe3ko pa3IMYHbIMU 3HAYSHHUSIMH TOTEHI[MAJIa
(3xctpemymsl: ~150 MB u ~0 MB).
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B 30nax co 3rauennemM KPIT 0—20 MB (cooTBeTcTBYET CupeHeBOl 00macTh Ha M300paKeHUH, CM. PUCYHOK 4, 0)
MPOJIOJDKACTCS] AKTHBHOE aHOJTHOE PacTBOpeHHe MeTasuia. O0JIacTH ¢ aHOMAITbHO BEICOKMMH 3HAYCHUSAMU (KPACHBIC U KEN-
ThIC MSITHA) COBMAAIOT IO PACIIOIOKEHUIO C BUIMMBIMU CKOTUICHUSIMH MTPOYKTOB KOPPO3uH (CM. pucyHOK 4, a). Ha
¢doTorpaduu 4ETKO BhIpaKEHA TPAHUIA MEKY MOKPHITOW MPOIyKTaMH KOPPO3UH TOTPYIKEHHOHN YacThIO0 U OTHOCH-
TEJIbHO COXpaHUBLICHCS BEpXHEH 4acThio 00pa3na. ITo NOATBEPKAAET JIOKATH3ALMIO TPOLIecca B 30HE BO3ACHCTBHS
arpecCUBHOM cpeapbl.

a 0

Pucynok 4. — Cocrosinne odpa3na (a) 4 kapTa pacnpeje/ieHus II0BEePXHOCTHOr0 MOTEHIHAJIA
o0pa3ua () nociie 8 yaco npedbiBaHus B pacteope B NaCl

[ToBTOpHOE M3MepeHHUe Yepe3 6 4acoB MOCIe MPEAbIAYIIero CKAHUPOBaHUS (CyMMapHOe BpeMs SKCIO3UIHH
12 gacoB) oTpaxkaeT cTabmiIn3aIuio o0IIeil KAPTUHBI IIPU OJJHOBPEMEHHOM YCIIOKHEHHUHU 3JICKTPOXUMHUYCCKON CTPYKTYPHI
(pucyHOK 5, a).

HwxHss yacTh oOpasia (Iorpy»KeHHasi B arpeCCUBHBIN PacTBOP) XapaKTEPU3yeTCs BBIPAXKECHHON HEOTHOPOIHO-
CThI0, IPEICTABIASA CO00I MO3aUKy U3 OOIIMPHBIX 00JIACTEH C HU3KUM MOJOKHUTEIBHBIM MOTCHIIMATIOM (KPACHBIC 30HBI)
1 JIOKQJIbHBIX YYaCTKOB C BEICOKUM TMIOTEHIHAIOM (PUCYHOK 5, 6). Takas kapTHHA COOTBETCTBYET CTAIUU OOIIMPHOI
KOPPO3HH, IIPU KOTOPOH HA TIOBEPXHOCTH 00pa3yeTcs CJIOW BTOPHUYHBIX MPOIYKTOB KOPPO3UH (OKCHIIOB M THIPOKCHIOB
xene3a). Habmaromaemoe nepepacipe/iesieHue MOTEHI[HAIOB CBUACTEIbCTBYET O IMHAMHYECKOM XapaKkTepe rnpoiecca:
TOJI CJIOEM TMPOJYKTOB KOPPO3UH MPOUCXOAUT HETIPEPhIBHAS MUTPALIUS U HEPEHOJISIPU3ALINS JTOKAIbHBIX MUKPOTaJIbBAHH-
YeCKHX Tap (aHOAHBIX U KATOAHBIX 30H). DTO XapaKTePHO JJIsl KOPPO3HHU, KOHTpOIHpyeMoit anddy3ueit peareHTOB yepe3
HAKOIUICHHBIE OTJIOKEHHUSL.

a 0

Pucynok 5. — Cocrosinne o0pa3na (a) 4 kapTa pacnpeJe/ieHus II0BEePXHOCTHOr0 MOTEHIHAJIA
o0pa3sua () nociie 12 yacos npedbiBanus B pacrsope B NaCl

3akiarouenne. B xoze sxcnepuMenTa Ha oOpasiie u3 Huskoyriepoauctoi cranu Cr3 B 5% pacteope NaCl mpo-
JIEMOHCTPUPOBaHA HU3Kasi KOPPO3UOHHASI CTOMKOCTh UCCIIEAyEeMOro MaTepuana B XJIopua-coaepxaiieit cpeae. Metog C3K
MIO3BOJIMIT 3a(DUKCUPOBATH 3aPOKICHHE IEPBOTO aAKTUBHOTO 0Yara (Jiokanu3oBaHHoe m3meHenne PB3 Ha 40-50 MaB (Bemu-
YUHA paBHAs, HO 00paTHAs IO 3HAKY KOHTAKTHOW Pa3HOCTHU MOTEHIUANOB)) yke uepe3 15 munyT Bo3aeictus. Takoit
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pe3yJIbTaT 3HAYUTENBHO OIIEPEXkAeT MOSIBICHHE MAKPOCKOIMYECKHX NPU3HAKOB paspymeHus. [locienoBaTensHOe CKaHHU-
pOBaHHUE BBIBHIIO YETKYIO TPOCTPAHCTBEHHO-BPEMEHHYIO IMHAMUKY IIPOIIecca: OT €AMHUYHOTO MMUTTHHIA K Pa3pacTaHHIO
aHO/IHOY 30HBI, a 3aTeM K ()OPMUPOBAHUIO OOIIMPHOI I'eTepOreHHOI 00JIaCTH MO CIIOEM ITPOIYKTOB KOPPO3HHU C MUTPH-
PYIOLIMMH aHOAHBIMU M KaToAHbIMH 30HaMu. MeTon C3K obecnieunst KOHTpacTHYIO BU3yallM3alMIoO IT'PaHMIbI pa3jiena
MEXy TIOTpy>KEHHOH (aKTHBHO KOPPOJIHUPYIOLIEH) U HaJIBOAHOM (OTHOCUTENILHO CTAOMIIBHOM) YacTsMu 00pa3lia, COOTBET-
CTBYyOLIEH yCIOBHSIM AU PepeHINaTBHON adpaliH.

Pe3ynbraThl paboThI CITyKaT MOATBEP)KACHUEM 3P (PEKTUBHOCTH METOJMKH CKaHUPYIOLIEi 30HA0BOH 3JIEKTPOMET-
pHHM 11 32514 AMArHOCTHKK Koppo3ur. KimoueBoe mpaktiueckoe npenmyinectBo Merona C3K 3akimodaercst B ero BbI-
COKOI{ 4yBCTBUTEIILHOCTH K JOKPUTUYECKHM H3MEHEHHSM ITOBEPXHOCTHOTO MJICKTPOXHUMHYECKOT0 ToTeHIHana. Takoe
NPEUMYIIECTBO MTO3BOJISIET BBISBIISAITH O4ard KOPPO3UH HA CTAJMU 3apPOXKACHUS, 33JI0JIT0 0 MOSBICHHUS MaKPOCKOIINYe-
CKUX JIe()eKTOB.

[TpsiMBIM pa3BUTHEM MPEICTABICHHOTO NCCIICIOBAHH SBIACTCS H3YYCHNE KHHETUKH KOPPO3HU OCHOBHOTO METaIlIa
ra3olpoBoJia B MOJICIIBHBIX U HATYPHBIX MMOYBEHHBIX AJICKTPOJIUTAX. TaKkue SKCIIEPUMEHTHI TIO3BOJIST CTPOUTH MPOTHO3-
HBIE MOJIEJIN KOPPO3HOHHOTO H3HOCA M pa3padaThIBaTh KapThl KOPPO3UOHHOM ONACHOCTH ISl Pa3IMYHBIX THIIOB IPYHTOB.
3TO MOXET IOCIY>KUTh OCHOBOMH ISl ONTHMHU3ALMK PEMOHTHBIX paboT M MPOJJICHUS CpOKa 6e30MacHOM SKCILTyaTaluu
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Hocmynuna 27.01.2026

APPLICATION OF THE SCANNING KELVIN PROBE METHOD
FOR EARLY-STAGE CORROSION DETECTION IN PIPELINE STEEL

A. SVISTUN, K. PANTSIALEYEU, V. ROMANIUK
(Belarusian National Technical University, Minsk)

Unveiling corrosion mechanisms and enhancing material durability require a shift from evaluating integral charac-
teristics to analyzing processes at the micro-level. This study aims to establish a correlation between the spatial distribu-
tion of the electron work function (EWF) on the steel surface and the localization of corrosion damage sites using the
Scanning Kelvin Probe (SKP) method. Experiments on a pipeline steel sample in a NaCl solution demonstrated that the
SKP method can detect the onset of pitting corrosion by mapping the EWF distribution. As a result, a correlation was
established between local variations in the EWF and the initiation of corrosion, enabling the diagnosis of material deg-
radation at a pre-critical stage, long before visible defects appear. Thus, this work confirms that the SKP method serves
as a highly informative tool for the micro-level analysis of corrosion mechanisms. A direct continuation of this research
involves applying the SKP method to study the corrosion kinetics of pipeline steel in simulated and natural soil electrolytes
to develop predictive models and corrosion hazard maps.

Keywords: scanning Kelvin probe (SKP), underground gas pipelines, steel corrosion, Volta potential, work func-
tion (WF), pitting corrosion, surface potential distribution, structural steel, contact potential difference (CPD).
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ONTUMU3ALNSA PETEHEPALIUU TPUPOJHOI'O HEOJIMTA KJIMHONTUJIOJUTA
B IBYXCTYINEHYATOUN CXEME OYUCTKMH INIOJA3EMHBIX BO

E.C. BEJIOT O
(Ilonouxuii zocyoapcmeennwtiit ynugepcumem umenu Eeppocunuu Ilonoukoii)
ORCID: https://orcid.org/0009-0001-6165-1929

B cmamve npedcmasinenvl pesyibmamol 5KCNEPUMEHMATbHBIX UCCLEO08AHUTL O ONPEdeNeHUI0 ONMUMATLHBIX Na-
PAMEMPOS pe2enHepayuy nPUPoOH020 YeoIuma KIUHONMULOIUMA PACME0pOM Xaopucmo2o nampus. Mccredosanus npo-
B00UNUCHL 8 PAMKAX O8YXCHYNEHYAMOU MEeXHOIOSUUECKOU CXeMbl OYUCIMKU NOO3EMHBIX 600 C NOBLIUEHHBIM COOEPIHCA-
HUeM Jicee3q, Mapeanyd, aMMOHUIHO20 A30Ma U bICOKUMU NOKA3AMESIMU NEPMAHSAHAMHOU OKUCTSIeMOCU. Y Cmanos-
JIEHO GIUAHUE UHMEHCUGHOCIU GIMOPUYHOU aspayuil Ha paboyyro ooMernyIo Emxocms yeonuma. Onpeoenenbl OnMmUMatbHble
yoenvruvie pacxoovt NaCl (300—500 e/2-5k6 6 3a6ucumocmu om uUCX0OHOU KOHYEHMpayuu aMMOHUsL), obecneuusarouue
MAKCUMATLHYIO OTUMENbHOCMb Gurbmpoyukia. Ilokazano, ymo npumerenue 6MopUHoOL aspayuil ¢ 8030YUHO-600HbIM
coomnowenuem 1:1 (no 06vemy) nozeonsem CHU3UMb PACXO0 PeceHePayUuoHHO20 PACMEoOpa 8 2—5 pa3 no cpagHeHuio
€ PEKOMEHOAYUAMU NPOU3BOOUMENE.

Knrwouesble crosa: noosemmvie 600wl CLONCHO20 cocmaea, deyxcmynenqamaﬂ ouucmka, KiuHonmujaioaum, UOHHBLU
06M€H, peecenepayus, AMMOHULIHBILL asom, 6mopudHas aspayusi.

BBenenue. DKcInTyaTamys CHCTEM BOIOMOATOTOBKH ISl MAJIBIX HACEJICHHBIX ITyHKTOB CTAJIKHBACTCS C TIPOOIEMOM
obecrieueHrss HOPMAaTUBHOT'O Ka4eCTBa BOBI IIPH €€ CI0KHOM COCTaBe, XapaKTEePHU3YIOIMIEMCs] OTHOBPEMEHHBIM MIPHUCYT-
CTBHMEM COEAMHEHUH XKene3a, Mapraiiia, aMMOHUMHOIO a30Ta U IEPMAHTaHaTHON OKUCIIIEMOCTH. B npenmecTByomux
HCCIIeIOBAaHMX aBTOpa Obl1a 000CcHOBaHa S (PEKTUBHOCTh IBYXCTYIIEHYATOH CXEMBbI, BKIIIOYaronel GpuibTpoBaHue yepes3
copOent AC (nepBas CTyIeHb) U KIMHONTUIONUTOBBIA LeoauT Mapku Lleon’ (BTopast CTyIIEeHb) ¢ IpeABapHUTENLHON adpa-
nuel Ha kKaxaoi cryrenu [1]. KimrodeBas ponb BO BTOPOW CTYNIEHH OTBOJIUTCS MpoIleccaM HOHHOTO 0OMeHa, o0ecreyn-
BaIOIIMM yAaJIeHHe aMMOHUIHOTO a30Ta. OIHAKO M0 Mepe HACKHIIICHNS HOHOOOMEHHBIX IIEHTPOB BO3HUKAET HEOOXOMMOCTD
pereHepaIiy HeoIUTOBON 3arpy3Ku. Llens Hacmoswel pabomel — ONPEICIIEHIE ONTHMAIBHBIX TAPaMETPOB pereHepaIluy
LIE0JIUTA PACTBOPOM XJIOPHUCTOTO HATPHUS, 00ECTIEUMBAIOIINX MAKCUMAIBHYTO IPOJODKUTEIIEHOCTD (PHITBTPOIMKIIA M MAHH-
MaJIbHBIE HKCIUTyaTallMOHHBIE 3aTPaThl B YCIOBUSIX PEAIbHOTO COCTaBa ITO3EMHBIX BOJI.

MarepuaJjibl H METOIbI HCCJIeT0BaHUsA. VcclieToBaHUsI BHITOMHSIINCH Ha IIHJIOTHOW (DMIIBTPOBAILHON YCTAaHOBKE,
MOIKITFOYCHHOH MOCIIe (PUIBTPOB 00€3KEIC3UBAHUS IEPBOY CTYIICHH U BTOPUYHOM adpallMOHHON KOJIOHHBL. B kKadecTBe
(GUIBTPYIOIIEro MaTepHalia HCIOJIb30BaH MPUPOIHBIN KIMHONTIWIONHT [2] ¢ pazmepom 3epeH 0,8—1,2 MM, oObeM 3a-
rpy3ku B puibrpe nuamerpoM 0,25 M cocramia 25 1. CkopocTh (GriIbTpOBaHMS NOAEp)KUBaJIach Ha ypoBHE 10 M/4.

OOBeKTaMH HCCICTOBAHUS BRIOpAHBI TP CTaHIINH 00e3kene3uBaHus Butebckoit obmactu (00bekTH 1, 2, 3)
C Pa3JIMYHBIM HCXOJHBIM COCTaBOM (I1OCIIE TIEPBO CTYNIEHH (QUIBTPOB) MOJ3EMHBIX BOJI: KOHIIEHTPAIMI AMMOHHUHHOTO
a30Ta HAXOJUIACh B MHTEpBaE OT 2,26 10 4,44 Mr/qM>, mepMaHraHaTHas OKMCIAEMOCTE — oT 4,8 110 6,8 Mr Oa/mM>.
KoHneHTpanum aMMOHAIHOTO a30Ta B BOJIE U PHIIBTpATE ONPENEISIINCH B TabopaTopuu Mo a30Ty aMmMoHHHOMY (NHa-N).
Jlst pacu€ToB pabouelt 0OMEHHOM EMKOCTH U YAEITHLHOTO PAcXoJia COJIM BCE 3HAYCHHUS OBLIN MepecuyuTanbl B HoH NHa'
Bce nmpuBenénnbie B paboTe KOHIICHTPAIMY, BEIXOIHBIC KPUBBIC M PAacUETHI IaHbI B iepecuéte Ha noH NHa". Ha ctaguu
MIEPBUYHON a’palliy MoIePKUBAJIOCh BO3IYIIHO-BOIHOE cooTHOIIeHHE (3—3,5):1, 000CcHOBaHHOE paHee MPOBEICHHBIMH
uccne0BaHuaMu [3] Kak ONTUMANbHOE I 00eCTieueHH sl OJHOTO OKUCIIeHHs Fe?* 1 IecTpyKIMN OpraHoKeNe3ucThIX
KoMmIuiekcoB. Ha ctaznuu BTopn4HOI aspaliu nepest HeoIUTOBBIM (GHIIBTPOM COOTHOLIEHHE H3MEHSIIOCH B IaNa3oHe
(0-1,5):1 onst onpeneneHust paMoOHAIBHOTO PEXXUMa JOOUUCTKH.

Perenepanust 1e0IMTOBOM 3arpy3KH OCyIIECTBIIIACE 8%-M (II0 Macce) pacTBOPOM XJIOPUCTOTO HaTpus. Bapbu-
PYEMBIM ITapaMeTPOM BBICTYHAI YAETbHBIH pacxoy conu (ot 200 1o 600 r/r-3kB). DhHeKTHBHOCT pereHepaIiy OeHU-
BJIACh 110 JUTUTEIILHOCTH MOCIEAYIOMEro (GHIbTPOLMKIIA IO JOCTHKEHHS B GHIbTPATE IPEIEIFHO JOMYCTUMON KOHIIEH-
Tpauuu aMMoHHiHOTO a3ota (1,5 mMr/nm’). PaGoyas 0OMEHHas €MKOCTb LIE0JIUTA PACCUNTHIBAIACE MO CTAHAAPTHON Me-
TOJIWKE Ha OCHOBE BBIXOJIHBIX KPUBBIX COPOIIMY M HOHHOTO OOMEHa.

Pe3yabTaThl M MX 00Cy:KAeHUE. Brusnue 6mopuyHol adpayuu Ha pabouyio eMKoCms yeoauma. IKCTIEPUMEHTATLHO
YCTaHOBIICHO, YTO OIMPEAEISAIONM (HaKkTOpoM 3(h(HeKTHBHOCTH BTOPOH CTYNECHH SBIIACTCS KOHIICHTPANNS AMMOHHIHOTO
a30Ta B HCXOHO Bozie. IIpn 3TOM ypOBHH cozieprKaHMs JKelle3a, MapraHIia v epMaHTaHATHOM OKHCIISIEMOCTH Ha BBIXOJIE
13 YCTaAaHOBKHU CTaOMIIBLHO YACPKUBATINCH HUKE HOPMATHUBHBIX 3HAYEHU N JaXe Ipu lTpI/I6J'lI/I7KeHI/H/I KOHICHTpAIU aMMOHUWA
K MCXOJIHOM.

Haub6onee Beicokas 3pPeKTUBHOCTD yIaICHUS aMMOHHS JTOCTHTaIach IPH HCIIOJIb30BAHUU BTOPHYHON adpaliu
C BO3JIYITHO-BOJTHBIM cooTHomeHreM 1:1 u 1,5:1 (pucynok 1). ParmonansHeIM IpU3HAHO COOTHOMICHHE 1:1, TOCKONBKY
JampHeHIee yBeTNUeHIEe HHTCHCUBHOCTH adpallii He3HAYUTEIHHO MOBBIIIAET 3P (PEKTUBHOCTD M CTAHOBUTCS YIKOHOMH-
YECKH HeTeNIecO00pa3HbIM.

! TleonuT IpUpPOHEIN: IIPOM3BOCTEO, OCTABKA, IPMMEHEHHUE [ DIEKTPOHHBIH pecype] // Zeol.ru: caiit. — URL: https://zeol.ru/
(mata obpamenus 16.07.2025).
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HOpMa MOH-aMMOHHS

® ¢ ¢ ¢ ¢ yCPEHCHHOE 3HAYCHUE NOH-aMMOHWSI TIOCTIE TIEPBOM CTYTICHU

** YCPEIHCHHOE 3HAYCHHE U3BSITUS HOHOB aMMOHHUS IIPOLIECCOM aJICOPOIIUH

====-1 1MKJI: ¢ pereHepauuei 1 6e3 BTOPUYHON adpau

= — 2 [IUKJI: pereHepanus U BO31yIIHO-BOASHOE COOTHOIIEHNE BTOPUYHOM aspanuu 0,5:1
= + =3 [UKJI: pere’epalys 1 BO31yIIHO-BOASIHOE COOTHOIIIEHHUE BTOPUIHOM asparuu 1:1
= * * 4 KT pereHepaIys U BO3IyIITHO-BOASHOE COOTHOIICHHE BTOPUIHOM asparuu 1,5:1

a — 06beKT 1 (Cuex=2,26 Mr/mm3); 6 — 00beKT 2 (Cuex=3,15 Mr/am’); ¢ — 06beKT 3 (Cucx=4,44 Mr/am3)

Pucynok 1. — BoixogHbie KpuBbIe COPOLMHE M HOHHOIO 00MEHA AMMOHHUIHOI0 a30Ta
HA 1e0/INTe IPH Pa3JIMYHOM BO3AyLIHO-BOJHOM COOTHOLICHUH

JIOMOTHUTEIBHOE HACKIIICHUE BOJIBI KHCIOPOJIOM CIIOCOOCTBOBAJIO JOOKUCIICHHIO OCTATOYHBIX KOHIICHTPAIMHN Ke-
Jie3a ¥ MapraHiia moclie IepBOi CTYICHH, CHIDKCHHIO TIEPMAHTAaHATHOW OKUCIISICMOCTH U, TPEIIOJIOKUTEIEHO, YACTHIHOMY
OKHUCIICHHIO aMMOHUIHOTO a30Ta, YTO CO3/1aBaJi0 OJIArONPHUSITHBIC YCIOBHUS JJIS MOCICAYIONIEr0 HOHHOTO OOMeHa [4; 5].

Konuuecmeennas oyenxa paboueii o6mennoti emxocmu. Pacder pabodeii 0OMeHHOI eMKOCTH eouTa (£, Mr-3Ks/mm°)
BBIMOJTHSJICS TI0 BBIXOJIHBIM KPUBBIM COPOLIUH C Y4€TOM 00BbeMa MPOGUIbTPOBAHHOM BOJIBI IO MOMEHTA JIOCTIKEHHUS TIpe-
JIeTIbHOM KOHLIEHTPALUK aMMOHUs B uiibTpare. Pe3ynbTaThl Uis HCCIIeAyeMbIX 00BbEKTOB IPEICTaBICHbI B TabmIe 1.

Tabmuna 1. — DxcnepuMeHTaIbHbIE 3HAaYeHHS paboueid 0OMEHHOW eMKOCTH U IITUTEILHOCTH (PHIBTPOITUKIIOB

OOBexT 1 OOBekT 2 OObexT 3
Mapawerp (Chex, = 2,26 mr/am3) (Chex, = 3,15 mr/am3) (Chex, = 4,44 mr/am®)
1 2 3 4 1 2 3 4 1 2 3 4

IUKJI | OUKJI | OUKIT | OUKJI | OUKIT | OMKI | ODAKJT | OWKJT | DMK | ITAKJT | OUKIT | TOTHKIT

Junamuueckas pabodas oOMeHHas

eMKOCTD Ep, MI-3KB/M> 18,3 | 35,6 | 90,5 | 102,8 | 21,1 | 36,9 | 93,2 | 104,8| 26,9 | 40,0 | 95,0 | 105,9
p, MI-

IIponomxurenbHOCTD
¢mnbrponukia 7, 4

12 17 | 40,5 46 8 12 29 30 6 8,0 19 21

Kak BUIHO M3 IIpeqcTaBiIEHHBIX JJaHHBIX, paboyas 0OMEHHas! eMKOCTh 1I€0JIMTa 3aKOHOMEPHO BO3PACTaET C YBEJIH-
YeHHeM HoMepa (QHIIBTPOLMKIIA. Y CTAHOBJICHO, YTO B OTCYTCTBUE BTOPUYHOM asparm (1-# ukin) 3HaueHue E;, CyIecTBEHHO
3aBUCHUT OT UCXOJIHOM KOHIEHTPAIUY aMMOHUS, cocTapss 18,3—-26,9 mr-ske/am>. [[puMeHeHHE BTOPUYHON adpaiuu
(V=1:1, 3-if UMKJI) HUBEIHUPYET ITO BIMSHUE: 3HAYCHHUS £, JUIs pa3HBIX 006eKTOB cOmmkarorcs 10 90,5-95,0 Mr-sks/am?>,
a IpH JanbHEHIIeM yBenraeHun 10 1,5:1 (4-i IMKIT) JOCTUraloT IpaKTHYECKH OIMHAKOBOTO ypoBHS — 102,8-105,9 Mr-5Kks/mm?.
DTO CBUIETENBCTBYET O TOM, YTO BTOPHYHAS adpaiust 3QPEeKTHBHO yCTpaHsIeT (HaKTOphl, TMMATHPYIOIIAE HOHHBIA OOMEH
(KOHKYPEHITHIO KaTHOHOB U KOJIBMATAITHIO TTOP), ¥ 00ECTIeYMBaeT CTA0MIHHYIO paboTy QHIIbTpa HE3aBUCUMO OT HCXOHOTO
cocTaBa BoABl. AGCOMIOTHBIE 3Ha9eHHs £, ocTatoTcs Ha 41-53% HuKe MacopTHEIX okaszatenel (220 mr-ske/am>)?,

2 HanonnuTenu st pUIBTPOB: LEONUT NPUPOAHBIA [DnexTponHbiii pecype] // Tuapocutn: caitr. — URL: https://gidrositi.ru/
catalog/napolniteli/tseolit/ (nata obpamenus 16.07.2025).
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MPUBOIMMBIX ITPOM3BOIUTEISIMH ISl MOJCIBHBIX PACTBOPOB, COAEPIKALINX TOJFKO aMMOHHMN. J[aHHOE pacXxoXaeHue
00BSCHICTCS KOHKYPCHTHBIM BIIMSIHUEM JPYTHMX KOMIOHEHTOB ITOJ3EMHBIX BOJ — XKeJe3a, MapTaHIla U OPraHUICCKUX
COCAMHEHUI1, KOTOPBIE OJIOKUPYIOT YacTh HOHOOOMEHHBIX LIEHTPOB HIIH 3aTPYJHSIOT JIOCTYH K HUM.

[MponomxurensHocTh GritbTpormkia 7, 4, 03KMIaeMO CHIKAETCsl C POCTOM MCXOIHOM KOHLICHTPAUK aMMOHHUSL: TIPU
2,26 mr/om> (00bekT 1) MakcHMManbHas JIUTEIbHOCTH cocTaBmia 46 4, npu 3,15 mr/nm?® (06bekT 2) — 30 1, mpu 4,44 mr/mv?
(06bexT 3) — 21 u. TIpu 0iMHAKOBOI yaenbHOM eMkocTH 3arpysku (102,8—105,9 mr-aks/nm?®) Bpems 10 Npockoka onpe-
JIeJISIETCSI CKOPOCTHIO NOCTyIUIeH!UsI HOHOB NH4* K MOHOOOMEHHBIM LIEHTpaM, KOTOpast IIPOIOPIHOHAIbHA UX UCXOIHON
KOHIIEHTPAIIUX B BoJIe. DTO yKa3bIBaCT HA HEOOXOAMMOCTh AU PEPEHIINPOBAHHOTO MOAX0/1a K BEIOOPY PEKUMOB pere-
HEpAIH B 3aBUCUMOCTH OT Ka4eCTBA HCXOTHOM BOMBI.

Onmumusayus napamempos pecenepayuu. ViccnegoBanne BIUSHUS YASTFHOTO Pacxo/1a XJIOPUCTOTO HATPHs Ha
3¢ (EeKTUBHOCTh pereHepaIuy MPOBOAUIOCH B Auana3zone 3HadeHni 200—600 1/r-3kB (PUCYHOK 2) TIPH BO3AYIITHO-BOIHOM
cootHomreHnun 1:1. Beibop manHOTO QHana3oHa 00yCIIOBICH JIUTEPATypPHBIMU JaHHBIMH 110 PETeHepaIiiy KIIHHONTAIONNTA
B PEATBHBIX MOI3EMHBIX H CTOYHBIX BOJAX CJIOMKHOTO COCTaBa. B mpucyTcTBUM KOHKypHpYyIomux katnoHos (Fe?', Mn?,
Ca?', Mg?") u opranM4eckux BEIIECTB ONTUMAIbHEIE yaeabHbIe pacxoasl NaCl 06614H0 cocrapisior 200-600 r/r-3kB,
Hanbosee yacTo Berpedasick B uHTepBaiie 300-500 r/r-okB [6-8]. bonee Hu3kue 3naueHns (MeHee 200 1/r-dKB) XapaKTEpHBI
IIPEUMYIIECTBEHHO AJISI MOAEIBHBIX PACTBOPOB YHCTOTO aMMOHHUSL.
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a — 00beKT 1 (Cucx=2,26 Mr/mim®); 6 — 00beKT 2 (Cucx=3,15 mr/am®); 6 — 06beKT 3 (Cucx=4,44 mr/am3)

Pncy}mK 2. —3aBuUcHUMOCTD NMpoOAOIXKUTEIbHOCTH (Imanpoumma OT YACJIBHOI'0 pacxola XJOPUCTOI0O HATPUSA

Y CTaHOBIIEHO, YTO ISl KAXKI0TO 00BEKTa CYIIECTBYET ONTUMANIBHBIN pacxox xiopucroro Hatpus (NaCl), obecre-
YHUBAIOUIMH MAaKCUMAIIBHYIO [UTUTEIBHOCTD MOCICAYIOIIEro (QUIbTPOLIMKIA:

— s 00bekTa 1 (Cyex=2,26 Mr/am’) onTuManbHeli pacxox coctaBui 300 I/r-3KB;

— st 06bekTa 2 (Cuex=3,15 mr/am?) — 400 r/r-3KB;

— st 06bekTa 3 (Cuex=4,44 Mr/am?) — 500 r/r-3kB.

Hanenueitmee yBenuuenue pacxona NaCl cBepx yka3aHHBIX 3HAYCHHN TPUBOIUIO K HE3HAYUTEIIEHOMY PUPOCTY
JuATeNbHOCTH nuKia (Menee 10%) mpu CyIeCTBEHHOM POCTE 3aTPaT, YTO MOATBEPKAACT JCHCTBUE IPUHIUIA yOBIBatO-
mieii otnaun: yeenmuenue pacxona NaCl cBepx onTUMaNbHOTO NAET HE3HAYUTENBHBINA MPUPOCT JUTUTSIHHOCTH IIUKJIA IPU
CYIIECTBEHHOM POCTE 3aTparT.

Cpasuenue ynenbHoro pacxona NaCl ¢ pabodeit 00MEHHOH eMKOCTBIO 10 HOH-aMMOHHMIO BBISIBUIIO OTCYTCTBHE
IPSAMOI Koppesiuu: onu3kue E, TpeOyIoT MPUHIUITHAILHO pa3HbIX pacxooB NaCl. DTo 1oka3bsIBaeT, YTO KIFOYEBBIM
(bakToOpOM, OMPEIEISIFOLINM PACX0/] COJIH, SIBIISIETCS CIIOMKHBIH COCTAB UCXOHOM BOJIbI: HOHBI, IIPUCYTCTBYIOIIHE B BOJE,
KOHKypHpytoT ¢ NH4" 3a MecTa copOunu Ha 11eomTe u TpeOyIOT BRITECHEHUs IPH pererepaitii. CeTeKTUBHOCTE MPHPOI-
HBIX LIEOJMTOB K KATHOHAM OOBIYHO yObIBaeT B nocieosarensHoct [9]: NHy > K > Na* > Ca?' > Mg?". Jlannas mnocie-
JIOBATEbHOCTh XOPOIIO U3BECTHA JUISl IPUPOIHBIX KIMHOITHIOIUTOB U 00BSICHSIET POCT HEOOXOJUMOT0 PACX0a COJU
MIPH YBEJIIMYCHU YU KOHIICHTPAIMH KOHKYPUPYIOIIUX KATHOHOB. UeM BBIIIEC KOHIICHTPAIIXS STHX HOHOB B BOJIC, TEM OOJIbIIE
NaCl Tpebyetcs ans 3¢ GeKTHBHOM pereHepaluu 3arpy3ki. Kpome Toro, cka3plBacTcs BIUSHUC CICIIM(DUICCKHUX 3arpsi3-
HUTENEH (OPraHMYECKOTO KeJIe3a U BBICOKOW MEPMAHIaHATHOW OKHCIIIEMOCTH ), KOTOPBIC 3aCOPSIOT MOPHI IICOTUTa U 0JI0-
KUPYIOT aKTUBHBIC [ICHTPBI, 3aTPYyIHSSA pEreHepauio u Tpedys noBkimeHHOro pacxona NaCl.
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Heobxomumoe komudectso NaCl P, Kr, Ha O/[Hy PereHepauIo MMIOTHOrO (ZMIILTPa PACCUUTHIBANIOCH 10 (hopMyIte’:

fl “H, 'Ep -a,
P=—, (1)
1000

rae f1 — IIoI@ab MIOTHOTO (GuiibTpa, 0,05 M?;

H, —BpIcoTa cnios 3arpy3ky, 0,5 m;

Ep — pabo4ast OOMEHHAs EMKOCTh KATHOHUTA, MI-3KB/IM> (cM. Tabnuiy 1);

@, — yIenbHBIA PacXo/l COIM Ha PEreHepaluIo, I/T-9KB (Bapbuposanack B auanasone 100-300 r/r-3kB B 3aBUCH-

MOCTH OT MCXOJIHOTO COCTaBa BOJbI HA OOBEKTE).

VaenbHoe konudecTo xyopuctoro Harpus (NaCl) Py, (kr/m? 3arpysku) Haxoauu nenenuem koiudectsa NaCl P
Ha OJIHy PETEHEPAIIUIO MTMIIOTHOTO (QUIBTPA Ha 00beM GuiIbTpYHOLIEii 3arpysku (0,025 m3).

VnensHBIH pacxon 8%-To perenepupytommero pactsopa NaCl Oyy, M, Ha 1 M> IIEOIHUTOBOM 3aTPy3KH ONPEAEIISIIN 0
dbopmye:

100- P,

=) 2
100045 p -V @)
rne b — konnentpamus pacteopa NaCl, 8 mac.%;

p — WIOTHOCTH 8%-r0 pactBopa NaCl, npunsta panoii 1,055 1/m>;

Vg — 06beM QUIBTPYIOIIEH 3arpy3Ku, M>.

Pesynbrathl sl pereHepalui MUIOTHOTO GUIbTPa BTOPO# CTYIIEHH C BO3YLITHO-BOJHBIM COOTHOIIEHHEM 1:1
MpecTaBIeHbI B TabIUIE 2.

Tab6muma 2. — [ToTpeOHOCT B peareHTax JJis pereHepainuy Ie0JTUTOBON 3arpy3KHu

Y aenpHBIN pacxon Komnnuectso NaCl Pe, kr, Ha OJHY pereHepauuio
conu Ha 1 r-oKB LICOJIMTOBOTO MUJIOTHOTO (uibTpa / YaensHoe Pacxox Q, M*, Ha uTOTHBI QHILTP / Y NenbHBI
pabGoueit o6mennoit | komuuectBo NaCl Py;, Kr/M>, Ha OfIHY pereHepanuo pacxon Qyu,M* Ha 1 M3 3arpyskn
©MKOCTH LIEOJINTa, 1 M3 neonnra
I/T-9KB oObekTa 1 o0bekra 2 o0bekra 3 o0bekTa 1 o0bekra 2 o0bekTa 3
200 0,45/18,11 - - 0,006/0,23 - -
300 0,68/27,16 0,70/27,96 - 0,008/0,34 0,009/0,35 -
400 0,91/36,22 0,93/37,28 0,95/38,02 0,011/0,45 0,012/0,47 0,012/0,48
500 - 1,17/46,60 1,19/47,52 - 0,015/0,58 0,015/0,59
600 — - 1,43/57,03 — — 0,018/0,71

Tpumeuanue. TIpouepk (—) 03HAYaET, YTO AaHHAS KOMOMHALMUS IIapaMETPOB Ha 0OBEKTE HE MCCIIEI0BAIIACD.

VY AesbHBIH pacxo/1 pereHepaoHHOI0 pacTBOpa B YCIOBUSIX NPUMEHEHHs BTOPUYHO# asparuu coctaBui 0,23—
0,71 M*/m3 3arpyskn, uTo B 2—5 pa3 HIKE 3HAUYEHUH, PEKOMEHIYEMBIX IpoussoauTeaamu neonuta (1,2-1,5 m3/m?). Cru-
JKEHHE PAcX0Ma pearcHTa 00yCIOBIEHO TEM, YTO BTOPHIHAS adpaIis CIIOCOOCTBYET TOOKHMCIECHUIO 0CTaTOIHOTO Fe?*
U JICCTPYKIINU OPTaHOXKEIE3UCTHIX KOMILUIEKCOB, KOTOPbIE B OTCYTCTBHE adpalli SBISIFOTCS OCHOBHBIMH areHTaMH KOJIb-
MaTanud, OJOKUPYIONTUMH MEKPOTIOPH IteosnTa [10]. Y aneHne 3THX KOMIIOHEHTOB MPEI0TBpaIiaeT HeoOpaTuMoe
HaKOILJIEHHE 3arpsi3HUTENIEH B IOPOBOM ITPOCTPAHCTBE, CHIDKAET KOHKYPEHTHOE BIMSHHUE IPH HOHHOM OOMEHE U ITO3BOJISIET
COKpaTUTh pacxo/| peareHTa 0e3 nmorepu 3pGeKTHBHOCTH OYUCTKH. BaskHO OTMETHTB, UTO CHHIKEHHE pacxo/ia pereHepa-
LIMOHHOTO PAacTBOpa HE CONMPOBOX/IAETCS Jerpaalieil COpOLMOHHBIX CBOWCTB LIEOJINTA B JTIUTEILHOM MEPCIIEKTHBE.

BoccranoBnenue paboueii ciocoOHOCTH IIE0JIUTOBOI 3arpy3KH COCTOUT W3 TPEX STAIOB: NPEIBAPUTEIIbHAS IPOMBIBKA
00paTHBIM TOKOM BOBI, COOCTBEHHO pereHepanus pacTBOPOM XJIOPHCTOTO HATPHS M OTMBIBKA MPSIMBIM TOKOM BOJBI.

[MponomkurensHOCTh pereHepannu 8%-m pactBopoM NaCl npunsta papHoii 3045 MUH. B COOTBETCTBHH C PEKO-
MEHYEMbIMH PEXKUMAMHU POU3BOUTENEH. DTO 3HAUCHHE 00ECIICYMBACT MMOJHOE BHITECCHEHHE HOHOB aMMOHHS U3 11€0-
JIMTOBO# 3arpy3KH MPU MUHUMAIILHOM PAacXo/le PeareHTa v MPOMbBIBHBIX BOJI, YTO MOATBEPKICHO IKCIIEPUMEHTATbHBIMU
JTAHHBIMH 10 KHHETHKE BOCCTAHOBJICHHSI OOMEHHON EMKOCTH.

Takum 00pa3oM, MpeUI0KEeHHAs METOIMKA pereHeparuy odecneunBaet 3G HeKTHBHOE BOCCTAHOBICHHE [IEOTUTOBOMN
3arpy3KH, MO3BOJIIET COKPATUTH PACXO]l PEAreHTOB U MPOUIUTh PeCypc GHIBTPYIOIIEr0 MaTepuana.

3 [IpoekTUpOBAHUE COOPYKEHHM BOIOOAIOTOBKH: OCOOKE K TEXHUUECKOMY KOJEKCY YCTAHOBUBILEHCs npakTuku: 111-2019
k TKIT 45-4.01-320-2018 (33020) / MHHUCTEPCTBO apXUTEKTYpPHI U cTpouTenbcTBa Pecrybnuku benapycs, Hayuno-npoexrHo-
IIPOM3BOJICTBEHHOE pecITyOIIMKaHCKOoe yHUTapHOe npexnpustie «CtpoitrexHopm». — Munck, 2020. — 133 c.
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3aki0yeHue. DKCIIEPUMEHTAIBFHO TTOATBEPKACHO, YTO MPUMEHEHHE BTOPUYHOM a’3panni ¢ BO3AYIITHO-BOJIHBIM
cOOTHOIIeHHEM 1:1 mepes IeoTMTOBEIM (BIIIBTPOM O3BOJISIET MOBBICHTH () (DEKTUBHOCTH yTAJICHIS aMMOHUITHOTO a30Ta
Y CHHU3WUTh HArPy3Ky Ha HOHOOOMEHHYIO 3arpy3Ky.

1. VYcranoBneHBI 3HaUCHUS pabodeit 0OMEHHOM eMKOCTH IIE0JIUTA IS BOJ| C PA3IMYHBIM COJIEP)KaHUEM aMMOHHS,
cocrasistomue 90,5-105,9 Mr-sks/nM> IpH BO3MyIIHO-BOIHOM COOTHONIEHUH Goee 1:1, aro Ha 41-46% Hibke macmopT-
HBIX [TOKA3aTeJICH, OMPE/ICIICHHBIX POU3BOIUTEIIEM Ha MOJCIBHBIX PACTBOPAX, COACPIKAIIUX TOJLKO aMMOHHN B JUCTHII-
JUPOBaHHOM Bojie. CHIDKEHHE 00YCIOBICHO KOHKYPEHTHBIM BIUSTHHEM COIYTCTBYIOIIMX 3arps3HUTENCH (MOHOB Kee3a,
Maprasia, OpraHMIecKuX COeTNHEHHN).

2. OmpeneneHsl ONTUMANIBHBIE YACIBHBIC PACXOIBI XJIOPUCTOTO HATPHS IS PErCHEPALMU B 3aBUCUMOCTH OT UC-
XOJHOM KoHIeHTpanud aMMoHHs: 300 r/r-3kB IpH Cpex<2,5 Mr/mm>, 400 r/r-5kB npu 2,5<Cpex<3,5 mr/mm?, 500 1/r-3kB
pu 3,5<Cuex<5,0 Mr/nm>.

3. YCTaHOBJIEHO, YTO ONTUMAIBHBIM BO3IYITHO-BOJAHBIM COOTHONICHHEM HA CTaJUU BTOPHUYHOW adpariiu sBIIs-
ercs 1:1, MOCKONBKY JalbHEHIIee YBEIMICHUES MHTEHCUBHOCTH a3PalluK HE MMPUBOJUT K 3HAYUMOMY NPHUPOCTY S PEKTUB-
HOCTH yJaJICHHUsI aMMOHHITHOTO a30Ta ¥ YKOHOMHYECKH HeresiecooOpasHo.

4. Tloka3aHO, YTO MPUMEHEHNE BTOPUYHOH a’paliiiii C BO3AYIIHO-BOJHBIM COOTHOIIeHNEM 1:1 mepen meonmTo-
BBIM (DMIIBTPOM TIO3BOJISIET CYIIECTBEHHO CHU3MTH YIeIbHBINH pacxon 8%-ro pactBopa NaCl ans perenepanuu 1o 0,23—
0,71 m3/M? 3arpy3ku, 4To B 2—5 pa3 HUKe THIOBBIX peKOMEHAALuUi npoussoauTenei neonura (1,2-1,5 m3/m?). Camxenune
pacxoja peareHra 00ycIOBI€HO YMEHBIIICHHEM KOHKYPEHTHOTO BIMSHUS JKejle3a, MapraHila i OpTaHNYeCKHUX BEIIECTB
Onaromaps JOOKHCICHHIO U ICCTPYKIMH UX KOMILICKCOB Ha CTAJIUU BTOPHYHOHN a’pariuu.

[TonmyuyeHHBIE Pe3yNbTaTH M PEKOMEH/IAIIH IO PEreHEpalii IEOTNTOBON 3aTPY3KH MOTYT OBITh IPUMEHEHBI MTPH
MIPOEKTUPOBAHNH W AKCILTyaTAI[X CTAHIMIA BOJIOTIOATOTOBKHA MaJIOW MPOU3BOIUTEIBHOCTH, UCTIONB3YIOMINX IBYXCTYIICH-
YaThle CXEMBI OYHCTKH MOA3EMHBIX BOJ| CJIOXKHOTO COCTABA.
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OPTIMIZATION OF NATURAL ZEOLITE CLINOPTILOLITE REGENERATION
IN A TWO-STAGE GROUNDWATER TREATMENT SCHEME

E. VELYUGO
(Euphrosyne Polotskaya State University of Polotsk)

The article presents the results of experimental studies aimed at determining optimal regeneration parameters of
natural clinoptilolite zeolite using a sodium chloride solution. The research was conducted within a two-stage
technological scheme for groundwater treatment characterized by elevated concentrations of iron, manganese,
ammonium nitrogen, and high permanganate oxidizability. The influence of secondary aeration intensity on the operating
exchange capacity of zeolite was established. Optimal specific NaCl consumption rates (300-500 g/g-eq depending on
the initial ammonium concentration) were determined, ensuring maximum filter run duration. It was shown that the
application of secondary aeration with an air-to-water ratio of 1:1 (by volume) makes it possible to reduce the
consumption of regeneration solution by 2-5 times compared to manufacturers’ recommendations.

Keywords: groundwater of complex composition, two-stage water treatment, clinoptilolite, ion exchange, regeneration,
ammonium nitrogen, secondary aeration.
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YAK [725.1:272+711(476.5-21)]“16/18” DOI 10.52928/2070-1683-2026-44-1-65-77

JAEATEJBHOCTBD ITOJOLKOI'O HE3YUTCKOI'O KOJIJIETTYMA B XVII - HAYAJIE XIX BB.
N ETO BJIUAHUE HA TPAJJOCTPOUTEJIBCTBO U APXUTEKTYPY ITIOJIOLIKA

I'.H. 3AXAPKHHAY, A.A. COJIOBBEB?
(Y Ilonoyxuii zocyoapcmeennwtii ynusepcumem umenu Esgppocunuu Ionoyxoi,
2 Hauuonanwvnwtit Ilonoykuii ucmopuko-KyibmypHulil My3eii-3ano6eoHux)

B cmamuve usyuaemca enusanue Ilonoyxkozo uesyumckozo Koaiecuyma Ha pazgumue apxumexmypsl Iloroyxa
6 XVII — nauane XIX 68. Dmu npoyeccwvl c853aHbl C 803P0ANCOEHUEM KAMEHHO20 CIMPOUMENbCINBA 8 20PO0e, €20 GIUSHUEM
Ha 2padocmpoumenbHyo CUmyayuto U paseumiue MOHYMeHMaibHo20 CHPOUMeIbCcmeda nocie OKOHYaHus JIUBOHCKOIL 80UHYL.
s 3moeo paccmampusaromes U COROCMAasAmecs CMpoumenbHbie U30eaus U Mamepuasl, NIAHUPOBOUHbIE U KOHCIMPYK-
mueHble peuleHus psioa NOCMPoeK, 6036e0EHHbIX Ha meppumopuu Koiteeuyma u 6 Ilonoyxe ¢ XVII 6.

B 20061 Cegeproii souinbt (1701—1721 22.) uezyumul He MOILKO COXPAHULU KOILESUYM OM PA3PYULEHUS], HO U CNO-
cobcmeosanu e2o pacwupenuio u baazoycmpoucmey. B ycrnosusx obweeo ynaoka mamepuanvhoul Kyavmypsi Ilonoyka
ue3yumcKasn pe3udenyuss Cmano8UIACy 21A8HbIM YEHMPOM 20POOCKOU HCUSHIUL.

B nepesoit mpemu XVIII 6. uezyumamu co30amvl npeonocuLiku 0isk MACUIMAOHO20 CMPOUMENbCMEa KIACCUYECKO20
ancambéas koaneeuyma. Ono navanocs co emopoti mpemu XVIII 6. u yoice enoce coscem no uHbIM NPUHYUNAM, YeM
6 npedvidyugee cmoaemue. Ilposedennoe ucciedosanue u cCONOCmMagieHue ue3yumckux Hapabomox ¢ apXumeKmypHo-
NIAHUPOBOYHBIMU U KOHCIMPYKIMUSHIMU PeUeHUAMU PA0a KANUMAIbHBIX SPANCOAHCKUX U K)IbIMOBLIX NOCMPOEK 20pood,
6036e0énHbIx 8 XVIII 68., no3sonsem via6ums CmeneHb ux 6IUAHUA HA 2padocmpoumenscmso u apxumexmypy Ilonoyxa.

Knrwuessie cnosa: Ilonoyxuil ue3yumckuil Koaecuym, OApoKkKo, KIacCUyusm, CImpoumebHbvle Mamepuaivl, KOH-
CMpYKYUuu, apxumexmypd.

BBenenue. Bonpoc BnusHus [10101KOT0 ME3YUTCKOTO KOJUIETHYMa Ha apXUTEKTYPY U IPajoCTPOUTENHCTBO
ITomnonka 3acmy>kuBaeT cephé3Horo uzydenus. o 1597 r. nonoxenue opaeHa B ropoae 6bu1o maTkuM. Tonbko mocie
CMEPTH UX TJIaBHOTO NMPOTUBHUKA, MOJOIKOro BoeBoAsl Hukonas MouBuga /loporocraiickoro u Ha3Ha4eHHsI BMECTO
HEro AH}IpeH Canem, y6e)K}IéHHOFO KaToJInKa U X CTOPOHHHKA, CUTyallusd Havajla MCHATHCA B TIOJIB3Y OpACHA.

Pocty BiusHus uesyurckoro opzaesa B Iosolke, yKpenaeHHIO €ro 3JKOHOMUYECKHUX MMO3ULUHI U, KaK CIEICTBUE,
CO3/IaHUIO TPEATIOCHUIOK IS BO3POKACHUS KHPIIMIHOTO CTPOUTEIHCTBA COIeicTBOBAI psint (hakTOpOB. Bo-mepBhIX, 3TO
MOJICPIKKA Psifia PEACTABUTEINCH roCy 1TapcTBEHHOH 3ITUTHI M TOPOJCKOTO HOOMINTEeTa. BO-BTOPHIX, B ITa3ax pyKOBOJ-
CTBa OpJICHA MOJOLKOMY KOJUIETHyMY OTBOJIWJIACH Ba)KHAsi MUCCHOHEPCKasl pojib B MPOMNOBEAN KATOJIMIIM3Ma U B COIPO-
BOXKICHHH WM HOBOW OapOYHOM KyNBTYPHI W HICOJOTHH «CapMaTH3Ma» B TJIABHOM OIDIOTE MPaBOCIABHUS HAa 3EMIISIX
Bemukoro kusbxectsa JIutosckoro — [Tosorke. B-TpeTbux, OCHOBaHHBIN HE3yUTaMK KOJJIETUYM MOCTENEHHO PaCILIUPSIICS
U IIOITIOJIHAJICS 6paTB${MI/I, MHOTHE U3 KOTOPBIX OBIIIH U3 CTOJUYHOMN BI/IJ'H:.HI/I, A€ OpJACHOM BEJIMCh aKTUBHBIC pa60T1)1 110
MOHYMEHTAJIEHOMY CTPOHTENBCTBY M PEKOHCTPYKINH KOPITyCOB AKaJeMHHU W, KaK CJIEICTBUE, BCETJa MMENCh KBaJIH-
(huMpoBaHHBIE aPXUTEKTOPHI, MacTepa U pabodne, CIOCOOHBIE N3rOTaBINBATh KAYECTBEHHBIE CTPOUTENBHBIC MaTEPHAIIBI
1 BO3BOOUTH MacIiuTaOHbBIE KUPIIUYHBIC 30aHUA, YMCIIO adallTUPYA K HUM COXPAHUBINUECA KOHCTPYKIIUN ITPEAIICCTBO-
BAaBIINX ITOCTPOEK. DTO MO3BOJIMIIO O0ECHIEYHNTH NMPUTOK HYKHBIX CIICIIHAINCTOB B [10JIONK, TOCKOJIBKY CO CTOJIUIICH €ro
CBSI3BIBAJT TIPSIMOM CYXOITyTHBIH BUICHCKHMI TpakT, HAUMHABIIHICS OT JIeBOTO Oepera 3amaaHoit /IBUHEI.

Baxen u ToT dakr, yro cymectoBapmue B [1oorke B 3moxy [1omonkoro KHsHKeCTBA TPAAUIUN MOHYMEHTAIb-
HOTO 30]I9CCTBA, KaK M Ha BCEU TEPPUTOPUH COBpeMeHHOH berapycu, ObLTH OTHOCTBIO MPEPBaHbl U YTEPSIHBI YIKE KaK
yeThlpe ctojieTus. He conmelicTBoBasia BO3POXKIECHUIO KAMEHHOTO CTPOUTENHCTBA U HEJABHO 3aBeplIMBILascs JIMBOH-
CKasi BOWHA, ITOCIIE KOTOPOM OOJIBIIYIO YaCcTh rOpoJia MPUXOIUIOCH CTPOUTH C «YHCTOTO JHUCTa». Me3yuram akTHaecKku
BC€ MPUXOAWIIOCH HAUUHATD C «HYJIsD». Taxoke onpeen€éHHYI0 poiib B CO3IaHUM MPEANOCHUIOK AJIsl Pa3BEPTHIBAHUS CAMO-
CTOSITENBHOTO KHPIIMYHOTO CTPOUTEIBCTBA B IMOJIOIIKOM KOJUISTHMYME MOTJIA UTPaTh HEOOXOAMMOCTh CPOYHOTO BOCCTA-
HOBJICHHUS ¥ TJIABHOM TPaBOCIABHOM CBATHIHM, NepenanHon nesyntam Credanom baropuem, — mpeBHero Cracckoro xpa-
Ma, TIOCTpoeHHOTo TpenonooHoit Erppocunneii [Tononkoii. bepexkHoe k HeMy OTHOIIEHHE 3HAYUTEIHHO TOTHSIO OB
ABTOPUTET UE3YUTOB B IJ1a3ax MOJI0YaH.

Bce 31 axTOpBI COMEHCTBOBAIN TOMY, YTO HE3YHUTHI (PaKTHUECKH OKA3aJiCh Y HCTOKOB BO3POXKICHUSI MOHYMEH-
TaJIHOTO CTPOUTENHCTBA B [l00IKE M COXpaHsIIH B JaHHOH cdepe CBOE IUIEPCTBO B MOCIEAYIOIINE CTOIETH. BakHbIM
YCIIOBUEM ISl Pa3BUTHUS KalUTAIBHOIO CTpouTeNbeTBa B [lononke cTano Npon3BoACTBO KUPIMYA, U3PA3L0B, YEPEHLIBI
, M03Ke, CTEKOJIbHOE MPOU3BOoAcTBO. OHO CHavasia OCBAaMBAJIOCh HA TEPPUTOPUU UE3YUTCKUX UMEHUHN U FOPOJCKUX
«topunuk». [To ganueim Mexu [Mamenast 1635 1., y MOJIOIKUX UE3YUTOB CO3AETCS MEPBasi «UETEIbHS — KUPIUUHBII
3aBO/I. Cambie PpaHHUEC U3BCCTHBIC YTIOMUHAHUSA OGIJleCTBeHHI)IX M YaCTHBIX «LIECIrCJICH» HOJ’IOHKa OTHOCSTCS 110 Mar nCcTpar-
ckuM kHUTaM K 1650 1. [1, ¢. 272; 2, ¢. 50].

HepBbIe 20 mer CyHICCTBOBAHHUA KOJIJICTUYMaA, ITOKa UE3YUTHI HE HaJIaJIUJIN MPOU3BOACTBA B CO6CTBGHH])IX HUMCHUSIX,
OHHM MHOT'O€ 3aKyTIlaJIi WJIK 3aKa3bIBaJIk Y TOPOACKUX PEMCCIICHHUKOB, IO3TOMY I0 KOHIIA XVI B. cTaHOBJIEHUE U pa3BUTUEC
MaTepuaJbHON KYJIbTYPHl OpJI€HA MPOXOAUIIO B pycJie pa3BUTHS ropoacKkol. [Ipexae Bcero, 3To OTHOCHIIOCH K Py
MaCCOBBIX BHOB TOHYAPHOM 1 OOHIAPHOH MPOAYKIIUH — KyXOHHOH ITOCYE.
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Tak, Mo Mepe yKpemIeH!s NX SKOHOMUYECKOH 0a3bl M pocTa aBTOPUTETA OPJICHA €r0 BIMSHUE HA aPXUTEKTYPY
U MaTepuajbHyI0 KynbTypy [losolka HeykioHHO Bo3pacTtano. HeBeposiTHast MOOMIBHOCTE OpaTheB, MOCTOSHHBIE TIEpe-
XOJIbl U3 OJIHOTO KOJUIETHYMa B JIpyroii obecrneynBaiyn ObICTPYIO HUPKYJISIUI0 HOBEHIINX HapabOTOK M JOCTHKEHUI
B 00JIacTH HayKH M KyJbTypsl EBponsl [3, c. 66].

OcHoBHasi YacTh. by 1yun riiaBHOW BUTPUHON KaTOJIMYECKOW LIEPKBH BO MHOTOKOH(eccnoHansHoM [losonke
(c mpeobnasanneM MPaBOCIABHOTO U MPOTECTAHTCKOTO HACENICHHUS ), HE3YNTCKUH KOJUIETHYM CTall OIUIOTOM KaTOJIHIM3Ma
n 6apovHO# KyJbTypHI [2, . 29]. [lepBble U3MeHEHNs B MaTepHaIbHON Ky bType [lojomnka mo Bo3AeiCTBUEM ero Crienu-
¢ryeckrx 4epT Ha4aIHuCh co BToporo pecsatmwietus X VII B., 1anee oHM TONBKO aKTHBU3HPOBAIICH U YCHINBAINCH.

HanbGonee sipko 3T0 BHAHO HA mpuMepe u3pasLoB. Tak, 1t nepuona Peneccanca ObUT XapakTepeH MOHYMEHTAIIb-
HBIH ¥ SICHBIN 4ETBIPEXCTOPOHHUH Y30p TUIACTHH C MOTHBAMH «KOBAaHOTO MeTayutay. Ve3ynTsl IpOTHBOIOCTABIIIN EMY
MPUHIUITHAIBEHO HOBBIH 110 MIOCTPOCHUIO «KOBPOBBI» OopHaMeHT. B Bemmkoe kHspkecTBO JIMTOBCKOE MOI00HBIE M3ETIHS
npoHuKIN yepe3 [loapity, rae aHajdorudHble mwiacTuHbl JatupoBanbl X VI — nayanom XVII BB. IlepBrie «KOBpOBBIE)
U37eIHs MOSBUINCH B CTONIMUHON BunbHe. Bo3M0OXHO, X MPUBE3IIH MepBbIe MPUEXaBIIne TyAa Ue3yuThl. J{nsa nu3yueHus
opHameHTOB TutacTuH Ilonorka ocoOblil MHTEpEC MPECTaBISIOT U3pa3libl, Hal/ICHHBIE apXeojoraMu B BuibHIOCCKOM
Hwxuem 3amke. Takum 00pa3oM, HOBbIE BUJBI Y30POB M3Pa3l0B MMOJIyYaly cHaYaja pacupocTpaneHue B BuibHe —
cronuie Bennkoro kHsxecTBa JINTOBCKOTO — M OTCIOJA YK€ MPOHUKAIHM B TOPOJIa, MOHACTBIPH M UMEHHS 10 BCEMY
rocyaapcTay [4, c. 89].

OtTyna nepBbie 00pa3ibl «KOBPOBOTO opHaMeHTa» B [losonk u npusesnu nesyutsl. OOIOMKH MaTpPHIT VIS OTTHUCKA
«KOBPOBOTO» U «apKaTypHOT0o» opHaMeHTa HaiijeHsl [.B. JlykoM B pyHIaMEHTE OHOM M3 Medei Koyuernyma. 1o
TOBOPHT, YTO Ha €T0 TEPPUTOPHH Oblila HeOOJIbIIas TOHYapHasi MacTepCKas, Iie 3aHHTEPECOBABIINMCS HOBIIECTBOM
MacTepam MOMOTaJI OCBOUTH CHIENU(HKY IPOM3BOJICTBA U3/ICNINI C HOBBIM OPHAMEHTOM (Ba3a ¢ IIBETaMH B HETIPEPBIBHBIX
BOTHYTO-BHITHYTHIX 00paMIICHHSX ), IOyYUBIIUM MaccoBOe pacnpoctpaHenue B [lomouke [4, c. 89]. Ckopo naHHEIH BUI
«KOBPOBBIX» M3Pa3L0B MOIYYMIT ITHPOKOE IPUMEHEHHE B CTPOUTEIIHCTBE IIeUeH TOpOXKaH, TOBOPUBILIEE O TOM, UTO IAHHOE
ME3yUTCKOE HOBILIECTBO MMH (B OOJIBIIMHCTBE CBOEM) OBLITO OBICTPO MpHHATO. [Ton00Has cHTYyanust CII0XKHIACH U C KHE3Y-
WUTCKAMMI» M3pa3iaMi (MMEBIIMMH MOHOTpamMMmy opaeHa). [Tossummcs ¢ 30-x rr. XVII BB., OHM MOJIB30BAINCH OTPOM-
HBIM CIIPOCOM Y IOJI0YaH, LETUKOM CIIOKECHHBIE Me4H (FJIM MMEBIINE WX €IMHUYHBIC BCTABKH) CTAJH B XKHJIBIX JOMax
OOBIYHBIM JA€TOM. JTO TAaK)KE€ MOTJIO YKa3bIBaTh Ha TO, YTO ME3YHTaM yJIaI0Ch HAJaIUTh MacCOBOE IPOU3BOICTBO H3/Ie-
JUH C HY>)KHBIM UM OpHAMEHTOM M MaKCHUMaJbHO CHHU3HUTH Ha HUX LeHy. Cpenn HalneHHBIX B [lonomnke ¢pparmeHTOB
npeobasany TeppakoTOBBIC U IIa3yPOBAHHBIC H3EIHS, B TO BPEMsI KaK IMOKPBITHIE aHTOOOM BCTPEUAIOTCSI peKe. Y HHU-
KaJIbHOM HaXOJKOW NMPH U3YUYCHUH KOJUIETHyMa CTall 00JIOMOK IOJIMXPOMHON IJIACTHHBI ¢ KOPUYHEBBIMH HAJIIHCSIMHY,
3eJICHOBATHIMH LIBETKAMH M paMKo# 110 6eiomy (oHy. EAMHUYHOCTE HAXOIKK MO3BOJISIET IPEATOJIAraTh, YTO JaHHBIE
M3JICTNSI PACCYMTHIBAIIMCH Ha UX UCIIOJIE30BAaHHME B MapalHbIX 3ajax JBOPIOB I'OPOJACKOT0 HOOMIMTETa. TeM caMbIM
CTPOUTENBCTBO TeUeH ¢ «HE3YUTCKUMU» M «KOBPOBBIMHY» W3pa3LaMH, KOTOPbIe HEHABs3YNBO, HO HACTOMYHMBO HECIH ObI
TrOpoXkaHaM ONpeeI€HHbIA UISHHBIN MOChL, CTAJI0 AOCTYNHBIM JUIS CaMbIX IIUPOKUX cio€B xxutenei Ilomomka. Kpome
H3pa3loB C KKOBPOBBIM» OPHAMEHTOM y TOPOKaH MOSBUINCH U IOJIBI, BHIMOJIHEHHBIE U3 TEPPAKOTOBLIX U IN1a3ypOBaH-
HbIX (QUIYpPHBIX MUIMTOK B aHajgorudHom ctune’ [5, c. 15].

ITocne Boiinel Poccuu ¢ Peusto Iocnonuroit (1654-1667 1T.) MatepuaibHas KyJbTypa Kak HE3yUTCKOIO KOJLIe-
ruymMa, Tak u Bcero Ilononka nepexusana kpusuc. Tonbko k koHIy XVII B. ne3ynram yaanoch 4aCTUYHO BOCCTAHOBHUTH
CBOIO IIPOM3BOJICTBEHHYIO M SKOHOMUYECKYI0 0a3y, 0 4€M rOBOPUT MPUCTPOIKA K OCTaTKaM KUPIUYHON CaKpHCTUU
1 KOpITyca HOBBIX CBOJYATHIX MIOMEIECHUH U1l OMOJINOTEKH «CKPOMHOTO» KoJlleruyma nocie noxapa 1682 r. B Ilo-
JIOIIKE CBUJICTEILCTBOM HAYMHAIOLIETOCs ITOCIIEBOCHHOTO BOCCTAHOBJIEHHS CTaJI0 BO3BEICHHE HA CTapOM II0JBaje OyIy-
mero Jlomuka Ietpa IlepBoro, 3aBepmmusiieecs B 1692 r. Menee 00ie3HEeHHBIH, HO YyBCTBUTEIBHBIN yAap IO BOCCTa-
HaBJIHMBAIOIIeHcs MaTepraabHOH KyIbType Ilonomka Hanecnn coObrtus CesepHoit BoWHEI (1700—1721 rT.). Mesyntam
B 3TO BPEMsI yIaJIoCh HE TOJBKO YaCTUYHO COXPAHHUTH CBOM NMPOM3BOJCTBEHHBIH M CTPOUTENBHBIN MOTEHINAN, HO U BECTH
KaIUTaJIbHOE CTPOUTENHCTBO M3 MAaTEPHAIOB BTOPHYHOTO MCIIOIB30BAHMS — NPUCTPANBAIOTCSI HOBBIE KUPITMYHBIE TTOME-
ImeHns K OMOIMMoTeKe, KAMEHHBIE BOPOTa CO CTOPOHBI PHIHKA, P/l THIIOKAYCTOB M KMPIUYHBIX OCHOBAHUH JUIS EPEBSH-
HBIX NOCTpOEK [6, c. 24-25].

OnHOBpeMEHHO MacTepa, paboTaBIIMe HA CTPOWKaxX KOJUJIETHMyMa, MOTJIM NPHHUMATh KOCBEHHOE Y4acTHe B BO300-
HOBJICHUH KaIlTUTAJIBLHOTO CTpouTenbeTBa B [lonorke. O6 3TOM roBOpST Kak CTPOUTENbHbIE MaTepHalbl, TaK 1 HEKOTOPbIE

I HITTKM3 KII 36689 dparMeHT noIMXpOMHOIO U3pasia ¢ He3yUTCKOM CUMBOJIMKOIA.
HIITKM3 KB® 622/380 maTpuia Aj1st HpOPE3HOro U3pasiia HaBepILHs.

HIITKM3 KB® 622/394 matpuiia Aj1si CTEHHOTO U3pa3sia ¢ n300paKeHHeM JBYXT0JIOBOTO OpJia.
HIITKM3 KB® 622/395 matpuiia Aj1st CTEHHOTO H3pa3sia ¢ H300paKeHHEM JBYXT0JIOBOTO OpJia.
HIITKM3 KB® 622/427 mMaTpuia Ajs yrioBOTO CTEHHOTO M3pa3lia ¢ MOTHBAMH «KOBAaHHOTO» MeTallia.
HIITKM3 KB® 000978/100 ¢urypHas ninTka 3el1€HO-T1a3ypOBaHHasL.

HIITKM3 KB® 000978/101 ¢urypHast nimuTka 3el1€HO-T1a3ypoBaHHasl.

HIITKM3 KB® 000978/102 ¢urypHast nimuTka 3e1€HO-T1a3ypOBaHHasl.

HIITKM3 KB® 000978/103 ¢urypHast mimnTka 3el1€HO-T1a3ypoBaHHasl.

HIITKM3 KB® 000978/104 ¢purypHast minTka 3el1EHO-T1a3ypoBaHHasl.

HIITKM3 KB® 000978/105 ¢urypHast mintka 3ei1€HO-r1a3ypoBaHHasl.

HIITKM3 KB® 040215 ¢urypnas riirka.
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KOHCTPYKTHBHBIE 3JIEMEHTHI 3TOTr0 3MaHusA. Hanmpumep, s pemoHTa ninun nepekianku noia B gome (Jomuk Ilerpa
[TepBoro) ObLIN MCHOJIB30BaHBI MACCHBHBIE KBAJPATHBIE IUTUTKU C CEPOH JIMLIEBOM TOBEPXHOCTHIO, AHATOTHYHBIE TUIUTaM
B 3[aHUAX KomieruyMma [6, c¢. 25]. O KOCBEHHOM y4yacTUU ME3YUTOB B BOCCTAHOBIJIEHHH 3/IaHHs TOBOPAT U HEKOTOPHIE
KOHCTPYKTHUBHBIE NPUEMBI, HCIIOJIB30BaHHbBIE CTPOUTEISIMU. 110 00pasily KUPIMYHOTO No/BajIa OMOINOTEKN UEe3yHTCKOTO
KOJUIETMyMa YCTPauBarOTCsl OKHAa BO3/yXOBOJIOB MO/BajNa. B cTeHax sTaka 31aHMs TaKKe yCTPauBaIOTCs HeOOJbLINE,
HO IIyOOKHE HUINM JJIsi CBETUIBHUKOB [7, ¢. 26; 2, ¢. 81]. YV He3yHTOB MOIJIH 3aKa3aTh M3TOTOBICHUE MEIallbOHA
C HA/IMUCHIO U JAaTON BO3BEJCHUS HOBOTO KUPIUYHOTO Bepxa 31anus [2, c. 83—84].

Takum 00pa3oM, OCTOSHHBIE PEMOHTHO-BOCCTAHOBUTEIBHBIE PaOOTHl Ha TEPPUTOPUHN KOJUIETHyMa ITOCIIeIHEH
tperu XVII — nepsoii Tpetn X VIII BB., Kak 1 npuObITHE psifia KBATU(HUIHPOBAHHBIX HE3YUTOB apXUTEKTOPOB U MAaCTEPOB
W3 APYTUX KOJUIETHYMOB, CTaJI OCHOBOM TSl pa3BUTHS M HAKOIUICHUS IIEPETOBOTO aPXUTEKTYPHO-CTPOUTEIEHOTO OITBITA,
MPUTOJIUBILIETOCS VISl TOJrOTOBKH K CTPOMTENLCTBY KOCTENA M 3[]aHuil CyIIeCTBYyOLero ancamousi. Baxxusim o0cTost-
TENBCTBOM OBLT TOT (PAaKT, YTO MPEACTOAIIAs MacIITaOHAsl CTPOHKa TpeOoBaja OrPOMHBIX YEIOBEUECKUX pecypcoB. [1o-
3TOMY K psity paboT pyKOBOJICTBOM OpJICHA MPHBIICKAINCH HE TOJIBKO 3aBUCUMBIE OT UE3YHTOB KPECThSIHE U PEMECIICHHUKH,
HO Taroke TOPOJCKHE MacTepa U MOJUYNHEHHBIC HM «XJIOIIIBDY, KOTOPBIE B XOJE STHX pab0T MOTIIH OCBAWBATh HE3yUTCKHE
CTHJIMCTUYECKHUE, KyJIbTypPHBIE, QPXUTEKTypHbIE, CTPOUTEIIbHBIE, INIAHUPOBOYHBIE HAPAOOTKH, BOILIONIAsl KX MOTOM B XOZIE
pabot Ha crpoiikax [Tonormka [7, c. 247].

3aBepiIeHre BOCCTAHOBUTENBHOTO TIEPHOIa B PA3BUTHH apXUTEKTypHOTo aHcaM6us Ilomonkoro uesynuTckoro
KOJUIETHyMa, IPUTOK HOBBIX OpaThEB M MPUBHECEHWE UMU HOBBIX HapabOTOK B chepe apXUTEKTYpPHI, CTPOUTEIHCTBA
U MaTepHaNbHON KyJIbTYphI, KaK U U3MEHEHHS B MOIX0JaX K CTPOUTEIBCTBY, IPUBEIO K HEOOXOIUMOCTH CO3TaHU
MacITabHOr0 TAPMOHUYHOTO aHCaMOJIs. DTO CIOCOOCTBOBAJIO TOMY, 4TO B mepBoii Tpetd X VIII B. mosonkue ne3yuTst
CTaHJAPTU3UPOBAIH U MEPBBIMU HaJIaIMIM MAaCCOBOE ITPOU3BOJICTBO OCHOBHBIX CTPOHTEIBHBIX MAaTePHAJIOB — KUPITNYA,
TUTMTOK IT0JIa, U3Pa3LOB M Yepenuilsl. TpeOoBazoch 00ECIIEYNTs MAaTEPHUAIOM HE TOJIBKO MAacIITaOHOE BO3BEICHHE CYIIC-
CTBYIOIIMX HBIHE KOPITYCOB KOJUIETHyMa, HO M CTPOSIIHECs OOBEKTH B IIPHUHAICKABIINX eMy UMEHISIX. HYacTh mpoayk-
LUH IPOJIaBaNach B rOpo/.

Kopmyca HOBOTO Me3yHTCKOTO KOJUIETHYyMa, KaK M II€YH B UX KEJbSIX, BOSBOJMIIUCH MO TMPOEKTY apXUTEKTOPa
nesynra Skyba Pyodda [1, c. 279]. bnaromapst MacTepam, pabOTaBIINM Ha 3TOH cTpoiike, B [100IKe TaKKe MOSBUIIUCH
1 TIOJIYWJIA PACTIPOCTPAaHEHHE HOBBIE BUIBI M KOHCTPYKIMH TI€YEH, CO3JaBaBIIMXCS O] «TAAHBCKUM» BIIMSIHHEM |5, C. 67,
73, 74]. B xopmycax KoJuleTHyMa 3TO ObLIM M3SIIHBIE COOPYKEHUS], CIIOKEHHbIE M3 U3/IENHH ¢ MEAATbOHAMHU U TIPOQHIISIMA
pa3MIHON KOHQUTYpAITUK, HEKOTOPBIE M3 KOTOPBIX UMEIOT Onu3kue ananoruu B [lomsrre [5, c. 39, 74, 80, 81]. Coopy-
JKEHHsI, BO3BOJUMBIE B JOMax roposkaH, ObIIM CKpOMHEE M MEHBIIEC B pa3Mepax, UX OCHOBaHUS ObUIM B Ipejaeax
1,5%1,0 M. B cocraBe medeit mojgoyaH oTHOBPEMEHHO MOTJIH OBITh MCIIOB30BaHBI HOBBIC M3CIHUS U U3PA3Ibl «CTAPOTO
oOpasna» ¢ penbeHBIM PACTUTEIBHO-TEOMETPUIECKUM U T'epalIbIMYECKIM OPHAMEHTOM B OJHOCTYIIEHYAaTOH pamMKe
[5, c. 73]. TlogoOHbIe Teun, natupoBanuble KoHIOM X VII B. — Hagasiom XVIII BB., o6Hapyxensl H.W. 3nanoBuy
(yn. Hmxne-TTokposckas, 35), A.A. ConoBbéBbiM (yi1. Huxne-ITokposckas, 19) [8, c. 97: pucynok 35; 9, c. 153].

C HaOMpaBIIUM CHITy HE3yUTCKHM CTPOUTEIBECTBOM CBS3aHO M pacrpocTpaHeHre B [1oolke YepenmIHOro mOKpHI-
TS KpbIl. [1epBhIid MOOKUTEIBHBIA ONBIT €€ MPUMEHEHHs OB CBSI3aH CO CTPOUTENECTBOM KHPIHYHON CaKpUCTHH,
nepexuIel noxap 1643 1., mociie 3Toro ropoAckas 3aMTa cTapaiach KpblTh Yepenuleil u cBou goMa. B yactHocTH,
O6ynyuuit nomuk Iletpa IlepBoro nmen uepenuynoe nokpeitue. Psag ob6nomkoB minockoit yepenuubl XVII B. HalineHn
pu m3ydeHnn Coduiickoro cobopa u 0a3MIHAHCKOTO MOHACTHIPA MPH HEM. Byayun mon uaeHBIM BIMSTHAEM HE3YHUT-
CKOTO OpJieHa, Oa3uinaHe NepBbIMUA OCBAaUBAJIM MX HOBIIECTBA [2, c. 27]. [TosBuBIIascs Ha pyOeske CTONETUN roJuTaH/I-
CKasl FUIM BOJHUCTAs YEpEeIHIla TAKXKe BIEPBBIC ObLIa ONpoOOBaHA NE3YUTAMH, B YaCTHOCTH IIPH BO3BEACHUH KPBIII
anteku (1717-1720 rr.) u kocténa cB. Credana (1733—1750 rr.). C HayaIoM CTPOUTEILCTBA 3AaHUHN CYIICCTBYIOIIETO
aHCcaMOJIs1 €€ MPOU3BOACTBO OBLIO MOCTABJICHO ME3YUTAMH Ha IMTOTOK. DTO MO3BOJIIIO HE TOIBKO 00ECIeunBaTh CTPOH-
TeJIbHBIE 0OBEKTHI OpJicHa €€ MOCTaTOYHBIM KOJMYECTBOM, HO W IPOJaBaTh ropokaHaM. KocBeHHO 00 3TOM TOBOpST
HaXOZKH 00JIOMKOB NMOJOOHBIX M3/IENIMH CO 3HAKAMH Ha IIWIIaX Ha MECTE JOMa I'eHepa-ryoepHaTopa (OHH UMEIOT HOJIHbIE
aHAJIOTHH B MaTepHaliaX He3YUTCKOTO KOJUIETHyMa). DTO 3aHie BO3BeNH mocie 1783 r. Ha KUpIHYHBIX QyHAaMEHTax
6osnee craprix 3pannid X VII-XVIII BB., pacronoxxeHHbIX B Buae OykBol «II». [To mpennonoxenuto apxeonora /I.B. yka
OHHU OTHOCWIIHCH K apXHUTEKTypHOMY aHcamOiro parymu [ 10, c. 226: pucynok 3.3.22 u c. 229: pucynok 3.3.26]. Ha aux
MepBOHAYAIFHO U MOTJIA JIEXKATh 3aKyIUICHHAs Y He3YUTOB YEpeIHIia, TOCIIe Yero e€ YaCTHYHO BHOBB MCIIOIB30BAIN Ha
Kkpsimie HoBocTpoiiku. Emé B korme XIX B. psag HocTpoek OepHAPIMHCKOTO U 0Aa3MIIHAHCKOTO MOHACTHIPEH MMen Jepe-
MTUYHBIEC KPBIIIH.

[lepBoHAYANEHO YEPENMUYHOE IMOKPHITHE, BEPOSTHO, OBUIO M Y MpaBOCIaBHOTO BorossieHckoro cobopa, KOTo-
PBI HAYMHAJIN CTPOUTH KaK 0apOYHOE COOpY)KEHHE, HO JOCTpPanBaIl U peKoOHCTpyHnpoBaiu B 1839 r. yxxe B cTuie
KJIaccuu3Ma. JJoBoiIbHO CKOpO YepenudHble kpoBiu B [Tonolke cTany NOMysipHbI, TOCKOJIBKY HAIaAUIOCh UX IPOU3-
BOJICTBO B Ka3&HHBIX U YACTHBIX «3aBOAAx». YepennyHbIe KPBIIIHN Jeflald JaXKe Ha HeOOIbIINX AEPEBSIHHBIX JOMaxX emé
B XIX B. [11, c. 24, 80]. IIpuBnexano k opJeHy JIOJAEH U yCTPOUCTBO CTEKONBHOM I'yThl Ha TEPPUTOPHUH KOJUIETHyMa.
PaGotaBmue B Heit MmacTepa yxke B cepenune X VIII B. (1o 1765 r.) mpou3BOIUIN CTEKJIO BHICOYANIIIET0 KadecTBa
1 MOTJIM HE TOJILKO COTIEpHHYATh ¢ MaHy(hakTypamu Y peubs 1 Hanmmbok, ocHoBaHHBIMU Pan3uBmiinamu, a Takxke ¢ Ipen-
npusTHeM ['porHO, obeciedrBas CBOCH MPOAYKIMEH KOUIETHyM, HO U paboTaTh Ha 3aka3. CHTyaIyss N3MEHHIIACHh TOJBKO
k 1786 r., xorJa B ONUCAaHUM MOJOLKOI0 HAMECTHUYECTBA YIIOMHHAJIOCh CO3/laHUE MHOYKECTBA CTEKOJIBHBIX 3aBOJ0OB
[24, c. 69, 89-102].
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Hmeno MecTo n 06paTHOE BO3/AEHCTBHE MECTHBIX TPAANIMHA HA HE3YUTCKOE CTPOUTENBCTBO. OO 3TOM roBOpUT
NOsIBJIEHHE KOCTENOB HeoObIYHOW (hopMbl. OHU MMeENN EHTPUYECKYI0 KOMITO3ULIMIO, OTIAIEHHO HAIIOMHHAIIMN IISITUKY-
NOJIbHBIE MIPABOCIIABHBIE XpaMbl. VX MOsBIEHUIO cofeiicTBOBal psif (akTopoB. Bo-nepBbix, npooOpazoM it HUX MOT
cTaTh IpaBociaBHbIl xpam cB. Ilerpa u I1aBna Ha Bepxuem 3amke B Iosonke, KOTOpBIN faxe MOCIE HEOAHOKPATHOM
rubeny B Iojkapax M BOWHAX OTCTPauMBaJICS B BUJIE 3/1aHUS C YETHIPHMS OallHAMM (M LEHTPAJIBHBIM KYHOJIOM?) TIO yIiaMm
(pucynok 1: 1). Ero koHTYpbI ObIIH OTpakeHbI Ha (UKCAIIMOHHBIX TUIaHax [lonorka, oTHOCsmmXcs kK 1778 u 1786 rr.
[10, c. 226: pucyHok 3.3.22; 12]. [lepBoHauansHO BpeMsi BO3BEACHHS HAllICHHOTO HaMH (yHJIaMEHTa KOCTENa MBI OT-
HECITN K BOCCTAHOBHUTEIHHOMY IIEPHOJY, TIOCIICAOBABIIEMY 32 pPa3pylIeHHEM KOJUIETHyMa OT Irmoskapa mocie 1643 r. [6,
c. 21-22]. 3aBepieHuE HCCIeNOBaHUS TEPPUTOPHUN KOJUIETHYMA, KaK U BBISBICHHE HOBBIX MIICHbMEHHBIX CBEIICHUH O HEM,
TOBOPST O TOM, YTO XpaM BO3BEJH paHbllle, emé B 1636 I., 1 BOCCTaHABIMBAIN (CTOPEBIINE YACTH) TOCIE IT0XKapOB Ha
CTapoM KHpIUYHOM (pyHAaMeHTe. Bo-BTopsIx, emé oqHuM (hakTopoM, KOTOPBIH MPHUBEI K CO3/IaHUI0 EHTPHUIECKUX
KOCTEINOB, OBIJIO BIMSHUE OAPOYHOTO CTHIISL, KOTOPBIH NMpeaycMaTpUBall N3bICKaHHBIC (KPUBOIHHEHHBIE) OUepTaHUS
1 miaHbl coopyxenuii [12, c. 353]. Ctpos B 1636 r. (mnm 1635 1.?) KOCTEN HA TEPPUTOPUU UEIYUTCKOTO KOJIETUYMA,
Banentun bygak, no Bceil BUIUMOCTH, B35U1 32 OCHOBY IIJIAHUPOBKU IIEHTPAJIIbHOM YacTH Xpama KBaJlpaT, COPUEHTUPOBAB
YIJIOBBIC OAIHM MO €ro JUaroHaisM moj 45° OTHOCHTEIBHO ero CTOpoH [6, ¢. 21-22] (pucyHok 1: 2). MoxHo npe-
MOJIOKUTH, 9TO XpaM OCBATHIN B yecTh CB. KazuMupa, noxpoBuTtens kaToJukoB JInTBel. OKOHUATEIBHO XpaM OBLI
YHUUTOXXEH B roJibl BOWHBI Poccuu ¢ Peubto [Tocnonuroit (1654—1667 rr.). B nanpHeiimeM miaH Uil pucyHOK TJaHHOTO
COOPY>KEHHUsI MOT OBITh BBISBIICH apXUTEKTOPOM He3yHTOB I puropmemM DHreioM, KOTOPOMY MOPYUYMIIM CTPOUTEIHCTBO
uesyurckoro kocréna B Cirynke. OH MOT COXpaHUTBCS Cpean Oymar, yLeNeBIINX B TObl BOWHBI U BO3BPAIIEHHBIX 00-
patHO BepHyBUMHUCS uedyutamu. [1o ganueim U. Tamenael, I'. Duren npenogasan B 1698—1699 rr. apxurexrypy
B [TomorikoM me3yutckom kosmtermyme [12, ¢. 353]. Mim Obiia B3sTa caMa ujesi OpUTHHAIBHOTO IDTaHa 3MaHUs. TpOUIIKUiA
koctén B Ciyuke nuM nocrpoet B Havasne X VIII B. (1713—1714 rr.), HO B OT/IMYHE OT ITOJIOUKOTO, OCTATKH KOTOPOTO
Hamu HafgeHsl B 2009 T., IpOCTPaHCTBO €ro HayTOJNBHBIX OalieHOK OBLIO YacThIO HHTEphepa. B wactHocTH, [lamennoi
ObuTH 0OHapyxeHbl B CBeHTON JIMTKEe 3CKU3BI, TOBOPSINUE O CO3AaHUM IIEHTPAILHO KYITOJBHOTO KOCTENAa HAa OCHOBE
MECTHYTOIbHON (HOpMBI, B KOTOpOM I 'puropwuii DHren msth JIeT ObLI CYIIEPHOPOM JI0 cBoeli cmepTh B 1722 1. B apxuBe
YapTOpBIICKUX COXPAaHMINCH IUTAHBI 3TOTO XpaMa CO CJIEaMH MHOTOYHCIICHHBIX HCHPABICHUH U JOPabOTOK apXUTEK-
Topa. MccnenoBaTens 0OTMEYAeT, YTO JAHHBIA XpaM OBLT IEPEBSHHBIM, C IATHIO OallleHKaMH, ¢ KpECTaMH M OJJHAM aTa-
pém (amcumoii?) [12, c. 342-344; 358-360, 363-365] (pucyHok 1: 3).

ITocne coOwiTHI pyccko-TIonbekoit (1654—1667 rT.) m CeBeproit BoitHbI (1700—1721 IT.) IMEHHO HE3YUTHI TIEPBHIMHU
BO300HOBMIIM KUPIHUYHOE CTPOUTEIHCTBO, O UEM FOBOPUT BO3BEAEHHE NMU HA OCHOBE OCTAaTKOB OBIBIIICH CAKpUCTHH
KUPITUYHON OMOINOTEKH.

1.

1. — koctéa cB. [lerpa u I1aBna Ha Bepxnem 3amke B ITos1ouke (nmpopucosBka ¢ niaana 1786 r.); 2. — kocrén cB. Kasumupa (?),
noctpoeH B. Bynakowm (?), Bropast yerBepth XVII B. B I10s1011K0M He3yHTCKOM KoOJIJIETHYMe, PEKOHCTPYKIHA KMPIUYHOK
HEeHTPAJbHOM YacTH Ha 0CHOBe IIYP(0B (ITyHKTHPOM OTMeYeHbI MpeAnoiaraeMble 04epTaHNs IePeBIHHOIO aJITaps
M NPpUTBOPa); 3 — koctéa cB. Jlyxa B Ciaynke, nocrpoennsiii I. nresiom B 1713-1714 rr. (U. Ilamenna)

PucyHok 1. — IleHTpa/IbHO KyNOJIbHbIE KOCTEJIbI

OTnpaBHOM TOYKOH POCTa BIMSHUS OpJIcHA HAa apXUTeKTypy [losorka cTamo Havaio BO3BEACHUS anTeyHOH abo-
paropuu ¢ 1717 mo 1720 rr., kocténa (¢ 1735 r.) u HeIHEnHETO KOoywiernyma (¢ 1747 1.), TIe MecTHBIe MacTepa OCBanBaIN
HOBEHWININE apXUTEKTYPHO-TNIAHUPOBOYHBIE, KOHCTPYKTHBHBIE PEIICHUS W CTPOUTENbHBIE TeXHOIoruH [1, c. 274, 279].
OrpomHas cTpoiika moTpedoBaga OT HE3yHTOB OpPraHU3aNU pabOTH M 0OecIiedeH s JKU3HU COTeH denoBek. Cpenn HIX
KpoMme OpaTheB OBUIH KaK TOPOJICKHE MacTepa M UX «XJIOIIIBD), BHIIOIHIBIINE DS BaKHBIX PA0OT, TAK U AECATKU 3aBH-
CHMBIX KPECThSH U3 OPJCHCKHX MMEHHWI WM MPUCIAHHBIX B MOMOILb OT IUISIXTHI U TOPOACKOr0 HOOWIMTETA AJIS HEKBa-
mdUIMpoBaHHOrO Tpyaa. Takum oOpasom, 6iaroaapsi Mactaly ¥ JJIMTEIBHOCTH IIPOBOIUMBIX OPICHOM CTPOUTEIBHBIX
pa6or [Tonoukuit nesynrckuii komeruym ¢ XVIII B. pakTrdecku cran «rpanoodpasyronmm npennpustuem» [lomnorxka,
JIaBaBIIHMM OIPOMHOE KOJIMYECTBO pabouux MecT AJIs ero xxurenei [7, c. 246-248].

Hauagiieecst MaciitaOHOE M HENPEPHIBHOE CTPOUTEIHCTBO ME3YUTCKOTO KOJUIETMyMa MPUBEJIO K TOMY, YTO MECT-
HBIC MaCTEpa CMOIJIM OCBAMBATH KaK THUIIOBBLIC, TaK U HOBeUIINe Hapa6OTKI/I B O6J'IaCTI/I KOHCTPYKTUBHBIX, IJIAHUPOBOYHBIX
APXUTEKTYPHBIX U CTHJIMCTUYECKHUX pelleHui, ucnonb3dyemble B EBpone u Peun [locnonutoit B XVIII B. nmpu Bo3Bee-
HHUH OOJBIINX U MaJIbIX KallUTAIBHBIX 00BEKTOB. B nanpHEHIIeM 3TOT ONBIT B pa3InYHON CTENIEHN OBLI UCTIOJIB30BaH
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MOJIOLUKAMHU apXUTEKTOPAMH M CTPOMTENSMH IIPH BO3BEICHHUU MOCTPOEK APYIMX KAaTOIMYECKUX OPICHOB, NPABOCIAB-
HBIX ¥ YHHATCKMX MOHACTBIpEH, OOLIECTBEHHBIX M YaCTHBIX 31aHui roposa. Takum o0pa3oM, Ha MHOTHE JIECATHIICTHS
HEe3yUTCKUHN KOJUIETHYM CTaJl «II€PBOMPOXOALEM» U IPOBOJHUKOM KaK TUIIOBBIX, TaK U CAMBIX HOBEHIIINX €BPONEHCKIX
Hapaborox XVIII B., KoTOpBIe TOTOM BHEAPSUIUCH B apXUTEKTYPY M MaTepHalbHyI0 KynbTypy [losomka.

IIpu BO3BeAEHUM KOCTENA U KOPITyCOB KOJUIETMYMa He3yHThl IPUMEHIIN PSA JOBOJIBHO NMPOCTHIX, HO BBIPA3UTEIb-
HBIX JJIEMEHTOB JIEKOPaTUBHOIO yOpaHCTBa (hacasloB, XapaKTEpHbIX IS CTHIISI 0apOKKO, IUIOCKHE MUISICTPBI, MAaCCUBHBIC
HAJIMYHUKU OKOH C 3aMKOBBIMM KaMHSAMU. by yun rmaBHOM apXuTekTypHON qoMuHaHTOM [lononka, KOMIUIEKC He3yHT-
CKOTO KOJUIETHyMa (paKTHIECKH NPEIONPENEIIHIT apXUTEKTYPHbIH OOJIHK M KOHCTPYKTHBHO-TUITAHUPOBOYHBIC PELIICHHS TS
KaMEHHBIX 3/IaHUil 3TOT0 ropoja, BO3BOAUMEIX B mocienHei yetBepT X VIII — nepsoii momosure XIX BB. [10, c. 380—
390]. dakTHyecKkn HEe3yUTHI IEPBBIMH IIPHHECTH OAPOYHYIO TPAAUIMIO B ApXUTEKTYPY B CTpouTesseTBO [lomorka.

ITepBBIME HE3yUTCKHE HAPAOOTKH MCIOJIB30BAIH Pa3IMUHbIE KATOJINYECKHE OpJieHa NPH BO3BECHUH CBOMX Ka-
MeHHBIX nocTpoek B [Tononke. He obonum BHUMaHHEM ME3YHTCKHE NOCTH)KEHHS B MOHYMEHTAIBHOM CTPOHTEIILCTBE
u paborasuue B [lononke apxurekropsl . 3urdpunen, M. CtapoB, KOTOpbIe cO3Jalln apXUTEKTYPHBII aHCaMOJIb
TJIAaBHOM TUIOILAAM rOpOJia, BO3BEIH Psil Ka3€HHBIX 3laHUH B Pa3iIMYHbIX ero YacTsax. JlaHb ne3yuTckuM HapaboTKaM
B oOyacTu yOpaHcTBa (hacajoB KaMEHHBIX 3MaHuii [1ojo1ka oTnaBan u utanbsHckuii apxutektop 1. KBapenru, koro-
pomy Poccuiickas umneparpuna Nopy4duiia CIpOeKTUPOBATh aJMUHUCTPATUBHO-KUWION KOPIIYC C JOMOBOU LIEPKOBBIO
cB. ExaTepunsb! U1 paBOCiIaBHOTO BOTrosSIBIEHCKOT0 MOHACTHIPS. B oTIHUMe OT NPEKHUX apXUTEKTOPOB, PAOOTABIINX €I
B cTuie 6apokko, KBapeHru ObIIT OTHUM U3 TVIAaBHBIX TPOBOJAHHUKOB CTPOTOTO KJIACCHUIIM3MA, aKTHBHO BHEAPSABIIETOCS
Exatepunoii Il mo Bceit Poccuiickoit umnepun. CTpost MOHACTBIPCKUIA KOPIYC, HOBBIM apXUTEKTOP aKUEHTHPOBAJ IIOMe-
IIEHNE TOMOBOH LIEPKBH KIIACCHYECKUM MOPTUKOM U KymoJioM. Ho 4TOOBI CTUITCTHYECKH yBSA3aTh BO3BOANMOE COOPYKe-
HHE C HEZJABHO BO3BEIEHHBIMU 3aHUSIMU B CTHIIE TTO3JHET0 OAPOKKO (KOpIyC (paHIMCKAHCKOTO MOHACTHIPS, (QIIUreIh
CITy>k0 715 ToMa reHepan-ryoepHaTopa), yKpacuil OKHA M CTEHbl MAaCCHBHBIMU HaJIMYHUKaMK H pyctamu [10, c. 386—
387; 13, c. 6-8].

Hanbonee nokazaTensHO B 3TOM maHe BocctanosieHne Coduiickoro cobopa (¢ 1738 1.) n Bo3BelleHHE yHHATAMHU
6a3mInaHCKOro MOHACTHIPS Ipu HEM (¢ 1752 1.). OHM B3sIM 32 OCHOBY PsZ apXUTEKTYPHBIX, KOHCTPYKTUBHBIX U IIIa-
HUPOBOYHBIX PEIICHUI ME3yWTOB IS CBOMX IJIaBHBIX 3#aHUi. IIpn cpaBHEHNH ITAHOB KOMIUIEKCOB XOPOIIO 3aMETHO
HaJIM4Me JBYX 3aMKHYTHIX JIBOPOB M CXOJHOE pa3MeUIeHHe KOPIYycoB (pUCYHOK 2). ['maBHBIE 3qaHNS 0Aa3MIIHAHCKOTO
MoHAacTHIps (¢ 1752 1.) Mo ouepTaHHUAM M XapaKTepy B3aUMOCBS3M HAIIOMHHAIOT IIOCTPOHKH HE3yUTCKOTO aHCaMOIs.
H-00pa3Hbiii TpEXITaXKHBIN KOPITYC COOTBETCTBYET «HOBOMYY KOJUIETHYMY, HEOOJBIIION KOPITYC MEXKIY €r0 KPhUIbSIMH,
COCTMHEHHBINA C HUM OTpasiaMu, MMOBTOPSET KOPITYC «CTapOTo» Koyuiernyma, I'-o0pa3Has X03sSiCTBEeHHAs TIOCTPOHKa Ha
CeBepo-3ara/l OT IIABHBIX KOPITyCOB COOTBETCTBYET KOMIUIEKCY HE3YHTCKHX MaHy(hakTyp (cTpomiack ¢ 1760 mo 1772 r.).
Ilo cpaBHEHMIO ¢ ME3yUTCKUMU 3JaHUAMH, MHOTHE MEpPEeJOBble KOHCTPYKTHBHBIE PEICHNs YHHAThl MPUMEHSIH OTpaHU-
yeHHO. HecMOTps Ha OTCYTCTBHE MOABAJOB, B KOPIyCaX MMEIUCh CBOYAThIE JPEHAXKU U BOAOCIYCKU U3 Kupnuya. Mx
KJIaJIKa Ha HIDKHEM STaXke MPOJIOJIbHO-TIONEpeyHas, a He B «&nky» [14, c. 91-95]. beuio u o6patHoe BiUsSHUE: 110 TPE-
nonoxxennto Mexu [Namennsr Su Kpucrod I'mayoun, BoccranasiuBas Coduiickuii cobop, peMOHTHPOBAI U 00ropeB-
i Kymon kocténa cB. Ctedana y nesyntos B 1751-1752 rT., HIOBTOpHB €0 MOTOM B O0JIee H3BICKAaHHOH (hopMe Ha
koctene cB. Kasummupa B Buibae [1, c. 285].

B (S

aaa'sf V81 4 °

3

PucyHok 2. — KOHTYpBI HE3yHTCKOT0 KoJLIernymMa (KajgeTcKoro kopiyca) Ha mianax ITosionka n 6a3sminaHcKoro MOHACTbIps.
Bgepxy Ha miane 1778 r. (1. — koJu1eruym; 3. — MoHacThIpb). Bun3y Ha muiiane 1838 r. (2. — kagerckuii kopmyc; 4. — MOHACTBIPb)
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Kommrekc 6epHApIMHCKOTO MOHACTBIPS HAYalu CTPOUTH U3 Kupmuda ¢ 1758 mo 1769 rr. O uMeeT cXoaHbIe,
HO OoJjiee yNpOUEHHBIE U apXanYHble KOHCTPYKTHBHBIE U TUNIAHUPOBOYHBIE PEIICHHS KeJIUH U Kopuaopos [15, c. 453;
16, c. 33-35]. B wacTtHOCTH, OOJIBIIMHCTBO KEJIMH pa3Jelsui JByXapouHble Hecylue cTeHsl (pucyHok 3). KoHcTpyk-
st OOJIBLITMHCTBA CBOJIOB ITOMEIIEHNH OblIa, KaK M B ME3yUTCKHUX 3JaHUsIX, IIMIMHAPHIECKOH ¢ pacnamyOKaMu, HO UX
KJIaJKa B OCHOBHOM SIBJILIACH MPOAOJILHO-TIONEPEYHOMH, a He B «EIKY» Kak B Kouleruyme. Metanindeckue CBA3U IpuMe-
HSUTUCH PEJIKO, JAaXkKe KOT/a TOJNIIMHA CTEeH He Obljla 3HAYMTENIBHOM, YTO MPUBEJIO K 00Pa30BaHMIO NPOJOIBHBIX TPELINH
B KOPHJIOPHBIX CBOJAxX. Psii CXOMHBIX ¢ KOJUIETMYMOM 4epT MMeJia Tpane3Hast — BXOJ B Heé ObUI B LIEHTPE TOPLIOBOU
CTEHBI MEXXIY IBYX PacIlOI0KEHHBIX CHMMETpHYIHO HHII. OHa To)ke He mMena cTon6oB. Ho ouepranus myru e€ csona
OBbUTH TPUOIMKEHBI K TMOTYLUPKYJIbHOW (pOpMeE, OH MMEN BCETO YETHIPE pacHalyOKd M HU3KO OIMYLICHHBIC IISTHI.
B knagke creH xopiyca Ha ypoBHE ()POHTOHA Ha BOCTOYHOH CTEHE BBISBJIECHA KJIAJIKa JIEKAJIbHOTO KUpIHJa (000HbIE
9K3EMIUIAPHI UCIIOJIE30BaHbl B KOJUIETHYME) BO BTOPHYHOM IPUMEHEHUH. PacnonoxXeHne JIeCTHALB! Ha [IEHTPAIbHON
ocu OOJIBIIETO KPBIJIA 3/IaHMS CXOIHO C Pa3MEIIEHHEM TIIaBHOTO BXO0J1a ¥ JICCTHHIB B HE3yUTCKOM KOJUIETHYME Ha I10-
MepeyHOoil OCH INIAaBHOT'O KpbLIa IJIaBHOTO 31aHus KoMmIuiekca. O0ciieioBaHue €€ HeOITyKaTypeHHBIX yYacTKOB KIIaJK1
Ha ypOBHE uep/aKka BHIBIJIO IOJHYIO AHAJIOTHIO MPUEMOB BBIKJIAIKN CTYNEHEK U MEpEeBA3KH CBOJOB CO CTEHAMH. DTO
TOBOPUT KaK O IIMPOKOM IIPUMEHEHUM JAHHBIX CTPOUTENIBbHBIX MPUEMOB B X VIII B., Tak ¥ 0 BO3MOXHOM y4acTHH B BO3BE-
JICHUH OEpHApAMHCKOTO MOHACTBIPS psijia MacTepoB U paboyMx, NPUHUMABIIUX paHee Y4acTHE B HE3yHTCKOM CTPOH-
TesnbeTBe. [l apXUTEKTYpHOro yopaHcTBa dacaqoB KocTéna, rIaBHOTO KOPITyca U MeKapHU U3y4yaeMoro ancamos
UCTIONB30BaH Psijl apPXUTEKTYPHBIX 3JIEMEHTOB KOJUIETHMyMa: HMIJICTPBI ¢ NPOGMIbHBIMEU 0a3aMU U KaIUTEIIMH, MacCHB-
HbI€ HAIMYHUKU OKOH C 3aMKOBBIMHU KaMHSIMH, TOJIBKO B yMEHbIIEHHOM Buje [17, c. 21].

1. — B koJLIErHyMe (KOpIyC «A»); 2. — B 0epHAPAUHCKOM MOHACTBIpe

PucyHok 3. — JIByXxapouHble nonepeyHble CTEHbI MeK1Y ObIBIIMMH KeJIbSIMH

He3ynTckne apXUTeKTypHO-CTPOUTENbHBIE HAPAOOTKH B CTHIIE 0APOKKO OKa3alld ONpeAeNEHHOEe BIUsIHIE U Ha
MIPaBOCIIAaBHOE CTPOUTEIBCTBO. DTO MPEXKAE BCETO OTHOCHIIOCH K apXHUTEKTYPHOMY aHcamOiro borosBieHckoro MoHa-
CTBIpSI — €MMHCTBEHHOTO oTtuIoTa mpaBociaBus B [Tomorke B XVII-XVIII BB. CTpOUTENbCTBO KUPITHYHOTO TPABOCTIAB-
HOTO Xpama borosiBiieHCKOTo MOHACTHIps, HadaTtoe B 1761 T. Ha MecTe CropeBIeH IepeBIHHON IEPKBH, OBIIIO TIPEPBaHO
yepes3 roj] ouepeaHbIM noxapoM B Ilononke u orcyrcTBUEM cpeacTB U MaTepuaios. 1o nanneiM MLI1. [lelinuca, k aToMy
BpEMEHU CTCHBI OBUTH BO3BEACHBI HANoJoBHHY [18, ¢. 95]. U Toapko B 1777 T. MOJHOCTHIO BO3BEAEHHBIN cO00p OBLI
ocBsIéH [15, c. 455; 18, c. 95]. 3nanne borosBieHCKOro codopa B IUIaHE MPEICTABISICT COO0M OHOATICUIHOE KPECTOBO-
KyTOJIbHOE PElIeHUE C ABYyXOallleHHbIM IJIaBHBIM (pacajoM, OpHEHTUPOBAHHBIM Ha 3amajl. B neHrtpanbHO yacTu cpeno-
KpECTHSI, SBISIOLIET0Cs IJIaBHBIM KOMIIO3MIIMOHHBIM LIEHTPOM, BO3BBILIAETCS BOCBMHUIPAHHBIN CBEeTOBOW OapadaH,
yBEHYaHHBIH OOJIBLIIMM KyTIOJIOM cepruieckoit GopMbl. B BepxHell yacTu Kymnosa Ha ero BepTHKILHOW OCH YCTaHOBJICHA
ILIeCTUrpaHHas OalleHKa, yKpalleHHas HeOOJIbIINM KYTIOJIOM CIIOKHON (OPMBI, C «SIOJIOKOM» U NPaBOCIaBHBIM KPECTOM,
3aBEPIIAIOIINM BEPTUKAIEHYIO KOMIIO3HITHIO.

JIByxOameHHbIi 3anmamHbpiil Gacan borossierckoro codopa Kak 3JIEeMEHT JIAKOHUYHOU MPOCTPaHCTBEHHOW KOMIIO-
3WIH 0apOYHOTO CTHIIA ITUPOKO TMPUMEHSETCS B CTPOUTEIHCTBE KaK KaTOJIMUECKUX, TaK U MPABOCIABHBIX XpaMOB IIe-
puona XVII-XVIII BekoB. Ciienyer OTMETHTD, UTO 3a npoiueamue noutu 250 et ¢ MoMeHTa Bo3BelieHus: borosisieH-
CKOro cobopa, OH TpeTepIie]l HEOMHOKPATHEIC Pa3pyIICHIS U BOCCTAHOBIICHHS, ITOCTIE KOTOPBIX (DaKTHYECKA HEU3MEHHBIM
OCTAJICSI TOJTBKO €r0 OCTOB: CTEHBI, CBOJIBI M KYIIOJ, BBIIOKEHHBIE U3 Kuprmuda. CyJis 0 HalICHHBIM JOKyMeHTaM, (hoTo-
rpadusM U OOMEPHBIM YepTekKam, JOUIC/IINM 0 HAC, H3MECHEHUSM IMOIBEPIIINCH TIOKPBITHSI KYIIOJIOB M KPBIIIH, (GPOH-
TOHBI, 00OpaMJICHHUs], KOJINYECTBO U (hopMa OKOHHBIX NPOEMOB, (hopMa HAAKYIIOJbHBIX OALIEHOK U JJaXKe KOJIHUYECTBO
SIPyCOB Ha TJIaBHOI BEPTUKAJIBHON OCH.

70



CTPOUTEJIFCTBO. I[IPUKJIATHBIE HAYKU. Cmpoumenvcmeo Ne 1(44)

B Hacrosimuii nepuoa BpeMEHH MOXKHO CKa3aTh, YTO AEKOPATHBHBIC 3JIEMEHTHI (hacagoB XpaMa OTINIAIOTCS
CTPOTOCTBIO M JJAKOHMYHOCTHIO U (POPMUPYIOT €ro 0OIMK KaK NMPaBOCIABHOTO XpaMa B CTHIIE KJIACCHIU3Ma C JJIEMEHTaMU
6apokko. Tak, BepTHKanbHbIE MMISICTPBI, PACIIOIOKEHHBIE 110 KpasM U B yIilaX CTEH, MPUAAIOT (acasaM pUTM U CTPOM-
HOCTH. B HIKHEH 9acTw MIACTp y3KUM IUTMHTOM BBIZIETICH MX ITBEIECTAN, B BEPXHEH — Y3KUH IPOQIITMPOBAHHBIN TIOSICOK
nMuTHpyeT Kanurenu. [lo BceMy nepumMeTpy cobopa B BEpXHEH 4acTu CTEHBI MPOQUINPOBAHHBIA KAPHHU3 OMOSICHIBACT
¢acans! 3naHus. Ha ceBepHOM U 10)KHOM (hacagax (popMa apoOuHBIX OKOH MOAYEPKHYTa TOHKOW MPOQUIMPOBKOM U3
mTyKatypHoro ciost. OKHO Haj IMOPTajoM M HMIIHM 3arajHoro ¢acajaa oOpaMiieHs! penbe(HBIMA HATMYHUKAMU U TIO/1-
4EpKHYTH OpoBKamu. ITMIIACTpEI Takoke 00paMIIIIOT pEOpa TITABHOTO CBETOBOTO OapabaHa u 00enx OamieH YeTBEPUKOB.

Crenyer OTMETHUTB, YTO COIVIACHO OOMEpHBIM uepTekaM borosiieHckoro cobopa 1976 rosaa, Ha HEHTPAJIBHBIH
KyTIOJI, BBUIOKEHHBIH M3 KMpIHYa B BUJE MOIycdepsl AuaMeTpoM okosio 11 M, B BepXHeH yacTH yCTaHOBJIEHA LIECTH-
TpaHHas KHPIUYHAs CBETOBas OamieHKa — (pOHAPH, BEICOTOH OKOJIO 3 M, YBEHUYAHHBIH KyIOJOM IIaTPOBOH (OPMEI,
JuaMeTpoM okoJio 2,5 M. To ecTh B 0OMEpHBIX YepTekax 3aMKCUpOBaHa MOIIHAS ABYXbAPYCHash KOMIIO3UIIUOHHAS
BEPTHKAJIb C KPECTOM, BHICOTOH OT OCHOBAHUS TJIaBHOTO KyIoJa OKoJIo 12 M. YUHUThIBasi, 4TO BEICOTA BOCBMHUIPAHHOT'O
CBeTOBOTO OapabaHa OT KOHBKA KPOBIH OKOJO 6 M, a BRICOTAa Xpama OT YPOBHS 3€MJIM O KOHbKA KPOBIH IMOYTH 19 M,
TO 00ImIast BEICOTa XpaMa ¢ KpecToM cocTaBiser 36,55 m. Takum obpa3om, borosisiienckuii cobop, HAXOJUBIIHKCS Ha
HIDKHEH Teppace MOHMBI pekH 3amnaaHoi [{BuHBI, O1arosaps TakoMy MOILIHOMY, HE JIMIIEHHOMY CTPOWHOCTH KOMITO3H-
IIHOHHOMY PEIIEHUIO BCETO 00BEMA BOCTIPUHAMAETCS Ha (POHE PEKH TOPIKECTBEHHO-BEINYABEIM XpaMoM? (PHCYHOK 4).

Pucynox 4. — Borosiinenckuii codop B Ioonke

Ecmm mpoBectn cpaBHeHne CBsaTo-HukomaeBckoro cobopa, mocTpoeHHOro B iepuoa nepBoit Tpetn X VIII B. kak
kaTonndeckas nepkosb CB. Cteana, c borossieHckiuM co60poM, BO3BEAEHHBIM B IIEPHO/]] BTOPOH TPETH TOTO )K€ BEKa,
HO M3HAYaJbHO KaK MPAaBOCIABHOM LEPKBH, MOXKHO YBHUIETh PsJl COBNAJEHUH KaK B aPXUTEKTYpPHO-KOMIIO3ULIMOHHOM
pEIICHNH, TaK ¥ B KOHCTPYKTHBHBIX OCOOEHHOCTSIX.

O06a cobopa peleHs! TI0 MPUHIMIY KPECTOBOKYIOJIBHON CUCTEMBI C ABYMS OalIHsAMH Ha riiaBHOM (acaze. B obonx
Xpamax KJIaJIKa CBOJIOB M KYIIOJIOB OCYLIECTBIISIACH U3 KUPIIMYA MECTHOTO IPOU3BOJCTBA B «ENKY» C TypToM. 1 B neko-
PaTHBHO-IUTACTUYECKOM PEIICHNH BHYTPEHHETO MOJKYIIOJIBHOTO MpocTpaHcTBa OapabaHa 0OOMX XpaMOB TOXKE MHOTO
obmrero [1, ¢. 275-276, 284]. Tak, ciBoeHHbIe KOJIOHHBI CBsiTO-HUKOIBCKOTrO COO0pa 3aMEHEHBI HA CIABOCHHBIC MMAJISCTPBI
B borosiBiieHcKkoM cobope, BOTHYThIe HUIIH — Ha TIIockue ¢ phpeckamu. CX0JCTBO MO MPOGHUIMPOBKE KapHU30B U 04ep-
TaHMUAM TUTAHOB NPOCIIC)KUBACTCS M B OMOPHBIX IOJKYIIOJIBHBIX CTOI0ax oOomx xpamoB, HO B CBsTo-HukomaeBckom
cobope GapouHbIe YKpalleH!Us! KOJIOHH U KapHU30B 0oJiee CIIOXKHBIE U JIeTajbHee PopadoTaHbl. JJaHHBIN aHann3 moka-
3bIBaeT, 4To B nepuos XVII-XVIII BekoB apXUTEKTYpPHO-IIJIAHUPOBOUYHBIC PEIICHUS XPAMOB Pa3IMYHbIX XPUCTHAHCKUX
KOH(ecCHi CTPOMINCH Ha OOIINX CTIJIEBBIX MPHHIUIAX OAPOKKO M KJIACCHIIU3Ma (PUCYHOK 5).

2 BorosiBlieHCKas LIEPKOBB B T. Ilosonke (pabouuii mpoekt pecraspauun), asrop B. Cironuenko, iuct. AC — 2, Munck, 1976 1.
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1. — y Huxouraesckoro cobopa (xocréi cB. Credana); 2. — y borosiiienckoro co6opa

PucyHok 5. — IHTepbep NOAKYNOJBHOIO IIPOCTPAHCTBA U YOpPaHCTBO GapadaHa

B atoT ke mepuon, B 1790 (umu 17507?) r. Ha Gepery o3zepa PomHO, Ha TIOJIBOPHE, MPUHAIIEKABIIEM MTOJIOIIKOMY
BorosBieHcKOMYy MOHACTHIPIO, B 0apOYHOM cTHiIe CTpOoHUTCs 1iepkoBb CBsatoro Huxomnas Yynorsopua. Bozsenénnas u3
KHpITH4a, IIEPKOBh UMEET KPECTOOOPpa3HbIH TUTaH, XapaKTepHBIN 11 ipaBociaBHBIX XpamoB X VIII Beka [25, c. 14-22].
Amnanornyno borosiBneHckoMy co0opy Ha ceroJHsIIHUN MeproJt BpeMeHH LiepkoBb Cestoro Hukomnas UynorBopia umeer
BOCBMHYTOJIGHBIN JICPEBSIHHBIN CBETOBOM OapabaH C KyIIOJIOM M3 AEPEBSHHBIX KOHCTPYKIWH. BHemHss dopma nepksu
NIPE/ICTABIICHA B BU/I€ OTHOCHTEIBHO IIPOCTOr0 KOMITAKTHOTO PEIIEHHUs] ¢ MUHIMYMOM (hacaiHoro jaexopa (PUCYHOK ).

3a cTob TONTHH MepHO] CYIIECTBOBAHNUS IIEPKOBH MpeTepIesia psa KaTaKJIN3MOB, TIOXKAapOB U MEPECTPOEK, B pe-
3yJIbTaTe KOTOPBIX HCTOPHUUECKYIO JOCTOBEPHOCTh COXPAHMIIN TOJIBKO KOHCTPYKIIMU U 3JIEMEHTHI (M TO HE BCE), BBUIO-
KEHHBIC U3 KUpInda. PacmoiokeHHbIe 10 yIilaM CTeH IJIOCKHE MHUIACTPHI U TOCTAaTOYHO MacCHBHBIE 0OpaMIICHHS
OKOHHBIX U JABEPHBIX apPOYHBIX MPOEMOB C 3aMKOBBIMU KaMHSAMHU HJIEHTHYHBI APXUTEKTYPHOH MIACTUKE CT€H boross-
JIEHCKOTO Xpama OpaTcKOTo MOHACTHIPA U cTeH [loronkoro me3ynTckoro koyernyma. E€ omrykaTypeHHbIe CTEHBI
OKpaleHsl B Oerblid BeT. bomibmioil Kymnou, pacronoXeHHbI Hal HEHTPOM KpPecToOoOpa3HOro IUlaHa, Co3JaéT BEpTH-
KaJbHOCTb 3/IaHUS, 3PUTENIFHO JIeNaeT ero 0osee JIETKMM M TapMOHUYHBIM B IPUPOAHOI cpene. Kpectoobpa3Hslil miaH
MOTIEPKHYT YETHIPEMS TPEYToIbHBIME (hpoHTOHaMHU [25, c. 18]. B oTmmune ot BorosBienckoro cobopa TiIaBHEINA 3a-
nanHeiit pacan Cesito-Hukonbckoil nepkBr pemén 0ojee CKPOMHO: HaJl BXOJOM B LIEPKOBb BO3BBILIAETCS KBaJpaTHAs
B IUIAHE JICpEBSHHAsA OalIHs C YeTHIPEXCKATHOW KPOBIIEH, yBeHIaHHass HEOOJIBIINM KyToJIoM ¢ KpecToM. LlepkoBp CBs-
toro Huxonass UynoTBoplia, HOCTPOCHHAs B CEIBCKOW MECTHOCTH, TI0 CBOEMY apXUTEKTYPHOMY PEIIEHHIO SBJISIETCS
PEIKUM IPUMEPOM COUYETAHHMS TTO3AHE0APOUHOTO CTHIIS C SJIEMEHTaMHU KJIACCHIIM3MA (CM. PHCYHOK 0).

Pucynoxk 6. — llepkoBb c¢B. Hukonas Yynorsopua Ha 03. Poino
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Hauagiueecs: B TTononke rpaxaaHckoe U Ka3€HHOE CTPOUTENLCTBO TAKKE HE 000NUIOCH 0€3 BIHSHHS apXUTEKTO-
POB U MacTepOB, MOATOTOBJICHHBIX B KOJIJIETHYME HE3yHTOB.

Hawubonee paHHIM M3 COXPAHUBIIUXCS CETOJHS OOBEKTOB 00pa3IOoM, CO3aHHBIM B PaMKaX HOBOW CTPOUTEIBHOM
MPOTPaMMBl, SBJISIETCS 3[JaHUE MOYTAMTA, IOCTPOSHHOE POCCUIICKUM apXUTEKTOPOM, MIPEACTABUTENIEM PAHHETO KIaCCH-
mu3ma 1. CrapoBemm kx 1773 1. Ha yin. EBdpocunsn [omnorkoit (panee Prxkckoit mimm Cankt-IleTepOyprekoii) Hemaneko
OT OBIBIIICH PHIHOYHOM TUTOmANH [6, ¢. 34; 19, c. 286].

3/aHKe BBINIOJIHEHO B KJIIACCHYECKOM CTHIIC. [IepBOHAYAIEHO €My OBUIH MPHUCYIU CTPOTOCTh KOMITO3UIIMH, CHM-
METPUYHOCTB, OTCYTCTBHE 0apo4YHOro Aekopa. OKOHHbBIE W JBEPHBIE TPOEMBI MPSMOYTOIBHON (HOPMBI C BBICTYAIOIUMU
HAITMYHUKAMHU, TIEPEMBIYKU KITMHYATBIC. MEXOKOHHBIC MPOCTCHKH M TIIyXHE YYACTKH CTCH BBIOJIHCHBI B TEXHUKE «(ppaH-
I[y3CKHXY», T.C. ICHTOYHBIX, pyCTOB (0€3 BepTUKAJIbHBIX MIBOB) (PUCYHOK 7). PerieHre OKOHHBIX MPOEMOB U ILIACTHKU
HAPYKHBIX CTEH NEPEKIMKACTCS C APXUTEKTYPHBIM PELICHHEM 3/IaHUS «CTAPOTO KOJUIETHYMay, IIOCTPOSHHOTO He3yHUTaMU
B CTUJIC TO3JTHETO CBPOMEUCKOr0 0apOKKO. 31aHUE MOYTaAMTa CUMBOJIM3UPYET HOBBIN 3TAall B PA3BUTHH U MPEEMCTBCH-
HOCTH TOPOJICKON apXHUTEKTypsI [1omorKa.

Pucynox 7. — 3nanue nouramra no yJi. EBppocunbu Iosonkoii (panee Puxckoit
nim Cankr-IlerepOyprekoii), nocrpoennoe apxurekropom U. CtapoBbsiM

INocneanue 3aanust KoywieruymMa — Oypca u 0orazelipHs, moctpoeHHbie Mexy 1788 u 1793 rr., BO3MOXKHO, HCIIbI-
Tanu Ha cebe oOpatHoe BozjeiicTBHe. OHU y>kKe BO3BOAMINCH IO/ BIMSIHUEM apXUTEKTYPBhI CYHIECTBYIOIIMX Ka3EHHBIX
3MaHUHA Ha TUTomaay (B apXUTEKTYpPHOM oONHKe Oypchl 1 OOTagelbHI UMEETCS ST CXOJCTB C OOKOBBIMHU (DITUTEIISIMH,
noctpoeHnbiMu . CtapossiM u U. 3urdpunesom) [20, c. 162, 163: pucyHok 7: 1]. OTIHYUTEIBHEIMA OCOOCHHOCTAMU
noctpoek U. 3urdpumeHa ObIIO HaIWYMEe MACCUBHBIX MEXKITAXKHBIX KapHHU30B U 0OTaTO PYCTOBAaHHBIX (acamos.
B magane 90-x rr. XVIII B., npuanMas qesTelbHOE ydacTHe B MEPEIUIaHUPOBKE TTIaBHON miomaay [lomorka, ne3ynuTsl
BO3BOJIAT 3[JaHUE Ka3€HHOM anTeKu, KOTOPOE MPHCTPANBALTCS K KOPITyCy ¢ TeaTpoM. JlaHHas mocTpoiika JokHa Oblia
3aBEepIINTH O(OPMIIEHHE I0T0-3al1a/IHOTO YIJja IUIONIAN, TJe MEXIy KOJUIETHyMOM U IyOSepHCKUM MarucTpaToM MMeJics
0oJBIION pa3phIB, KOTOPEIH TpeboBaIoch 3anoaHUTE. HoBOe 31aHme OBITO CIeTaHo ABYXITaXKHBIM M PUCYHKOM CBOHMX
(acazoB yBI3BIBAIOCH KaK ¢ KOPITyCcaMH KOJUIErHyMa (JOM KCEHI30B ITIEHCHOHEPOB), TaK M C 3aCTPOUKON IIIOIIAH.
[TosTOMY OHO MMENIO0 MAaCCHBHBINA KapHU3 MEXKIY 3TaKaMH, XapaKTepHBIN Juisi 3nanHuid . 3urdpuneHa, a Takke MacCHB-
HBIe 00paMIICHH OKOH, XapaKTepHbIE IS BCeX 3MaHMi miomiamu. [IimsacTpel ObUTH MOSTaKHBIMHU, YTOOBI OOBEIMHATE
HX KaK C KOJUIETHYMOM, TaK U ¢ o0mecTBeHHbIME 31aHmsMu [ 10, c. 386: pucyHok 4.4.24].

BiusiHMe ne3ynTcKoi apXUTEKTYphl IIPOSBUIIOCH HA YAaCTHOM M OOLIECTBEHHOM CTPOHMTENBCTBE JJaKe BO BTOPOI
tpetn XIX B. B 2007 r. ObLIH BBISIBICHBI OCTaTKU JIOMa, TOCTPOSHHOTO B IepBbIe necatwieTus XIX B., ero moasain
MUMell TOHKHE Hapy>KHBIE MPOJObHBIE CTEHBI TOJNIIWHOW B KUPIHY W NWJIHHAPUICCKUN CBOJ, BBHITIOJTHEHHBIN B «EIKY»
B o)1 kuprnya. [lo Bcelt BuAMMOCTH, 9T0 ObUIa Ybs-TO HEYAauHasl TIOTBITKA IOBTOPUTD IAHHYIO CUCTEMY KIJIAJIKH, YBHUIICH-
HYIO Y UE€3YUTOB, MIOCKOJIbKY TOHKHE CTEHBI IOMa He BBIIAEPIKAIU pacropa cBoja. HecMOTpst Ha MOMBITKY MOAIEPETh €r0
HONPY/KHOM apKoH, oH o6BanmiIcs. GparMenT ero KIaaku oOHapyXeH Ha IOy II0ABaja moctpoiiku’. Kiagku cBomxos
1 IpeHaXXHbIe OOWHUIBI, CO3MaHHBIC 1O 00pa3aM MEe3yHTCKUX MOCTPOEK, TaKXKe BOCTIPOW3BOAMIHN CTPOUTENH 3TaHUN
Oyayliel KpymHEHIen TOCTHHUIB TopeBooimonHoro [omnorka — «['pann-Otemns» [21, c. 58].

3 ConoBbéB A.A. OTYET 00 apXeOIOrHIECKOM HAA30PE 3a PEMOHTOM TEILIOTPAcchl 1o yi1. Boiikosa, 1-5 B 1. ITonouke B 2007 1. —
. Ne 2510. — Cwm. c. 11-12, 37: poto 12, 37: poto 13, 73: pucynok 6, 76: pucyHok 8, 77: pucyHOK 9.
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MacmTabHOE CTPOUTEIBECTBO HE3YUTOB U APYTHX OPACHOB TPEOOBAIM MOATOTOBKH KBAIH(UIIMPOBAHHBIX CHEIIHA-
JIUCTOB Pa3lM4HbIX ypoBHEH. IloaTromMy B nojoukoM kosuieruyme K nocieaneit uerseptu X VIII B. apxurekrypy npemno-
JlaBajik yXe Ha ypoBHE ¢akynbrera [22, c. 5]. YpoBeHb npenojaBaHus apXUTEKTYPbl B KOJUIETHyMe TO3BOJIMII yKe
K Ha4ay CTPOUTEIBCTBA HBIHEIIHETO aHCAMOJIsI MOATOTOBUTH Psifl TANAHTIMBBIX U MPEAAHHBIX OPACHY CHEIHAINCTOB,
K TIpuMepy, Takux, kak ['abpuens Jlenkesna n @pannunck Kape. Bonbmioit Bkiag B mpenogaBaHie apXUTEKTYPhI H BO3BE-
JieHne aHcamOIIsl BHECIIH U NIPUE3KUE ME3yHThl — Npe(eKT cTpouTenbcTBa Xpama Kasumup MatensikoBckr, KaMEHIINK
Benenukt Mesep u cronsip AHTOHUI JIa3ypoBud, KOTOPBIH YK/IaAbIBaNl UepeNully Ha He3yuTckoi mkone B 1749 r. [1, c. 274,
279, 280; 6, c. 21, 30, 32, 33, 44, 57, 58].

B nocnenneit uersepru XVIII B. BIusiHME HEe3yUTOB Ha XKU3Hb U KyIbTypy [losionka ycUnIuaocs B CBA3H C €ro
pEryJsipHOM NeperIaHMPOBKONH U CTPOUTENLCTBOM MOHACTBIPEH U3 KUpIHUYa Pa3IUYHBIMHU KaTOIHMYECKUMH OpACHAMH.
OmHOBpEMEHHO € KOJUIETHYMOM CTPOWJICS HOBBIN OepHapIMHCKUNA MOHACTHIPH 3a JIBHHOM, BoccTaHaBimBajcs Coduii-
ckuit cobop u Tpourknit MOHACTBIPE TP HEM, BO3BOIMIICS HOBEIM XpaM MPaBOCIABHOTO BOTOSBICHCKOTO MOHACTHIPSI.
[Mocne mpucoeanneHms npaBodepexnoit gact Ilomnorka k Poccun Bo3BoasITCS Ka3EéHHbBIE 3MaHUS UL aIMUHUCTPALINH
1 BOGHHBIX BeJOMCTB. CIIOXXHMBIIMICS K MOMEHTY PETYJSIPHOM mepertaHnpoBKH [lonorka ancaMOie KOLUIETHyMa BO
MHOTOM OTIPEIEIIII XapaKTep U MaciTad 3aCTpOWKH TIIABHON TOPOICKOHN IIIOMIATH, a TAaKKe HAJIOKUJI OTPOMHEIA OT-
neyaTok Ha npouecc GOpMHUPOBaHHUS YIMYHOM CETH B LIEHTpabHOM yactu ropona [10, c. 386: pucynku 4.4.22-4.4.24].
BmMmecre ¢ 3THM 11apckoe MpaBUTENbCTBO H30€rano nopy4arh KyJIbTOBOE U IPaXJaHCKOE CTPOUTEIBECTBO apXUTEKTOpaM-
He3yHuTaM IO UAEOJIOTHYECKUM COOOPaXEeHUsAM, KaK, HallpuMep, 3TO MPOU3O0ILIO MPH MOIBITKE BO3BEACHHUsS KaMEHHOM
cobopnoii [Tokposckoii nepksu B [Tosnornke. Takum 006pa3om, BIMSIHUE HE3YUTCKOTO KOJUIETHYyMa HA Pa3BUTHE apXUTEK-
TypBI U CTPOUTEIBHBIX TEXHOJIOTUN n0cie npucoeauHerus Ilononka k Poccuiickoil UMIIEpuu OCyILECTBISIIOCH IPEKIC
BCETr0 4Yepe3 CIEIMAINCTOB, YUUBIINXCS Y HE3YHTOB U PadOTABUIMX HA CTPOUTENBHBIX 00bEeKTaxX (IIPH 9TOM CaMU He3y-
WTaM{ OHH HE SIBJBUINCH W MOIO3PEHUS FIIN HEJJOBEPHS CO CTOPOHBI HOBBIX 3aKa3YMKOB He BI3bIBANN) [23, c. 38]. Cie-
JIbl 3TOTO BIUSIHUS MPOCIEXUBAIOTCS Aaxke B 3aaHuax [lomonka, noctpoenHsix B 60—70-x rr. XIX B., 4TO BUIHO Ha
puMepe KOHCTPYKIHH moaBana OpiBIei roctuHUNB «['pann-Otensy» (mpocnekt ®@. CKopuHEL, 3).

[Ipn mpoexTupoBanuu (acazoB OOIMIECTBEHHBIX 3JaHUI A CO3JaHMS aHCaMOJIsI 3aCTPOIKY TITaBHON ILTOIIAIN
[Momouka apxutekrop VBaH 3urgpuaeH OTIpaBHOW TOYKOW CHIeNai He3yHTCKui kourermyM. OH Opai 3a OCHOBY 3Je-
MEHTBI yOpaHCTBa KOPITYCOB apXUTEKTYPHOI'O KOMIUIEKCA, IOCTPOSHHOTO NE3yUTaMH, U UCXOJHJ U3 OCOOEHHOCTEH ero
wiaHupoBku. Takum oOpazom, M. 3ur¢puacHoOM Ha OCHOBE MPOIOPIUN PA3IUYHBIX IJIEMEHTOB KOCTENA U KOPITYCOB
ME3YUTCKOro KoJUIeruyma OblI co3/1aH Mo3qHe0apouHblii aHcaMOib 3acTpoiiku nentpa [lomomka [10, c. 386: pucyHkn
4.4.22-4.4.24, 386: pucyHok 4.4.27]. Jaunsiii Bonmpoc noapoodHo Obu1 paccMoTper FO.B. Yantypueii [10, ¢. 380-387].

[omnorkuit ne3ynTCKuit KOJUIETHYM Taioke OBbIII KPYITHBIM Hay4HBIM IIEHTPOM. B ero mactepckux, oco6eHHO mocie
CTpouTeNbcTBa MaHyQakTyp B 1765—1786 rT., co31al0TCsl YHUKAJIbHBIC HAYYHBIE TPUOOPHI U MEXAaHU3MEI, 110 Ka4eCTBY,
XYZ0KECTBY M TOUHOCTH HE YCTYIIABIINE EBPOIECHCKIM aHAJIOTaM.

3akiouenne. Hauunas ¢ 30-x r. XVII B. Bnustaue I10101KOr0 HE3yHTCKOro KOJIETHyMa HA MaTEPHAIBHYIO
KYJIBTYPY, apXUTEKTYPY ¥ I'PalOCTPONTENbHYIO CUTYaIHio B [osonke craHoBUTCS BCE OojIee 3HAYUTEIBHBIM.

[lepBOHaYAIFHO 3TO MPOSBUIIOCH B U3TOTOBJICHUH M3pa3lioB M IIMTOK Iojia B OapoyHoM odopmiennn. meHHo
HMe3yUTaMH HaJaXuBaeTcs MaccoBbIi BhIyck B X VIII B. m3pa3noB u dyepenuubl. [LnacTuHbl H3pa3noB 0GopMISIOTCS
B COOTBETCTBHH C «TJTaHBCKOW» MOJIOH, IO HEHl ke CTposTcs medu B koyermyme. OTTyJa UX HOBbIE KOHCTPYKIIUU
MOJTy4YaroT pacTpOCTPaHEHHUHU B JIoMax ropokat. Eme omHuM (GakTopoM BIMSHHS HE3yHTOB Ha MAaTEPHAIBHYIO KYJIbTYPY
[Tosmonka cTano HaJMYKE B KOJUIETHYME CBOEH TYTHI, KOTOpast MO3BOJISIIA JIEIaTh MPOIYKIHIO U U TTPOTAXKH.

We3yuThl Hama)kWBaloT MPONU3BOACTBO KUPIHNYA M Ka9ECTBEHHOTO CBS3YIOIIETO pacTBopa. HaumHaercs kupnmd-
HOE CTPOUTENHCTBO Ha TeppuTOpun Koyuieruyma. B TTosorke co3matorcest mepBbie «IekreabHu», U B 40-x rr. XVII B.
TIOSIBJISIIOTCS TIEPBBIE 3aHMS Ha KUPITUIHBIX MOABAIAX ¥ pyHIamMeHTax. [locie pyccko-moibekoi BowHbI 1654—1667 TT.
HMMEHHO ME3yHThl IEPBHIMH BO30OHOBUIIN KallUTaJIbHOE CTPOUTEIBCTBO.

HaunnaeTcs pacupenue TeppUTopun KoseruyMa, kotopslid ¢ 30-x rr. XVIII B. ctan rimaBHOM apXUTEKTYpHOH
U TpajoCTpouTeNbHOM fomuHaHTol B [lomonke. Ilociie Bo3BeqeHNs CYIIECTBYIOMIETO aHCaMOJIsl OH CTall OTHPaBHOH
TOUYKON IJISl PETryNIsSIpHOM NEPErIaHUPOBKU U apXUTEKTYPHO-CTUIIMCTUYECKOTO PELIEeHHUs LIEHTPAIbHONW 4acTu ropoja
apxurtekropoM U. 3urppuneHom.

Camu xopmyca KoJuleriyMa CTalu JUIs apXUTEeKTOPOB, MacTepoB U cTpouteneil [Tononka orpoMHoOi SHIMKIIONE-
JIMEH, T7Ie Ha CPAaBHUTEIBHO HEOOIBIION TePPUTOPUH OBIIIM COOpaHBI KaK TUIOBBIC, TAK M OPUTMHAIBbHBIE KOHCTPYKTHB-
HBIE, IDTAHUPOBOYHBIE M CTHIIMCTHYECKHE HapaboTku eBporeiickoit apxurekTypsl X VIII B., pakrnueckn ancamOub cTain
BUTPHUHOHN 3THX AocTmxkeHnH. OTTy1a OHM NEPEHOCIIINCH U HCIOIb30BAIMCH TP BO3BEJCHUU APYTHX 00BeKTOB [lo-
JIOIIKa, MOHACTBIPCKNX KOMIUIEKCOB, OOIIECTBEHHBIX M YaCTHBIX 3JaHHH.
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THE ACTIVITIES OF THE POLOTSK JESUIT COLLEGIUM IN THE 17TH — EARLY 19TH CENTURIES
AND ITS INFLUENCE ON THE URBAN DEVELOPMENT AND ARCHITECTURE OF POLOTSK

G. ZAKHARKINAY, A. SOLOVYOV?
(Y Euphrosyne Polotskaya State University of Polotsk,
(? National Polotsk Historical and Cultural Museum-Reserve)

This article examines the influence of the Polotsk Jesuit Collegium on the development of Polotsk architecture in
the 17th to early 19th centuries. These processes are associated with the revival of stone construction in the city, its
impact on urban planning, and the development of monumental construction after the end of the Livonian War. To this
end, the building products and materials, as well as the planning and design solutions of a number of buildings erected
on the collegium grounds and in Polotsk in the 17th century, are examined and compared.

During the Great Northern War (1701-1721), the Jesuits not only saved the collegium from destruction but also
contributed to its expansion and improvement. Amid the general decline of Polotsk's material culture, the Jesuit resi-
dence became the main center of urban life.

In the first third of the 18th century, the Jesuits laid the foundations for the large-scale construction of the clas-
sical ensemble of the collegium. This construction began in the second third of the 18th century and was carried out
according to entirely different principles than in the previous century. The study and comparison of Jesuit designs with
the architectural planning and design solutions of a number of major civil and religious buildings in the city erected in
the 18th centuries allows us to identify the extent of their influence on the urban development and architecture of
Polotsk.

Keywords: Polotsk Jesuit Collegium, Baroque, Classicism, building materials, structures, architecture.
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MEXAHHW3M OCAKJIEHUS )KEJIE3A B IPOIIECCE BHY TPUILIACTOBOM OBPABOTKH BO/IbI
JJIS1 MAJTBIX HACEJIEHHBIX ITYHKTOB PECITYBJIMKH BEJIAPYCH

E.U. PALLIKEBHUY", kano. mexn. nayx B./I. FOIJEHKO?
(Bumeobckoe ob1acmuoe KOMMYHAIbHOE YHUMAPHOE RPEOnpUusmue
6000NP06OOHO-KAHAIUIAYUOHHO20 X03Alicmea « Bumeockoodneodokanany)
) selenapuko@gmail.com, ¥ yuvd46@mail.ru

B cmamve onucwieaemces mexanusm ocadcoenus xceneza npu npo8edeHUuU Ha4aIbHbIX U NOCAEOYIOWUX YUKLO8
BHYMPUNIACTMOBOU 00PAOOMKU NOO3EMHOU B00bI HA PA3HO3EPHUCTBIX NECKAX OISl CUCHEM 8000CHAOICEHUS MATbIX HACE-
JIEHHBIX NYHKMOG.

Knrwouesvie cnosa: memoo sHympuniacmosou 06pabomru noozemnou 600vt Subterra, kawecmeo 600bl, MEeXHOIO2US
U 0COOEHHOCTNU HAYATLHBIX U NOCIEOVIOWUX YUKILO8 (3AKAYKU-OMKAYKUY 600bl, MEXAHUZM OCANCOCHUSL Jiceie3d.

Bgenenue. B PecrryOnmke benmapyce mutst cructeM XO03sICTBEHHO-TIUTHEBOTO BOJIOCHA0KEHHST IOBCEMECTHO HCTIONB-
3YIOTCS APTE3UAHCKHUE MTOA3EMHBIC BOJIbI, KOTOPHIC MMEIOT 00JIE€ BRICOKYIO 3aI[UTy OT BHEIIHUX BO3JICHCTBUI U KAYECTBO
HX COCTaBa [0 CPABHEHUIO C TOBEPXHOCTHBIMU HCTOYHUKAMH.

[IpoBoaUMBIN €KETONHBIN aHaTN3 XUMUUYECKOTO COCTaBa MOJI3EMHBIX BOJ Ha TeppuTopun PecmyOnuku benapychb
[1; 2], moxy4eHHBIX U3 CKBaXkuH riryonHoH 30—-350 M 4eTBEpTHYHBIX BOJOHOCHBIX TOPU30HTOB, ITOKA3aJl, YTO OHU MOTYT
XapaKTepU30BaThCs KaK MPECHBIC THAPOKAPOOHATHBIC, KaIbIIMCBO-MAarHUEBhIC U KAJIBIIMEBO-HATPUEBBIC ¢ 00IIICi MUHEpa-
mmszanmeit 0,2-0,4, u 10 0,6 T/1M°, MOTYT BKJIFOYATh KOMIIIEKC HEOPIraHUYECKUX M OPTAHUYECKHX BEIIECTB, ra30B, MUKPO-
(topsI (3KeNe30, MapraHell, COJIM aMMOHUS M IPYTUe 3arPsA3HUTENH ), HO IPUTOIHBIL, ITOCIE COOTBETCTBYOIICH OYHCTKH,
JUTS MCTIONIF30BAHUS B CUCTEMAX XO3SHCTBEHHO-TIUTHEBOTO BOJOCHA0KEHHUS HACEICHHBIX ITyHKTOB HA BCEH TEPPUTOPHH
peciyounuku. [1pu 3Tom Hemanas 9actb (0omnee 50%) IKCIUTyaTHPYEMBIX CKBaXKHH, 0COOCHHO B OECKUCIOPOIHO-0ecCymbhIyI-
HBIX TIOJ3EMHBIX BOJAX, B COCTaBE OCHOBHBIX 3arPsS3HEHH TTOA3EMHBIX BOJ UMEIOT TOJIBKO ITOBBIIIIEHHBIE KOHIICHTPAIIHN
JKeJie3a M MapraHIia, a OCTaJbHbIC TOKa3aTeN COOTBETCTBYIOT HOPMAaTHBHBIM 3HAUCHHSAM. PacripeneneHme STHX MAKpO-
5JIEMEHTOB B BOJIE OyJIET KOHTPOJIMPOBAThCS PACTBOPUMOCTEIO UX KapOoHatoB, Hanpumep, FeCO3 (TTPreco3=2,9-1071).
B HeliTpanbHBIX U CTabOIIeTIOYHBIX PeaTbHBIX THAPOTC€OXUMHIECKHX YCIIOBHUX, KOTIa KOHIICHTPAIHI KapOOHATHRIX HOHOB
(HCO;3;+CO3%") 3HauMTEeNIbHO OpeBhIMIAeT KoHenTpanuio OH™, HMEHHO 3T0 COeIMHEHHE PErTIaMEHTUPYET paciIpeeie-
nue Fe?’, a ve ero 3akucubie popmbl FeO n Fe(OH),, cTeneHp HACHIIIEHHS KOTOPHIX HUYKE 10 OTHOIIEHHIO K COCIUHEHUIO
FeCO:s. Torna ruaponus coeaunenus FeCOs3 B moa3eMHbBIX BOIaX IPOUCXOAUT B COOTBETCTBUU CO CIEAYIOLIEH peakiueil:

+
Fe2+]2 = 1098 [CO(aq)][H ]. 5
[Fe] IHcos | @)

U3 yKa3aHHBIX peaKI|ii CIEIYET, 9TO YCIOBHEM, OIaropUsTHEIM JUIS YBETMUICHUS KOHIeHTpanmu Fe', spisercs
pocrt konuenTparuu CO> B BOAHOM cucteme u yMenblienue Benmdnnabl pH. C poctom pH mpoucxomur obpaTHas peak-
1sl, TTOI3EMHBIE BOIBI IPHOMIKAIOTCS K Hackmenuio o FeCOs u nanbHelimee Hakomienne Fe?’ B 5Tux Bomax 3amen-
nsietcs. B TakoM ciydae mprCyTCTBUS MPOCTHIX MUTPAIIMOHHBIX (DOPM iKelie3a MO3EMHBIC BOJIbI OBICTPO OYHUIIAFOTCS TIPH
a’pUPOBAHHU.

B Poccun u crpanax 3amanHoi EBpOIbl JOBOJIBHO MIMPOKO MPUMEHSICTCS [T yIAJICHHUS Kelle3a U3 TOI3EMHBIX
BOJI METOJI BHYTPHUILIACTOBOM 00pabotku Subterra'? [3; 4]. CymHOCTb METO/IA 3aKIFOYAETCS B BEACHHUH MPOLIECCA 00€37Ke-
JIe3MBaHUsI HEMIOCPEACTBEHHO B BOJOHOCHOM TOPHU30HTE (CJI0€) MyTeM IUKIMYHOMN «3aKauKU-OTKAYKI» BOJBI B OJTHOU
1 TOH e ckBakuHe. [Ipu 3akadke BOIbI, IPEBAPUTEIILHO 00OTANICHHON KUCIOPOI0M, HAIIPUMED, BO3/LyXa, B CKBAXKHHY,
BOKPYT HEe MPOUCXOAUT 00pa30BaHUE CIICIUATIHLHOM 30HBI ISl OKUCICHUS M OCAXKICHUS XKeJie3a B TIOPOBOM MTPOCTPAHCTBE
BOJIOHOCHO# mopoibl. B panbHeiiiiem u3 cKBaXWHbBI IIPOU3BOJIMTCS OTKA4YKa BOJbI B CUCTEMY BOJIOCHA0KEHMUS HACEIICH-
HOTO ITyHKTa TaK, YTOOBI Y IOTpEeOUTENeH KOHIICHTPAIIHS JKelle3a HEe MPEBhIIIaia HOPMUPYEMOU BEJTMYMHEL. 3aTE€M IHKIT
«3aKaYKH-OTKAYKW» TIOJ3EMHOM BOJIbI U3 CKBAXKHHBI TIOBTOPSETCS.

TexHomornyeckas ¥ 9KOHOMHUYECKas 3 (HEKTUBHOCTH TaHHOTO METO/Ia OIICHUBACTCS UCXOI U3 MUHEPAJIOTO-
JTUTOrpapUIECcKOro COCTaBa BOJOHOCHBIX CJIOEB U XUMHYECKOTO COCTABa MOI3EMHBIX BOJ, HO, KaK MPABHIIO, BBIIIE, YeM
B COOPYKEHHUAX HA3EMHOI'O TUIIA. Cﬂe,uyeT OTMETUTD, YTO IIPU 3TOM 06LI‘{H0 c06n}o)1aeTc>1 CPaBHHUTCIILHO paBHOMEpHas
Hojxa4a BOJIbI B CUCTEMEI BOJOCHAOKEHHS ¢ pacxomoM cebime 1000 M3/cyT, Korma MpUMEHSIOTCS CKBAXKUHBI C IHCIOM
OoJiee IBYX, UTO YNPOILIAET MPOBECHHE IIUKIIOB «3aKaYKU-OTKAUKI).

' Bonnpipes K. A. THAPOXUMHYECKOE MOJIETUPOBAHUE MPOLECCOB BHY TPUILIACTOBON OUMCTKH MOA3EMHBIX BOJI OT JKeENe3a
W MapraHna: Juc. ... kauj. Texs. Hayk: 05.23.04 / Bonxsipes Kupnmn Anexcangposud. — M.: BHUM BOATEO, 2011. — 190 1.

2TocynapcTBeHHbIH BOAHBIN KagacTp PecniyGnuku Benapych: exeronsbie 0TueTsl « BoHbBIE PECYPCHL, UX UCHIOIL30BAHUE
1 KadecTBO Bo» 3a 2016-2024 rr. URL: https://cricuwr.by/publications/archive-cadastral-information (mara o6pamenus 12.02.2026).
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CurcteMsl BOIOCHAOKEHNS MAJIBIX HACENICHHBIX ITYHKTOB OTJIMYAIOTCS 3HAUYUTEIFHBIMHA H3MEHEHHSIMH PEXXrMa BOJ0-
MOTPEOIICHNUS TT0 PacXo/1aM BOABI B OTAEIBHBIC YaCHl M MIPOCTOSIM B HOYHOE BpeMs. DTO MPUBOIUT K TOMY, YTO TIpUMEHSIE-
MBIE JUTSI BOIOOOPAOOTKH adpallHOHHBIE COOPYKEHHUSI HA3eMHOTO THIIA (€X-Situ) YacTO MPUXOIUTCS PACCUYUTHIBATD U IKC-
IJIyaTHPOBATH C YUYETOM IIOJa4X BOJBI B MAKCHMAIIbHBIE Yachl BOJOMOTPEOICHUS, T.€. YBEIUIHBAIOTCS KAUTAIbHEBIE
U 3KCIUTyaTallMOHHBIE 3aTpaThl. Takke B OTCYTCTBHE IICHTPAIN30BAHHON CUCTEMBI BOJIOOTBEICHUS BOSHUKAIOT MPOOIIEMBI
C OTBOJIOM MPOMBIBHBIX U 3arPSA3HEHHBIX BOJI, 00Pa3yONIUXCs B MPOIECCE BOIOMOATOTOBKH.

B cBs13u ¢ 3THM OBLIO peIlieHO BBHINOIHUTE UCCIICOBAHMS 110 BO3MOKHOMY IPUMEHCHHUIO MeTojia Subterra (in-situ)
IUTA yIAJIeHUS JKelle3a 10 HOPMUPYEMBIX 3HaUCHNH 1 CHa0KEeHUS BOJON MIMEHHO TAKUX MAJIbIX HACEIEHHBIX ITyHKTOB.

IKcnepuMeHTATbHAS YacTh. B kauecTBe 00beKTa UCCIIeIOBAHMS ObLT PUHAT MBI HACETICHHBIN MTyHKT JIOKIITHII-
Koro paiiona Bute6ckoii obiactu Pecriybmuku bemapych, B KOTOpOM cUCTeMa BOAOCHAOKEHHUS UMEET JIBE CKBAXKHHBI,
KOTOpBIE MOYKHO HCIIOJIF30BaTh MOMIEPEMEHHO KaK IOTIIONIAIONIYIO0, TAaK U AKCILTyaTalloHHY 0. OCHOBHBIMH BOIOHOCHBIMU
CJIOSIMH CKBYKUH SBJISIIOTCS TTECUAHBIE TIOPOJIBI.

Jlo Hauana skcniepuMeHTa B ckBakuHe Ne 1 kauecTBO MCXOJHOM BOJbI II0 OCHOBHBIM IIOKA3aTENsIM COCTaBUIIO: KOH-
HeHTpanus obmero xenes3a Fe’ — 2,67 (npyxsanentnoe xene3o Fe?' — 2,20 mwm 82,4% ot o6mero), mapranna — 0,36 mr/mv’.
Bennunns pH n Eh B ucxonnoli Boge Oblu paBHbl 7,7 u 54 MB.

COOTBETCTBEHHO B UCXOJIHOM BOJIe CKBAKMHBI N 2, KOHIICHTpAIHs 00IIero sxene3a coctauia 3,08 (IByXBalIeHTHOE
xene3o — 2,51 umm 81,5%), mapranua — 0,38 mr/nm?, a Bemuuuns! pH u Eh — 7,6 u 65 MB. Huskue 3nauenys Bemruunsl Eh
CBUJICTEIIBCTBYIOT O MPUCYTCTBHUE B IMOJI3EMHOM BOJIC 3TUX MHKPOAJICMEHTOB IIPEUMYIIICCTBEHHO B IByXBaJICHTHOH (hopme.

s oneHKH paboOTHl CKBaKMHBI HA BOJOTPOBOAHYIO CETh IPHU MPOBEACHUH NEPBOTO IHKIIA «3aKAYKH-OTKAYKI)
BOJIBI METOIOM Subterra KOHTPOJILHOM TOUKOM OblIa TPUHATA KOHIEHTpaLUs obmero xenesa He 6omee 0,3 mr/mv?. B nipo-
1ecce MPOBEICHMUS 3TOTO HKCIIEPUMEHTA YCTAaHOBJICHO cienyromiee [5]:

— HaOJIIoaICst HECUCTEMHBIN pa30poc KOHIIEHTpAIIUK JKeje3a B oTkaunBaeMoit Boje (0,15-0,9), xoTs B cpeaneM
3Ta BeJIMYMHA He mpeBbimana 0,3 mr/am’;

—  K03(Q}UIMEHT NOJIE3HOTO MUCIOIH30BAHMUI METOA, MPEACTABISAIONINNA OTHOIICHHE 00bEMOB OTKauYeHHON U3
CKBAKUHBI BOJIBI K 3aKaueHHoH (M3) K = W,,,/ W, coctaui 9,3. DTo yke IPUHIMIIMATILHO, YTO BHY TPUILIACTOBas 00paboTKa
MOJKET OBITh MPUMEHEHA [IPH yIAJICHUH XKeJle3a U3 IMOA3EMHBIX BOJ JUTS MAJIBIX HACEICHHBIX ITyHKTOB;

— OBLIO OTMEUYCHO YJIyYIICHHE OPraHOJNCITHICCKUX MOKa3zaTelnen (<2 0auioB), MpH 3TOM HE MPOHUCXOIUIIO H3Me-
HEHHE KOHIIEHTPAalMK aMMOHMMHBIX coemunenuii — 0,2—-0,3 mr/mm?, okuciasemocts — 1,8 MrO,am® U yXy/IlieHus napamer-
POB OaKTEPHATBHOTO aHAIIN3A;

— KOHIICHTpAITUS paCTBOPEHHOTO KHUCJIOPO/1a B HAYAIBHBIN MEPHO]T OTKAYKH BOJIBI ObUTa paBHA 1,8—2,0, a K KOHITY
nepBoro nukia cHmkanack 10 0,5-0,8 MrOy/mv?;

— BenuunHa pH B mporiecce 3akauky BOABI B CKBAXKUHY U JTabHEHIIEH ee MPOKaYKy MPaKTHIECKH He M3MEHAJIach
u cocrasisia 7,6-7,7;

— ycraHosneHue BennanHbl Eh 6omee 130150 MB B oTkaunBaeMoi BOJie CBUACTEIILCTBYET 00 YIOBICTBOPUTEIH-
HOM OKHCJICHUH JIByXBAJICHTHOT'O JKEJIe3a U €ro 3aJep >KaHuH B ITOJI3EMHOM ILIIACTE.

Hecucremublii pa30poc B X0/1e IKCIIEPUMEHTA KOHIICHTPALIMY KeJie3a B OTKaYMBaeMOM BOJIC YKa3bIBACT Ha TO, YTO
OKHUCITUTEIbHASI 30Ha BOKPYT CKBaXXHMHEI €I OKOHYATEIEHO He Obla c(hopMUpOBaHa.

[o KoHIIEHTpAaIUsIM OOIIETO U ABYXBAJCHTHOTO JKeJe3a UX COOTHOIICHUE MOTYYHIIOCH CIICTYOIIIM:

— npu Fe®>2,5 cootnomenue Fe’=1,22Fe?" unu Fe*'=0,82F¢’;

— npu Fe’=0,1-0,7 cootnomenue Fe’=12,5Fe?" mu Fe?'=0,08F¢’;

— 1pu Fe’<0,1 coornomenne Fe’=16,7Fe*" unn Fe?*=0,06F¢’.

B nanpHelinieM OBIITH POBEIEHBI CEMB ITOCIICAOBATEIBHBIX IIUKIIOB «3aKaUYKHA-OTKAYKID BOJBI pACCMaTPHUBACMBIX
CKBaXXHH [6], KOTOpBIE TOKA3aJIH, YTO OKUCIUTENIbHAs 30HA C TOyYSHHEM yCTOMYMBBIX 3HAUCHIH KOHIICHTPAIINH Kele3a
0,05-0,20 Mr/nm> B OTKauMBAEMOM BOJIE YCTAHOBHIIACH TIOCHIE 5-TO IUKJIA, C KO3()(PHUIMEHTOM MOJNE3HOCTH PaBHEIM 12,4,

TaxuMm 00pa3oM, MOKHO CUYHTATh, YTO JIaHHAS TEXHOJIOTHSA in situ mo3BossteT obecnednts 6oee 3¢ HeKTUBHYIO
OYHUCTKY IOJI3EMHBIX BOJ IIPU MX 00€3)KEeJIC3UBAHUY O HOPMATHBHBIX 3HAYCHHI JIISI MAJIBIX 00BEMOB BOJIOTIOTPEOICHUS
IO CPABHEHUIO C TPAJIUIIMOHHBIMU TIOBEPXHOCTHBIMY HATIOPHBIMH YCTAHOBKAMU U SIBIISICTCS YKOHOMHYECKH MPEIIOYTH-
TenbHee. [Ipu 3ToM 711 00pa30BaHUs YCTOWYMBOIN OKHUCITUTEILHON 30HBI BOKPYT CKBaXKUH TPEOYETCs BBIOJIHUTH OIPE-
JIEIEHHOE YHCIIO IEPBUYHBIX IUKIOB. HeKoTophle HCClen0BaTeNH CUMTAIOT , YTO B YCIOBUAX PABHOMEPHOM HOJaYH BOBI
U3 CKBaXXUH NOCTATOYHO 2—3 1ukiaa. OYeBUIHO, IS YCIOBUH PE3KOT0 U3MECHCHHUSI PEXKIMa BOJJOTOTPEOICHHS 3TOTO
HEJI0CTATOYHO.

MexaHu3M ocaIeHHUs Kejie3a B Mpolecce BHYTPUILIACTOBOI 00padoTku Boabl. MHOTHE aBTOpHI [6—9] oT™e-
YaloT, YTO TEOXUMHS U MEXaHH3M BHYTPHILIACTOBOM 00paOOTKH BOJIBI PEICTABIISIOT COOOM CITOKHBIE TPOIIECCHI, 3aBUCS-
IIHe OT THUIa BOJAOHOCHOH MTOPOMBI, THAPOANHAMUKH ITOI3€MHOTO IIOTOKA, €€ KauyecTBa M MHOTHX APYTHX (HaKTOPOB.

PaccMmoTprM MexaHH3M OCa)kJIeHHS JKeje3a B MPOIiecce BHYTPUILIACTOBOM 00pabOTKM BOIBI I MAJIBIX HAaCEIeH-
HBIX ITyHKTOB TIPH MIEPBUYHBIX U THOCIEAYIONINX MUKIIaX PaOOTHI CKBAKHH.

3 CM. cHOCKy 2.
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B naHHOM cily4ae MaTepuaIoM BOJOHOCHBIX CJIOEB PaCCMATPHBACMBIX CKBa)KHH SBIISIOTCS KBapLIEBO-IIOJICBOIIIIA-
TOBBIC TIECKHM, C KOMOMHAIIMEH MEJIKOTO M CPEJHE3EPHUCTOTO cocTaBa U cojepxkanuem 60% kBapua SiO», 18-20%
Fe(AlSi30g)s, octanbaoe — CaAlxSi»Og, NaAlSizOg u KAISi30s.

Toraa MOXXHO TIPEIION0KUTE, YTO B IEPBUYHBIX LUKJIAX, KPOME NPSIMOTO OKUCIIEHHS XKeje3a B I0J3EMHOM BOJIO-
HOCHOM IIIacTe, 0JTHOBPEMEHHO HJIYT POLECCH XEMOCOPOLINY KHCIIOPO/a B 3€PHA MTOJICBOLINTATHBIX TIECKOB U HOHHBIN
00OMeH MOHOB HaTpHsI Ha XkeJe30.

[TpsiMoe okucieHue jKene3a MPOUCXOANT NPEUMYIIIECTBEHHO 3a CYET ITPOCTOTr0 CMENICHHsI 00bEMOB 3aKaueHHOMN
B IUTaCT KHCJIOPOACOACPIKAILECH BOABI C OA3EMHON BOKPYT CKBaYKHHBI HA PACCTOSIHUM X B PE3yJIbTAaTe HX T'MAPOIMHAMU-
YeCKOI JUCIIEPCHOCTH, KOTOpasi MPEACTABIIAET COOOH paccenBaHUE IPAHHILBI pa3ziesia MeXKly HUIMH Ha BHYTPHIIOPOBOM
1 MOJICKYJISIpHOM () (HYy3HOHHOM YPOBHE C CO3JJAHHEM MTOTOKA MUTPaHTa (KHCIIOpO/Ia) OT Ha4albHOM ero KoHIeHTpauu Co
10 IIPAaKTHYECKH HYJIEBOTO 3HaYeHUs. {1 mecyaHbIX BOJOHOCHBIX TOPOJ, KaK OJHOMEPHBIH ciTydail, INOTHOCTE Tuddy-
3HOHHOTO IIOTOKA U €r0 N3MEHEHHe ONHChIBaeTces [-M 3akoHoM Puka:

vg = =Dy - gradC = —DaC /0x; 3)
Dy = xnoDyy, 4

e Uy — IWIOTHOCTh AU (Y3MOHHOTO MOTOKA YEPE3 €MHUYHYIO MIIOMA/b B EMHUILY BDEMEHH, T/M-CYT;

C — KOHILIeHTpalus MurpanTa (Kuciopoaa), mr/am> (r/m?);

Dy — ko3 pdunrerT MmonexyaspHoit nudPy3un, mpudeM BHIOOP €AUHUIL AT M3MEPEHUS KOJTUIECTBA BEIIESCTBA
OTIPEJENSETCS XaPAKTEPOM KOHKPETHOI 33/1a4M (EMHUIBI MAcChl, 00bEMa, MOJIU | T.11.), HAarpumMep, cm>/c (M%/cyT);

DY} — xo3ddurmenT MoneKyIspHoi nuhdy3un B cCBOGOIHOM cpexe, paBHEIH 1074, M%/cyT;

X — napaMeTp U3BWIMCTOCTH NMyTeH (QUIIbTpaluy B MOPUCTON CpeJie, PaBHBIN JUIS HECLIEMEHTHPOBAHHBIX ITECKOB
0,5-0,7;

no — MOPUCTOCTH TiecKa, mpuHsTas paBHOH 0,32 (32%).

CortacHO 3TOMY 3aKOHY, BelTH4YHHA TP PY3NOHHOTO ITOTOKA BEIIECTBA Yepe3 BOOOpakaeMoe CedeHHe, TIePIIeH -
KyJISIPHOE HarpaBJIeHUIo TUQQy3un, NpsMO MPONOPIHOHANbHA BEIMYMHE KOHICHTPAIMY B JaHHOM CEYEHHH, TUIOIIAaN
3TOTO CEYEHHMs, BpEMEHH U I'Pa/IMEHTY KOHLEHTPALMH, HAIIPABICHHOMY 110 HOPMaJIM K M30KOHIICHTPAIIMOHHON TIOBEPX-
Hoctu. [nddy3us Bcerna sBisieTcss HEpaBHOMEPHBIM MTPOLIECCOM, YBEIMYUBAET SHTPOIHUIO CUCTEMBI U ITPUOIIMIKACT ee
K COCTOSIHHIO paBHOBecusl. [lepBblii 3akoH duka Mo3BoiIIeT MOHATH GPU3NUECKUH cMBICT Kod(duirenta muddy3un Dy,
KOTOPBIH YHCIIEHHO PaBEH INIOTHOCTH MoToKa i dy3anTa npu rpajMeHTe KOHIEHTPAIMK paBHOM eauHuLe. [lockoibky
9TOT MOTOK BEIECTBA CTPEMUTCSI BHIPOBHATH NIepena/] IIOTEHINAa WIIM KOHIIEHTPAIMH, MOXHO CKa3aTh, 4TO Kod(duimeHT
nudPy3un SBIASETCA MEPOH CKOPOCTH, C KOTOPOH CHCTeMa CITIoCOOHA TIPH 33TaHHBIX YCIOBHIX BEIPOBHATH PA3HOCTH
KOHIICHTPAIIMHA U XUMUYECKHX ITOTEHIIAAIOB. BeitecTBrIE 3TOTO B M30JMPOBAHHON CHCTEME UMEETCSI TSHICHINS K McUe3-
HOBEHHIO KOHIICHTPAIIMOHHBIX TPaHECHTOB.

[IpuBenecHHBIC BEIPAXKEHUS CIIPABEIUBEI IS H30TEPMHUUIECCKIX TIPOIIECCOB ABYX OJHOTHITHBIX ITOTOKOB C M30BIT-
KOM OJHOTO W C OJHHM CMEIIMBACMBIM I'a30M IJIH BEIIECTBOM, JIydIle MPHU OJHMHAKOBBIX Kod(duuueHTax muddys3nud,
Kak B JaHHOM ciryyae. OJTHaKO BCTpedaroTcst 30HbI, Tae koadduuent auddy3un MoxeT ObITh 3HAUNTEIBHO HIKE, YEM
B CaMOM BOJIOHOCHOM CJIO€, B KOTOPOM 3€pHa IOPOJIbl UMEIOT ()OPMY BBITSAHYTHIX C(HEPOHIOB U B CBOIO OYEpeb IPYyIl-
MUPYIOTCS B C(h)EPOISTUTHI, IPUYEM OHH B 00bEME UMEIOT CepruecKd CUMMETPHYHYIO ()OPMY, @ OKOJIO TIOBEPXHOCTHOH
HenpoHHULaeMoi 001acTH (TJIMHA — IIOTOJIOK BOZOHOCHOTO CJIOSI CKBaYKUH) — BBITSHYTHI IEPIICHIUKYJISPHO TIOBEPXHOCTH,
4TO U CHIKaeT koo ¢uuuneHt nupdys3un. Hannune Takux 30H YCIOKHSET pelllcHHEe OCTAaBICHHOH 3a/1audl B aHAIUTH-
YeCKOM Bujie (€Ciu ero BOOOIIe MOXKHO MOJIy4uTh). Ho ai1st mepBoHAYa bHBIX BBIBOJOB 3THM OOCTOSITEIILCTBOM MOKHO
npeHedpedb, Tak Kak KOHIIEHTPAIMOHHBIC AehOopMaIliH dJIEMEHTapHOTO 00beMa IPeHEOPEKUMO MAITBI IO CPABHEHHUIO
¢ caMHM 00BEMOM BOJIOHOCHOTO CIIOS.

B MaTeMaTU4ecKoil MoJen BHYTPHILIACTOBOM 00paboTKU BOALI METOIOM Subterra npeamnonaraercsa® [5; 6], 4ro
TIpH 3aKadke 00OTAIeHHONW KHCIOPOOM BOJIBI B TIECYAHBIN BOJOHOCHBIH CJIOH TIPOUCXOIUT MIEPBUYHOE MEJICHHOE 00pa-
30BaHME OKHCIUTEIHHOM 30HBI, KOTOPOE B UTOTE MMEET B IWJIMHAPA C BEICOTOH 3TOTO CIIOSI U OCBIO, COBIAIAIOIIEH CO
CKBa)XKMHOMH. Pajiyc ¢ppoHTa MOPIIHEBOTO BEITECHEHMS KHCIIOPOa, PABHBIN PACCTOSIHUIO X, K MOMEHTY OKOHYAHHS 3aKauK1
BOJIbI B CKBXKMHY OTIPEIENMIICS MATEMATHIECKUM PAcIETOM JIJIsi PACCMATPUBAEMOTO HAIIETO Cllydas Mpu 3akadke 300 m3
B 3,6 M. Torna miotHOCTh 1M PY3MOHHOTO MOTOKA Yepe3 €AMHUYHYIO TUIOMIAAb B €AMHUIYY BPEMEHH COCTABUT MOPSIIKA
(5107 r/m*cyT. 3HaK MUHYC yKa3bIBAaeT Ha TO, YTO NIEPEHOC PACTBOPEHHOTO KHUCJIOPOJA B HEMTPAILHON 00JIaCTH BENH-
yuHbl pH npoucxonut u3 obaactu OonbLIel B 001aCTh MEHbBLIEH KOHIIGHTPALNH, a €0 BEJIMYMHA KOCBEHHO CBUJICTENb-
CTBYET O MEJUICHHOI CKOPOCTH Ipoliecca OKUCICHUS BOAHBIX (OPM JIByXBaJIeHTHOTO XkeJjie3a. [IpiuueM no arperaTHomy
COCTOSTHHIO PEarnpyIoIiX BEIIECTB TAKUE PEAKLINH SBJISIOTCS TOMOT'€HHBIMH U IPOTEKAIOT B OJJHOM CUCTEME, HAallpHMeED,
B BHJIE BOJIHOTO pacTBopa ¢ oopazoBanneM OH-nuranm:

4Fe*t + 30, + 6H,O — 4FC(OH)3(aM) — 4Fe(OH)3(TB) (5)

4 CM. cHOCKy 2.
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Taxxe, BO3MOXHO, IPOTEKaeT XMMHUYECKast peaKklus, KOTOpas UMeeT NePEeKUCHBII HOHO-PauKaIbHBIN XapakTep
(ananornuno runorese B.W. Bepranckoro):

Fe?" + 0, + 2H" — Fe¥" + H,0, — Fe?t + 20H; (6)
HZO — HJr + OHi, (7)
Fe** 30H — Fe(OH)3(son)- (®)

Omnpenenstomnieii spnsercs peakus (6), a CKOpOCTh MEPEKUCHON PeakIny MOXKHO OTIPEIETUTH 110 CIeAYOIeH
¢dopmyme:

dCrez+/dt = —ky - Co, * Cpes+, )

rie K, — KOHCTaHTa CKOPOCTH PEAKIMH.

Bce aTH ipotiecchl MpUBOIAT K BhIMIaAeHUIO ocanka Fe(OH)s B MexmopoBoM 00beMe MOPOIBI, IPUIEM 3HAUUTEb-
HBIHA pa30poc 3HAUEHUI KOHIICHTPAIINH jkeJie3a B IEPBOHAYAIBHBIX IUKJIAX 00pabOTKH BOJBI OOBSICHIET TO, UTO MOKA €IS
HE MPOM30IILI0 00pa30BaHNe OKCUTHIPOKCHIOB JKeJle3a U OKUCHO-KAaTaJTUTHYECKOTO TUIEHOYHOTO CJI0SI BOKPYT 3€PEH BOJIO-
HOCHOM TTOPO/IBI.

Ecnu B MaTepuaie BOJOHOCHOM MOPOABI HAOMOgaeTCst XOTS ObI He3HAYUTENBHO PHIXJIas HOBEPXHOCTH U OyAeT
co/iepKaHrEe aKTUBHBIX rpynn amroMocuiankaToB Al,O3-Si0O», kak B HameM ciaydae, TO MOKET HaOJII0IaThCS HE TOIBKO
a/1copOIMs KUCIIOPO/ia Ha TOBEPXHOCTH 3€PEH, HO M €r0 XeMOCOpOLHsl ¢ 00pa30BaHUEM I'MAPOKCHIIBHBIX TPYII U HOCIIELYI0-
muM UG PyHINPOBAHUEM HX U3 3€PeH.

XemocopO1ys KHCIOpo/ia Ha 3epHaX BOJOHOCHOTO CJI0S €CTh M30MpaTebHBIH ITpolecc COpOIHH, COPOBOXKAAIO-
MCS XUMUYECKUMH PEaKIMsIMU B IOBEPXHOCTHOM cjloe. B oTiimume ot Apyrux BUIOB cOpOIMU, XEMOCOPOLIHSI KUCIIO-
pOza Ha TBEPAOM TeJIe Yallle BCEro HeoOpaTnma 1 MaJia 1o CpaBHEHHMIO ¢ u3nyeckol copOumei, a peakiuny B HOBEPXHOCT-
HOM CJIO€ 3aBHCAT OT XUMHYECKON MMPHPOIBI IIOBEPXHOCTEH M IIPOTEKAIOT MEICHHO. [IpideM 31eKTpOoHBI, HE00X0AUMBIE
JUTSL MIX TIPOBENICHHS, KaK Pa3 IMOCTABIIAIOTCS AFOMOCHIIMKATHOM TPYTITIOMN.

OCHOBHBIE acTIeKTHl XeMOCOPOITH KHCIOPOAa B BOJE HA TaHHOH BOJOHOCHOM MOPOJE COCTOST B CIEAYIOMIEM:

— MEXaHW3M: KHCIOPOJ B3aNMOAEHCTBYET C aKTUBHBIMH LIEHTPAMH TBEPAOTO Tela, 00pa3yst MPOYHbIE XUMHIYe-
CKHE CBSI3W;

— cop6entsr: metambl (Fe, Cu, Zn), yriaepoaHas ¢aza u MaTepualbl, CoAepIKaIIie alfOMOCHIMKATHYIO TPYIIITY;

— (akTopbl: IpoIIECC YCHIIMBACTCSI IIPH YBEINUCHUH TEMITEPaTyphl, TypOyIu3aliu BoIb! WK 3MeHeHnu pH cpenpl.

IToMuMoO XeMOCOpOLMH KHCIOPO/Ia Ha TBEPOM TeJle B IIEPBUYHBIX LIUKIIAX, UIMEET 3HAUSHUE JUIs BCETO HOHHOTO
COCTaBa MOA3EMHBIX BOJI CIIOCOOHOCTh MUKPORJIEMEHTOB U UX COEANHEHUI y/Iep)KUBaTh Ha CBOCH IMOBEPXHOCTH 3HAYM-
TEJILHOE KOJIMYECTBO TIOTJIONIICHHBIX UMM HOHOB, XOTA TaKkKe MJET M 00OpaTHBIH MpoIecc, KOTOPBIH 3aKIII0YaeTCsl B TOM,
YTO HEKOTOPAsi X YaCTh MOJKET IPH B3aUMOJICHCTBHHU C BOAHOH MaKpOCHCTEMOW 0OMEHHMBAThCs Ha pyrie HOHbL. Torna
B pe3yJIbTaTe Pa3IMuHBIX COPOIIMOHHBIX MTPOIECCOB B THAPOTCOXUMHYECKUX CUCTEMAaX «II0POAa-BOAay» MOBEPXHOCTh
TBepABIX (a3 mopoabl OyIeT 3apspkeHa KaTHOHAMHU M aHHOHAMU U MOXET IPOUCXOAUTH B3aUMHBINA 00MeH [6; 7] MexIy
HMOHAMH HaTPH, COAEPIKAIIETOCS B BOJHOM PAaCTBOPE U TBEPOM Telle MOJIEBOIIIATHRIX IIECKOB, HA HOHBI ABYXBAJIICHTHOTO
xKeJesa, IpuIeM CIIOCOOHOCTh TaHHOTO AJIEMEHTa K HOHHOMY 0OMEHY OCHOBaHA IPEXkKIE BCETO HA €T0 OTPHULATEIIEHOM
3apsie, KOTOPHI BOSHUKAET BCIIEACTBHE 3aMElLeHUs HOHOB BBICOKOM BaneHTHOCTH Fe?' nuskoBanentaeivMu Na'. ITpu aTom
cucTeMa «TBepaas (aza-pacTBOp» OyIeT MEKTPOHEHTPAIFHON 1 OOMEH HOHAMH UIET B COOTBETCTBHHU C UX CTEXHOMETPH-
YECKHM COOTHOIIEHUEM.

VlonooOMeHHBIE SIBICHUS OCIOKHSIOTCS HATMYMEM KOMILUIEKCO00pa3oBareliei, KOTopble MOTYT OBITh 00pa30BaHEbI
IIPY KOOPAMHUPOBAHHUHU OJTHUM aTOMOM OJTHOT'O WJIK 00JIee HOHOB, a TAK)KE MOJIEKYJIaMHU, COCTOSIIIMMH U3 LIEHTPAJILHON
YACTUIIB M KOOPAMHUPOBAHHEIX BOKPYT HEE JIMTaHI0B (a/IeH/10B) DTO XOTS U YMEHBIIAET KOHIIEHTPAIMIO HOHOB Fe?’,
CHOCOOHBIX K 0OMEHY, HO UX 00Iast BeJITUMHA HE U3MCHSIETCS.

Hanpumep, cucrema xenesa Fe?* ¢ okcanar-annonom C04> 06pasyer B koHeuHoM utore komimieke [Fe(Cr04)3]%,
KOTOPBIM MpencTaBiseT coO00H MBYX3apsIHbI aHWOH, MPOW3BOJHBIA OT IIABEJIEBOM KHCIIOTHI, YaCTO BBICTYMAIONTHI
B poyi OMICHTATHOTO IMTaHAa. B pe3ynpTaTe cliocOOHOCTH KeJe3a He TOIBKO K KATHOHHOMY OOMEHY ¢ HOHAMH HATPHA,
HO ¥ K COPOIINH HA TOBEPXHOCTH TBEPIOTO TEJIa YMEHBIIAETCSA. DTO CBA3AHO €IIle C TEM, YTO HOHBI HATPHS B HEOOIBIIOM
KOJMYECTBE MMEIOT HEOOXOIUMYIO CTEeIIeHb CBOOOBI, a OCTAIbHAS 9aCTh BXOAUT B KPUCTAJUIMIECKYIO PEIIETKY 3epeH
BOJIOHOCHOH ITOPOJBI ¥ X OOMEH 3aTpyAHUTEICH.

AHaJIOTUYHO IPOUCXOIUT B PE3YJIbTATE PACTBOPEHUS THIpaTa cybdata xenesa Fea(SO4)3-nH0 ¢ o6pazoBanueM
axBakommiekca [Fe(H204)?"]**, KOTOpBIii B CBOKO 04EPEIH MOKET ObITH HCXOJHOH GOPMOIL 115 06pa3oBaHUs IPYTUX
THUIIOB KOMIUIEKCOB. Y CTaHOBJICHO, YTO T'MJPOKCO- U AIIMJJOKOMIUIEKCHI JIBYXBaJIEHTHOTO eJie3a (Cyb(aTHbIEe U XJIIOPH-
HbI€) 00J1a/1a10T 3HAYUTEIHHO OOJIbILEH peakIMOHHOM CIOCOOHOCTBIO B PEaKIMAX C KUCIOPOJIOM IO CPAaBHEHHUIO C €ro
AKBAaKOMIUIEKCAMH, HO IPH ATOM OHHM MOTYT HE MOJIHOCTBIO IIPEKPAILaTh MPOLECCH THAPOJIN3a COSIMHEHNUH Kese3a, 0Co-
oenno dopmel Fe*'. Tlo cpasuenmo ¢ [Fe(C204);]> akBaKOMILIEKCH UMEIOT C1a0YI0 YCTOHYHBOCT.
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KommaecTBo Bcex HOHOB, KOTOPBIE YHACTBYIOT B ATHX IIpOIeccax, 0003HAYaI0T eMKOCTHIO HOHHOTO (KAaTHOHHOTO)
obmena EKO, mr-akB/100 r. mornomaromero komiekca. [ToeimenHoe 3nauenne EKO (o 30 mr-akxB8/100 r) Mmosxer
HAOJIOIaTHCS B EPBBIX MUKIaX 00pabOTKU MOJ3EMHBIX BOJ 1 OyIET CIIOCOOCTBOBATH 3(h(hEKTUBHOCTH YIalICHHS JKeJe3a.
B nanpHelinieM Ha BTOPOM 3Tarle HOHOOOMEHHBIE MPOIECCHI B CHCTEME «BOAA-NOPOa» OYIyT UATH OY€Hb MEJJICHHO (10
3 mr-3k8/100 r) wim BooOIIe mpekpamarhes [6; 7].

JI7ist OKMCIICHUS U YIAJCHHUS Kelie3a Mpu 00pa30BaHUM YCTONYMBOW OKUCIUTEIBHOM 30HBI aBTOpaMH [ 8] mpeio-
JKCH MEXaHH3M, KOTOPBIN CBSI3aH C 3aJIaHHBIM KOJIMYECTBOM KHCIIOPOJIA, TIOAAHHBIM B TIOJ3EMHBIN BOJIOHOCHBIN IIACT,
¢dusmueckoii axcopOIweii Ha MaTepraie BOJOHOCHOU ITOPOJIBI M HCIIOJIE30BAHMEM €T0 B KAYECTBE aKIIENITOPa SIEKTPOHOB &
¢ MOCIEAYIOIMM MEPEX0J0M JByXBaneHTHOH (opmbl Fe?* B TpexpanentHyto Fe'. [lpuaeM CKOpOCTH reTepOreHHOro
OKHCIICHHS TIPEBBIIIAI0OT CKOPOCTH TOMOTeHHOTO. Takoi moaxox OBl yCOBEPIIIEHCTBOBAH 1 OoJiee AeTaIbHO PACCMOTPEH
B paborax’ [9; 10].

OcHOBHasl pOJIb IPUHAICKHUT TETEPOTCHHOMY OKHCIIEHHUIO JKelie3a aAcopONpPOBAHHBIM KHCIOPOJIOM Ha 3epHaxX
HIOPO/IbI BOJJIOHOCHOTO citost. [Iporiecce aicopOumny xese3a Ha MOBEPXHOCTH €ro OKCHUI'MPOKCHIOB HAET ¢ 00pa3oBaHHEM
KOMILJICKCOB, KOTOPBIC MPUBOMAT K M3MEHEHHIO IUIOTHOCTH OOOJIOYKHU 3€PEH MOPOJIBI, B PE3yJILTATE YEro MPOUCKOIUT
ObIcTpoe okucneHre HoHoB Fe?" kucmopomoM. Takike BO3MOMKHO, 9TO IIPH MOINIOIEHHH KUCIOPOA MaTEpPUAlIaMH I1J1acTa
MIPOUCXOIUT, OCOOCHHO B MPOIIECCE 3aKAYKH BOJIbI B CKBAXKHHY, €0 aJICOPOIHsS M XeMOCOPOIHsI Ha MaTepralie BOJOHOC-
HOT'O TOPH30HTA, KOTOPBINA B IIEPUOJ] OTKAYKH TIOCTCIIEHHO PACXOAYETCS HA OKUCIICHHE XKelie3a.

Peakiuu 3TOT0 Mporiecca MPOTEKAIOT Ha TPAHUIIE pas3jiena IBYX (a3 «TBEpJI0e TeJ0-ra3» B BOIHOM cpesie, 0COOCHHO
mpu ee 0osiee BRICOKHX IENOYHbBIX yeinoBmiax 1 BenuunHe Eh cBrrme130—-150 MB. IIpu sTom BemectBo Fe(OH)3(s0x)
nepexouT myteM nonrMepu3anyui B Fe(OH)3(w,), 00pasyst BOKPYT CKBaKUHBI CIUTONTHYIO PEAKIIHOHHO-aKTHBHYIO TIOBEPX-
HOCTh OKCUTHIPOKCHJIOB JKeJIe3a Ha 3epHax Mmopoibl, coctosmnyio u3 reruta FeO(OH)-nH,0, deppurnapura SFe,O3-nH,O
u marHetuTa FesO4-nH>O, KoTOphIe B UTOTE IPEACTaBIAIOT OKICHO-KaTAIUTHYECKYTO TICHKY .

Pe3ynbTaThl IpOBEICHHBIX SKCIIEPUMEHTOB [2; 5] MoKa3aiu, 4To B IPOIecce BHYTPUILUIACTOBOTO yIAJICHHS JKene3a
IIPH PaBHBIX 00beMax 3aKauKy HAOII0gaeTcs yBennIeHne Kod3(h(OUIIeHTa MOJIe3HOCTH METO/1a B ITOCIIEI0BATEIHHO TIPO-
BOJIUMBIX IIUKJIaX «OTKAYKU-3aKAYKN», YTO MOKHO OOBSICHUTH HAKOIJICHUEM €T0 OKCUTHIPOKCHUIOB B IIPOCTPAHCTBE
BOKPYT CKBayKMH, HA TIOBEPXHOCTH KOTOPBIX U IIPOUCXOJUT OCHOBHAS 4acTh OKHUCIeHus Fe?’, mpuueM Bhinaaromue ruj-
ponusosanubie GpopMel Fe’* 06pa3yroT HoBbIE COPOLUMOHHEIE LIEHTPhI TUAPOKCUIbHEIX rpynn OH™ (pucynox 1)°. Ho
B JAJIbHEHIIIEM HJIET IOJHOE 3aM0JIHCHUE MOBEPXHOCTH 3€PEH MOPOIbI OKCUTUAPOKCHIAMH, YaCTh U3 HUX BHINAIACT
B 0CaJIOK, HOBBIC IOPIUH 3AIOJIHIIOT UX MECTA, H TOTJ]a COPOIMOHHAS CIIOCOOHOCTD IIACTa OCTACTCS MMOCTOSIHHOW Ha
OJTHOM ypOBHE.

HO Fe— | l -'—é V&— I
Fe— | Fe I

PucyHnok 1. — Cxema aBTOKAaTa/IM3a B pe3y/ibTaTe 00pa30BaHUs HOBBIX COPOLMOHHBIX Y4aCTKOB
B Npoiecce BbINAJeHA OKCUTHIPOKCHIOB Kejle3a. B pe3yibTaTe BhInasieHUs HOBBIX MOPIMIi KeJle3a
YBeJIMYHMBAETCS YUCJI0 COPOLUHOHHBIX HeHTPoB (-OH-rpynm)

[Tpu 06paboTKe Mo3eMHON BOIBI [UTS MAJIBIX HACEJICHHBIX IIYHKTOB B YCJIOBHSIX OOJBIIOTO KOINYECTBA ITOCIIEI0-
BaTENFHBIX ITUKIIOB «3aKa4Ka-0TKadKay B OKOJIO CKBAYKHHHOM IIPOCTPAHCTBE MOXKET IIPOUCXOANTH 00pa3oBaHUE KeJe30-
OakTepwuii, KOTOPBIC CHHTE3UPYIOT OPraHWYECKHE BEIIECTBA U3 HCOPTaHMYCCKUX IS CBOCH XKHU3HEIEATCILHOCTH, MOJTY-
YaroT SHEPTHUIO JJI1 OOMEHa BEIESCTB OT OKHCICHUS Kene3a. [Iporecchl OakTepranbHOM BHY TPUILIACTOBOM 00paboTKH
MOJI3EMHBIX BOJI MOBHIMAIOT 3()()EKTUBHOCTE yIaNcHHS Kelie3a U UAYT OJTHOBPEMEHHO ¢ XMMHUYECKUAM €r0 OKUCIICHHUEM.

3axuniouenue. Pe3ynbTaThl MPOBEICHHBIX UCCIIEAOBAHUHN MMOKa3aIM MPUHIUITMATEHO BO3MOXKHOE MPUMEHEHNE METOa
Subterra (in-situ) Ui yoaaeHus KeJie3a U3 MOI3EMHBIX BOJ B CHCTEMaX BOJIOCHAOKCHHS MAJIIX HACEICHHBIX ITyHKTOB.

B mepBHYHBIX MHKIIAX «3aKaYKH-OTKAYKM» BOJBI B CKBaKHHE, KPOME MPSIMOTO OKHCIICHHS JKelle3a B ITOI3MHOM
BOJIOHOCHOM IIJIaCTe, OTHOBPEMEHHO MY T MPOLIECCH XeMOCOPOIINH KUCTIOPO/Ia B 3¢pPHA TOJIEBOIIITATHBIX IECKOB M HOHHBIN
00OMeH HOHOB HATPHS Ha JKeJe30.

> CM. CHOCKy 2.
% CM. cHOCKy 2.
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[psimoe okwuciieHHe Kene3a MPOUCXOIUT MPEUMYIECTBEHHO 3a CYET MPOCTOr0 CMEIIEHHs 00bEMOB 3aKa4eHHOM
B IUTACT KUCIIOPOJICOAEPIKAIICH BOJIBI ¢ TIOJ3€MHOM BOKPYT CKBaKHWHBI, M I [TECUYAHBIX BOJOHOCHBIX ITOPOJI, KaK OJTHO-
MEpHBIH Cilydai, INIOTHOCTh AU y3MOHHOrO OTOKA M eT0 U3MEHeHHe onuckiBaeTcs [-M 3akoHoM PDuka. [Ipuuem no
arperaTHOMY COCTOSIHHIO PEarupyIONINX BEIIECTB TAKHE PEAKINH SBIISIOTCS TOMOTCHHBIMH U IPOTEKAIOT B OJTHOM CH-
cTeMe, HalpuMep, B BUJIE BOJHOTO pacTBopa ¢ oopazoBanueM OH-nurann.

[Ipomecc xeMocopOLIMH KMCIOPOIa Ha TBEPAOM TeJIe HACT C 00pa30BaHNEM THIPOKCHIBHBIX TPYIIIT U TIOCIIE Ty FOIITIM
TG PYHAMPOBAHUEM HX M3 3€pEH NecyaHoil mopojabl. B naHHOM ciiyyae 3TO ecTh M30MpaTeNbHBIA NpoLiecC COPOLUH,
COIIPOBOXKIAFOIIIIACS MEJICHHO POTEKAOIIMI HEOOPAaTIMBIMI XUMUYECKUMH PEaKIIMIMH B TOBEPXHOCTHOM CJIOE, U €€
BeJINYMHA MaJia 110 CPaBHEHHIO ¢ PU3NYECKOH copOLHei.

CriocoOHOCTE keJie3a K HOHHOMY 0OMEHY OCHOBaHa IPEXK/e BCETO Ha €T0 OTPUIATEIHHOM 3apsiie, KOTOPHIH BO3-
HHUKa€eT BCJIEJCTBHE 3aMEIEHUS] HOHOB BBICOKOH BaneHTHOCTH Fe?* nuskosanentueimu Na*. Tlpu aToM cucTema «TBepas
(aza-pacTBOp» OyIET ANMEKTPOHEHTPATHLHON U OOMEH HOHAMH HUICT B COOTBETCTBHHU C UX CTEXHOMETPHUYECKIM COOTHO-
menueM. loHooOMeHHBIE SIBJICHUS OCJIOKHSIOTCS HAJIMUYMEM KOMILIEKCO00pa3oBaTeieil, KOTOpbIe XOTSI U yMEHBIIAIOT
KOHLIEHTpaIMIo HOHOB Fe?*, crocoOHBIX K 06MeHy, HO MX 00IIas BEIMYMHA HE U3MEHAETCS.

Mo pe3ynbTaTaM HSITH MEPBUYHBIX OTKAYEK BOJBI U3 CKBAYKHH OB yCTAHOBIJICH 3HAYHUTEIbHBIH Pa3dpoc KOHIICH-
Tpalui kelie3a, YTO CBUETEIBCTBYET O MOCTEIIEHHOM MPOIIECcCe CO3AaHusl YCTOMYMBON OKUCINUTEILHOM 30HBI OKHUCIIE-
HUSI XKeJe3a.

Jlns okuceHns u yoaneHus jkeses3a Ipyu 00pa30BaHUN yCTOMYNBONW OKHCIIUTENEHON 30HBI PEUIOKEH MEXaHU3M,
KOTOPBIH CBsI3aH ¢ (PU3NUECKOH ajcopOumeii KUCIopoaa Ha MaTepHalle BOJOHOCHOH MOPO/Ibl BeIEHHEM TeTepOTreHHbBIX
OKHCITUTEIBHBIX MPOIECCOB ¢ 00pa30BaHUEM PEaKIHOHHO-aKTUBHON MOBEPXHOCTH OKCUTHAPOKCHIOB YIATIIEMOTO
3arpsi3HUTENS Ha 3epHax noposl, coctosuieit u3 reruta FeO(OH)-nH>0, deppuruapura SFe203-nH,0 n marnerura
Fe3;04-nH,0, xoTOpBIE B KOHEYHOM HTOTE MPEICTABIAIOT OKHCHO-KAaTATUTHIECCKYIO TUICHKY.

Urtak, B pe3y/ibTaTe OKUCIIEHHS JKEJIE3a TETEPOTEHHBIM yTeM Fe?*—Fe3™+e™ B HelTpaIbHbIX U C1a60IIeT0uHBIX
GeccynbOUIHBIX BOAAX UAYT PEAKINHA THAPOIN3a C THAPOKCHIBHEIME rpynmaMu Fe(OH), ™ ¢ mepexomom mpu n=3
B Fe(OH)5°, nanee FeO(OH)-nH,0, 5Fe;03-nH>0 u Fe304-nH,0. To ecTh MOKHO NPEJTIONOKUTh, 4TO OKOHYATEBHBIH
MEXaHU3M U MOPSAIOK OKUCIICHHUS KeJie3a MPOMCXOIUT HCKIIFOYUTENBHO 32 CUET PEaKIliid, MPOTEKAOIINX Ha aKTHBH3H-
POBaHHOW TOBEPXHOCTH BOJOBMEIIAIONINX MOPOI.
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MECHANISM OF IRON DEPOSITION IN THE PROCESS OF INTRAPLASTIC WATER TREATMENT
FOR SMALL SETTLEMENTS IN THE REPUBLIC OF BELARUS

H. RASHKEVICH, V. YUSHCHENKO
(Vitebsk Regional Municipal Unitary Enterprise of water supply and sewage “Vitebskoblvodokanal”)

The article describes the mechanism of iron precipitation during initial and subsequent cycles of in-situ treatment
of groundwater on fine-grained sands for small settlements' water supply systems.

Keywords: Subterra's in-situ treatment method for underground water, water quality, technology and features
of initial and subsequent water injection and extraction cycles, mechanism of iron deposition.
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AHAJIN3 TPYE C BHYTPEHHUM AHTUKOPPO3UOHHBIM ITOKPBITUEM
N UX CPABHEHHUE C HEMETAJIAJIMYECKUMHU TPYBAMMU /IS IPOMBICJIOBBIX TPYBOITPOBO/1IOB

Kano. mexn. Hayk, oou. .M. CITUPH/IEHOK, A.C. MAXPAHKOB
(Ilonoukuit zocyoapcmeennuiii ynusepcumem umenu Eegppocunuu Ionoykoir)

Hccneoyromes ochosHbie Memoodvt HympumpyoHol aHMUKOPPOIUOHHOU 3aUUMbl HPOMBICIOBLIX MPYOONPOBOO0S.
Iposooumcs cpaghenue MEMAIIUYeCKux mpyoonpo6o008 ¢ HEMEeMALIUYECKUMU C BbISIGIEHUEM OCHOGHBIX NPEUMYWECE
u nedocmamxog. Ha ocrnosanuu npoeedeHHo2o ananuza onpeoeietvl OCHOGHbIE NPUSHAKU, KOMOPble NOMO2YM CO30amb
KAACCUDUKAYUIO HEMEMATIUYECKUX NPOMBICLO8bIX MPYOONPOB00S.

Knrwouesuvte cnosa: kopposus, 6Hympumpyornoe aHmuKoppo3uOHHOE NOKPbIMue, MEMAaLIuYeckull mpyobonposeoo,
HeMemaniu4eckuit mpybonposoo, npomviClosblil mpyoonpogoo.

Beenenue. B nporecce HakOMmIeHUsI MHOTOBEKOBOTO ITPAKTHYECKOTO 3HAHUS 1 OIIBITA YEJIOBEK OCO3HAN, YTO UMEHHO
TpyOUaTast KOHCTPYKIHUS ABISACTCS OJHON M3 CAMBIX COBEPIICHHBIX KaK IO MPOYHOCTHBIM XapaKTePUCTHKAM, TaK U 1O
(yHKIHMOHATIBHBIM MPHU3HAKAM, TOCKOJIBKY MOKET 00eCIeunBaTh MOCTOSHHYIO, JIETKO PETYIHPYEMYIO IIeJIEBYIO MoIaqy
MPOIYKTA B Pa3IMIHBIX I'CONIOTHYECKUX U I'e0Je3NUSCKHUX YCIOBUAX U B HY’)KHOM HAIPaBICHUH B TpeOyeMbIe CPOKH.
Tpy0©ompoBoabI MO3BOJIAIOT 00ECTIEUNTH B MIPOIIECCe IKCIITyaTalluy HallpaBlIeHHOE, HE0OpaTUMOoe U 3aKOHOMEPHOE JIBU-
JKCHHE TPAHCTIOPTUPYEMOH CPEIIBL.

CyImecTBYIOT THICSYN KAIOMETPOB TPYOOIPOBOIOB, CBSI3aHHBIX C HE(PTSIHBIMU CKBa)XHHAMH, KOTOPBIE pab0oTaioOT
B JIeCSATKaX CTpaH. Bce oHM pa3nuuarorcs mo ¢popme, pa3Mepy U CTEICHH CIIOKHOCTH. MeTaIlTiHYecKue TPyOOIpOBOIbI
SBISIFOTCS. OCHOBHOM 4acThio He(TAHOM oTpaciu. HedremnpoBoasr 06pa3yioT cucteMsl cOopa, KOTOPBIE COSAMHAIOT CKBa-
JKUHBI ¢ TEXHOJOTHYECKUMH 0O0BbekTamu. [1o maHHpIM MeEXIyHApOIHOTO SHEPTreTHIECKOTO areHTcTBa B 2025 T. B MHpe
65110 10OBITO 38 MiIp . Gappeneii, n3 HuX Oosee 45% OBUIO TPAHCIIOPTHPOBAHO C TIOMOIIHIO HE()TETIPOBOIOB.

CrapeHne Wi MOBpeXIeHHE HeTENPOBOIOB CO31aeT MHOTOUYHCIIEHHBIE TIPOOJIeMbI 15l He(TSHOM IPOMBIIIICH-
HOCTH BO BceM Mupe. BHe 3aBHCHMOCTH OT TOTO, TpyOOIIPOBO OA3EMHBIH MIIM HAXOANUTCS Ha TIOBEPXHOCTH, BCE METaI-
TYecKue TPyOOIPOBOABI MOABEPTAIOTCS BO3ACHCTBUIO Pa3THYHBIX PI3UUECKUX, KITMMATHYECKUX U XUMHYIECKHX (paKkTo-
POB, KOTOPBIE MOT'YT BBI3BAaTh KOPPO3HIO.

OOBIYHO TIOT KOPPO3HUEH MOHNMAETCS CAaMOTPOU3BOIBHOE Pa3pyLIeHIE METAIIOB HITH CIIABOB BCJICICTBUE MX
XMMHYECKOTO, 3JIEKTPOXUMUYECKOTO WIN (PU3NKO-XMMHYECKOTO B3aMMOJICHCTBHS C OKpY’Karolleil cpeoi (0T mo3yHe-
JIATHHCKOTO CIIOBA Corrosio — «pazpenanney). Cpena, B KOTOPOIl MeTaJlT HOABEPraeTCsi KOPPO3HH, Ha3bIBACTCS] KOPPO3IHOH-
HOW nnu arpeccuBHoi. [Ipu aToM nporecce 00pa3yroTcst IPOLyKThl KOPPO3HU: XMMUYECKUE COSTMHEHHSI, COIEepIKaIIne
MeTaJUl B OKHCIICHHOH (hopMe (pkaBunHa, okanuHa) [1].

Kopposust HedyTenpoBo10B HE TOIBEKO CHHYKAET IKCILTYaTal[MOHHBIH CPOK CIIyKObI TPYOOIIPOBOJIOB, HO TAKIKE MOXKET
BBICTYTIaTh OCHOBHOHM NMPUYMHON aBapuil M MHIMACHTOB Ha MMPOM3BOJICTBE. B HacTosImee BpeMs mocie yKIaAKH TpyOo-
MPOBOJIa B TPYHT M 3aIlyCcKa €ro B 9KCIUTyaTal[i0 MOXKHO Ha0JII0JaTh NOBPEXICHHUS TPyOOIIPOBOA OT KOPPO3HH yKe
yepes3 58 Jer.

BHyTpeHHs1s1 Koppo3ust SBIISIETCS OJTHOH 13 HanboJiee 4acThIX NPUYUH BBIX0JIa U3 CTPOsI IPOMBICIOBBIX TPyOOIpO-
BoZI0B. CKOPOCTh BHYTPEHHEH KOPPO3UH MPOMBICIIOBEIX TPYOOIIPOBOOB YaCTO MPEBEIMIACT CKOPOCTh BHEIITHEH, JOCTUTAs
BBICOKHMX Moka3zaTeneit (6onee 0,5—1,0 MM/To/) M3-3a TPAHCIIOPTUPOBKH arpECCHBHOM cpeibl. BHEUIHsIsI Koppo3us Mej-
nernnee (MeHee 0,03—0,1 MM/Tox), HO YCKOPSIETCS B arPEeCCHBHBIX TIOYBAX, 3aBHCSA OT Ka4eCcTBA M30JAINN [2].

Llenbro maHHOI! CTaThH SIBIISiETCS o0ecieueHre HauOOoIbIIeH 3alKThI TPyOOIIPOBOAa OT BHY TPEHHETO KOPPO3HOH-
HOTO BO3ICHCTBHSL.

JL71st MoCTHXKEHUST TaHHOM 11eTTh HEOOXOAMMO PEUTUTh PsiJ 3a1ad:

1) BBIMOJHUTH 0030p U3BECTHBIX METOAOB, TIO3BOJISIONINNA YBEIIMIUTH CPOK CITYKOBI MPOMEICIIOBBIX TPYOOIpO-
BOJIOB;

2) chenaTh aHANHU3 CIOCOOOB BHYTPEHHEH 3aIUTHI CTaJbHEIX TPYO OT BHYTPEHHETO BO3ACHCTBHS,

3) mpoBecTH CpaBHEHHE TPYO C BHYTPEHHUM aHTHKOPPO3UOHHBIM MOKPBITHEM C HEMETAJUTUIECKUMU TPyOamMu ISt
MPOMBICIIOBBIX TPYOOTIIPOBOIOB.

OOBEKT JAHHOTO UCCIIEOBAaHNS — HEMETAIIMIecKas TpyOa MpOMBICIIOBOTO TPyOOIIPOBO/a, a MPEeAMET — BHyTPEHHEE
BO3JICHCTBIE IIepeKadnBaeMOil Cpebl Ha HEeMETAJUIMUECKHH POMBICIIOBBIA TPYOONPOBOI.

OcHoBHas yacTh. CyIIeCTBEeHHBIM HEIOCTATKOM METAIMYECKUX TPYO SBISAETCS MX HOABEPKEHHOCTh KOPPO3UOH-
HBIM Pa3pyLICHUsIM. JTO BEJET K COKPAIECHHIO CPOKa CIy>KOBI TpyOOIpoBO/a, OrPOMHOM IOTEpE METAJLIA, YBEITHUCHUIO
[IEPOXOBAaTOCTH BHYTPEHHEH MMOBEPXHOCTH CTEHOK TPYO, UTO BBI3BIBACT JOMOTHUTEIBHBIC YHEPTO3aTPATHl HA IEPEKAYKY
JKUJIKOCTH.

3agacTyio TpyOOIIPOBOA HAXOANUTCS B CIIOKHBIX KITMMAaTHYECKUX YCIOBHSX MITH YCIOBHAX arpeCCUBHON KOPPO3HOH-
HOI1 cpesibl. B cOOTBETCTBHU € ATUM 3allUTa OT KOPPO3UU HEPTEIIPOBOIOB SIBIISIETCS OJTHOM W3 OCHOBHBIX 33/1a4 HPH IPO-
KJIaJiKe HOBBIX TPYOOIPOBOAOB M IKCILTYyaTaIlNH YK€ CYIIECTBYFOIIHX.
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OcHoBHas ipobemMa HeQTeT0OBIBAIOIINX KOMITAHUHN — 3TO aBapyuU M3-3a KOPPO3UHU Ha MPOMBICIIE U, KaK CIe/-
CTBHE, YMEHBIIICHHUE CPOKA HKCIUTyaTalli IIPOMBICIIOBEIX HE(TETIPOBOIOB.

CymecTByeT HECKOJIBKO CIIOCOOOB YBEITMUYEHHUS CPOKA CITy>KOBI TPOMBICTIOBBIX TPYOOIPOBOIOB:

1) mpuMeHeHHe HHIHOUTOPOB — 3TOT CHOCO0 He SIBJISETCS LEJIbI0 JAHHOTO UCCIIeIOBAHMS;

2) 3ammTa CTaJbHBIX TPYO OT BHYTPEHHEr0 BO3AEHCTBUS — JaHHBIN CIIOCO0 OyAET 3aTPOHYT B IAHHOW CTaThe;

3) 3aMeHa CTaJbHBIX TPYO Ha HEMETAIIIMYECKHE — IMEHHO 3TOT Iy Th Oy/€T OCHOBHBIM PACCMOTPEHHBIM B JIaH-
HOH CTaThbe.

BHyTpHuTpyOHOE MOKPHITHE TOIDKHO 0071a1aTh BEICOKUMH 3aIlIUTHBIMI CBOWCTBAaMH, 00ECTICYHBAIOIIIMHU COXPAHHOCTh
TpyO Ha IEPHOA TPAHCIOPTUPOBKH, a TAKXKE UMETH BBICOKYIO TOJITOBEYHOCTH B MPOIECCE IKCIUTYaTaIlHH.

OCHOBHEIC 32/1a91 BHYTPEHHET 0 MOKPHITHSA TPYO CX0XKH € 3a7ja4aMi HapyKHBIX MTOKPBITHIA, 8 UMEHHO: oOecTieueHe
LEIOCTHOCTH TPYOBI IIPH €€ TPAHCIIOPTHPOBKE 0 MECTa YCTaHOBKH WIIA XpaHEHHS, IOBBIIIIEHUE SKCIUTyaTallMOHHOTO CPOKa
cITy>k0BI TpyOOTIPOBO/IA U IPYTHE.

Takxe BHyTpeHHEE 3alUTHOE MTOKPHITHE TPYOOIPOBOIa CIOCOOCTBYET CHIKCHHIO OTIIOKECHH MapadrHa Ha
CTEeHKax TpyOOIPOBOJIOB, TEM CaMbIM yBEJINYHBACT IIPOIYCKHYIO CIIOCOOHOCTb, IMOBHIIIAET OOIIYIO HaJeKHOCTh IKCILTY-
aTupyemoro HedTenpoBoa U 0bJeryaeT NpoLecchl OYUCTKH U KOHTPOJIS KauecTBa He)Tera3onpoBoJIOB.

OCHOBHBIMHU napamMeTpamMu, onpeacIsIronuMu Bbl60p KOHKPETHOI'O THIIA U30JISIHUOHHOT'O MTOKPBITUSA, ABJIAIOTCA
3aIUTHBIC CBOMCTBA MIOKPBITUS, CPOK CITy>KOBI TIOKPBITHS, TEXHOJIOTHYECKUE MTapaMeTPhl M PEKUMBI SKCILTyaTaluy Tpyoo-
nposoja. Hanbonee nomyssspHbIMU B UCTIOJIb30BAHUN CYMTAIOTCS JJAKOKPACOYHBIE MaTepHalbl, B OCHOBE KOTOPBIX HaX0-
JUITCSI ATIOKCHIHBIE, MOAN(HIIPOBaHHbIE STIOKCHIHBIE, a Takxke (eHonpopmabaeruanbie cMoibl. Takke MUPOKO IpHMe-
HSIOTCS STIOKCHIHBIC TIOPOIITKOBBIC MaTEPHAIIBI, HAHECCHUE KOTOPHIX MPOUCXOIUT MOBEpX (EHOIBHOTO mpaiiMepa. Hema-
JIOBaXHBIM (PAKTOPOM SIBIISCTCS PABIIIBHBIA BBIOOP TEXHOJIOTUH HAaHECEHHUS MOKPHITHA. OH 3aBUCUT OT [UTMHBI y4acTKa
TpyOOIPOBO/a, THIIA TOKPBITHS, THaMeTpa TPYOBI U T.1.

TpyObI ¢ BHYTpEHHIM aHTHKOPPO3UOHHBIM ITOKPHITHEM MOXKHO KJIACCH(HUIIMPOBATH [0 Ha3HAYEHUIO [3]:

1. AHTHKOPPO3HMOHHBIC MMOKPBITHS MPUMEHSIOTCS 11 BHYTPUTPYOHOH H30ISIHA TeX TPYO, KOTOphIe TPAaHCIOPTH-
PYIOT KOPPO3HOHHO-arpeccuBHbIE cpelibl. B HETSHOI NPOMBIIIIIEHHOCTH K TaKHMM CpeJjaM OTHOCSTCS BOJIOHE(Teraso-
BbI€ 3MYJIbCUH, TJIACTOBasi BOA, 000POTHASI BOJA CUCTEMbI IOAIEP KaHHS TJIACTOBOTO JaBJICHHS.

2. TI'majgkocTHbBIE TOKPBITHS IPUMEHSIOT, KaK MPaBHUJIO0, HA MarMCTPAIBHBIX HE(TEra30npoBoAax MpU TPAHCIOPTH-
POBKE HEATrPpECCUBHBIX NIPOAYKTOB.

Ha ceronusturanii 1eHp HanOoJee pacpoCTpaHeHHbIE BHYTPUTPYOHBIE aHTUKOPPO3NOHHBIE TTOKPBITHS MOYXKHO pa3-
JICIINTH HAa TPHU OCHOBHBLIC prHHBIII

1. TIoKpbHITHS M3 CHUIMKATHBIX MaTEPHATIOB (CTEKIOIMAJICBBIC TTOKPHITHS).

2. TIOKpHITHS U3 TOIUMEPHBIX MaTEPHUAIOB, KOTOPHIE B 3aBUCHMOCTH OT (PH3MYECKOTO COCTOSHIS B TIPOIIECCE UX
HaHECEHU MOIPa3/IeiIOTCs Ha:

2.1. JlakokpacodHbIe MaTepHaIIbl (ITPEICTABIISIONINE COO0H pacTBOPHI MOJMMEPOB).

2.2. TlopomkoBbie MaTepHaIbl (HAHOCHUMBIE B BUJEC PacIlIaBOB).

2.3. TIneHouHsIe.

3. KomOuHMpOBaHHbIE NOKPHITUS (MOIUMEPIIEMEHTHAS U30JISLHS).

JlanHbIe CII0COOBI TOMOTAIOT YMEHBLINTH HIEPOXOBATOCTH TPYO, YTO MPUBOJUT K CHIXKEHUIO COTTPOTHUBIIIEMOCTH.
Ho 3Tn cnoco0b1 UMEOT ¥ CBOM OTpHULATEIbHBIE 3)(EKTHI, 2 IMEHHO:

1) yBenM4YeHHE CTOUMOCTH CTPOMTEILCTBA B CBSI3U € 00JIee JOPOTHM IPOU3BOJICTBOM TPYO;

2) CJIOKHOCTb HAHECCHUS MOKPBITUA: JAaHHBIC ITOKPLITUS HAHOCATCA B 3aBOJICKUX YCIIOBUAX,

3) CII0HOCTH MOHTaXa TPYO AJIsl CBAPKHU TPYO C BHYTPEHHHM HOKPBITHEM: HEO0XO0AMM O0Y4YEHHBIN MepCOHa
U CTIeIasibHas MOATOTOBKA TPYO mepea CBapOYHBIMU paOOTaMH.

B coBpeMeHHOM OBICTPO Pa3BHBAIOIIEMCS MUPE Ba)KHA HE TOJIBKO SKOJIOTHIecKast 0e30MacHOCTh, HO M yBEITHICHHUE
CKOPOCTH CTPOUTEIHCTBA IPOMBICIIOBBIX HE(PTEIIPOBOIOB MPH CHIDKCHWH KATUTABHBIX M AKCIDTYaTAlHOHHBIX 3aTpar.
JanHy10 po0iIeMy MOTYT PEIIUTh HEMETAIUTMIECKIE TPYOOTIPOBOIEIL.

B Hacrosiiee BpeMst HOBbIE KOHCTPYKIIMOHHBIE MaTepHAbl HAIILT TPIMEHEHHE TP H3TOTOBIICHUH CHIIOBBIX 3JIEMCH-
TOB CTPOHUTEIHHBIX KOHCTPYKIWH, apMaTyphl U HAIIOPHBIX TPYOOIPOBOIOB, PA00YMX KOJIEII IIEHTPOOCKHBIX HACOCOB, pe3ep-
ByapoOB U €EMKOCTEH U T.JI.

B nocnenHee BpeMst HaOJIIOaeTCS PACTYIIMH HUHTEPEC K MPUMEHEHHIO HEMETAIUTNUECKUX MaTepHaloB JUIsl CTPOH-
TEJILCTBA MMPOMBICIIOBBIX TpyOoIpoBoaoB. Hanbosee nomymapHeIMU HEMETAJUIMYECKUMH MaTepHaIaMi ISl CTPOUTEIbCTBA
ITPOMBICJIOBBIX pr6OHpOBOI[OB SABJIAIOTCA KOMIIO3UTHBIC MaT€pHaJIbl HA OCHOBE YIJIEPOJHOI'0 BOJIOKHA U TOJIMMEPHBIC
MAaTepHaIbI.

ITomumepHsIe TPyOOIPOBOIBI OTYYHIN CBOE IIMUPOKOE pacpocTpaHeHHe Oaroaps UX BBICOKOM CTOHKOCTH
K KOPPO3HH H arpeCCUBHBIM cpefiaM. DTH MaTepHallbl 00JaaroT XOpoIei THOKOCTHIO, YTO BaYKHO MPH MPOKITAIKE B CIIOXK-
HBIX PEeNbE(HBIX YCIOBUAX, a TAKXKE JETKOCTHIO, UTO YIPOIIAET TPAHCIIOPTUPOBKY U MOHTAX.

Komrto3uTtHbIE MaTepHaITbl, pMUPOBAHHBIE YTTICPOIHBIMH WITH CTCKIITHHBIMHU BOJIOKHAMH, 0OSCIICYHBAFOT €IIe 00ITb-
IO IPOYHOCTh M CTOHKOCTH K IABJICHHUIO TI0 CPABHCHHUIO C TPATUIIMOHHBIME MTOJTUMEPHBIMU TPYOaMu. DTH MaTepHabl
XapaKTePU3YIOTCS HU3KOM MACCOH M BEICOKOU )KECTKOCTHIO.

! AHanu3 nacCUBHBIX METOJIOB 3AIMTHI OT KOPPO3UU MAarucTpanbHbix Hedrerazonposoaos. URL: https://studbooks.net/
2572477/tovarovedenie/vnutrennie_pokrytiya truboprovodov.
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KrnaccudunupoBaTs HeMeTaTUECKHE TPOMBICIOBBIE TPYOOIPOBOIBI MOKHO T10 CIIEAYIOIIUM MPU3HAKAM:

1. Ilo marepuaily U3rOTOBJICHUS:

— IOJIMMEpHbIE MaTEPHAIIBI;

— KOMIIO3UTHBIE MaTEPHAIIBL.

2. Tlo ycinoBusIM NPOKJIAAKH:

— Toj3eMHas poKJiaKa (OTKPBITHIN (TpaHIIeiHbIN) crioco0, OeckaHa bHas1, OecTpaHIeiiHas IPOKIaaKa (3aKpbl-
TBIN CIIOC00);

— Ha3eMHas NMPOKJIaKa (YKJIaaKa Ha CIEHaIbHO HOATOTOBIEHHOE IPYHTOBOE OCHOBAHUE);

— Ha/I3eMHas POKJIa/IKa (ONOPBI M 3CTAKaAbI — TPYOBI pa3MelatoTcs BEIIIE YPOBHS 3¢MJIM (Ha CTOMKaX, MauTax).

3. Ilo HanMYMIO 3AIIUTHOTO MTOKPBITHSL:

— 0€3 3aIMTHOTO MOKPBITHSA (U1 MAaTEPHAIOB, yCTOWYNBBIX K BO3JICHCTBHIO OKPYXKAIOIIEH Cpelbl);

— € 3aIUTHBIM MOKPBITHEM (JUIS 3aLUTH MaTepralia 0T MEXaHUYECKUX MOBPEXKACHUH, ynbTpadroieTa uiu
arpecCUBHBIX Cpen).

4. Tlo Ha3HAYEHMIO:

— BBIKHUIHBIC JIMHUHU — 3TO TPYOONPOBOABI IS MEPEKAYNBAHNS IPOTYKTOB CKBaXXHH (HE(Th, IPUPOIHBIH a3,
IIPUMECH) A0 IPYIIOBOM 3aMEPHOM yCTaHOBKH;

— HedTerazocOOpHBIE KOJUIEKTOPHI — 3TO TPYOOIPOBOIBI I MEPEKAIMBAHMUS OT IPYMIIOBOM 3aMEpHON ycTa-
HOBKH JI0 JIO)KUMHOHM HACOCHOM CTaHIINY,

— HedTecOOpHbIE KOJIEKTOPHI — 3TO TPYOOIPOBOIBL, PACIIONIOKEHHBIE OT JO)KUMHOW HACOCHOW CTaHIUH JI0 LIeH-
TpaJILHOTO MyHKTa cOopa;

— Ta30CcOOPHBIHA KOJIIEKTOP — 3TO TPyOONPOBO JUIsl IEPEeKaunBaHMS I'a3a OT MyHKTA CeMapamnni 10 KOMIIPEccop-
HOU CTaHUWH;

— IIPOMBICIIOBBIE Ta30MPOBO/IBI /I cOOpa MOMYTHOTO HE(TSIHOTO ra3a — 3TO ra3olpoBOAbl, paboTarolue npu
JIaBIICHUH Ta3a BBIIIE aTMOC(EPHOTO U BaKyyMHbIE Ta301IPOBO/IbI;

— TIPOMBICJIOBbIE HHTHOUTOPONPOBOBI — 3TO TPYOONPOBOBI, CIYXKAIME JJIs TIOAaYH HHTUOMTOPOB U APYTHX
XMMHUUYECKHX PEareHTOB B CKBAXXHMHBI M Ha PyrHe 00bEKThl 00yCcTpoiicTBa HEPTAHBIX, HE()TETa30BbIX U TA30BBIX MECTO-
pOXIeHuM.

— TIPOMBICIIOBBIE BOZOTIPOBOIBI — 3TO TPYOOIIPOBOAKI, IpEIHA3HAUEHHbIE AJIS TOJa9H BOJBI K HATHETaTEIbHBIM
CKB)XXHMHaM C LIEJIbIO TTOAJIEPKAaHUS TUIACTOBOTO JABJICHUS M JUIs cOOpa IJIacTOBBIX BOM, JOOBITHIX BMECTE C HE(THIO,
B BOJJOHOCHBIE TOPHU30HTEHI.

5. Tlo nuamerpy maHHas KJIacCHU(UKAIMS MO3BOIMUT HaM PACHpPENSUTh TPyOOIPOBOIBI 0 NPUMEHHMBIM MaTe-
puanam:

— 1-kmacc — TpyOONpOBOIbI HOMUHAIBHBIM AnaMeTpoM 450 MM 1 GoJiee — Ha JAaHHBIA MOMEHT TPYObI OOJIBIINX
JIMaMEeTPOB YKOHOMHUYECKH BBITOHO MMPOU3BOIUTH U3 CTAJIH, TaK KaK TPyOBI OOJIBIINX TUaMETPOB M HE yCTyHAIOINe
CBOMMHU NPOYHOCTHBIMH XapaKTEPUCTUKAMHU U3 HEMETAJUINYECKUX MAaTEePHUaJIOB TOPOTHE B IPOU3BO/ICTBE;

— 2-xiacc — TpyOOnpoBoAbl HOMHHANBHEIM quaMeTpoM oT 200 MM 1o 450 MM — cormacHo 'OCT P 59411-2021
«TpyOoIpoBOABI MPOMBICIIOBBIE U3 CTEKJIOTUIACTHKOBBIX TpyO. [IpaBuia MpoeKTHPOBaHMS 1 SKCIUTyaTallM» A CTEK-
JIOTUIACTUKOBBIX TPYO MaKCUMaJIbHO JOIyCTUMbIH HOMUHAIBHBIN qrametp 450 Mm;

— 3-kmacc — TpyOOoInpoBO/Ibl HOMUHABHBIM JraMeTpoM 110 200 MM BrItounTensHO — cornacao 'OCT P 70623-2023
«TpyOorpoBoabl TpoMBICIIOBEIE. TpyOOIPOBOABI M3 THOKMX MOJMMEPHBIX apMUPOBaHHEIX TPyO. [IpaBuia npoexTupo-
BaHUS, MOHTaXa W SKCILTyaTal[i» U MOJMMEPHBIX aPMHUPOBAaHHBIX TPYO MaKCUMAaJIbHO JOIYCTUMBI HOMUHAIBHBIH
nmuameTp 200 M.

6. Ilo pabouemy naBieHUIO TaHHAS KITACCU(UKALINS TIO3BOJIUT HAM pacIpeieNUTh TpyOOPOBO/IbI 110 TPUMEHUMBIM
MaTepHaam:

— l-xmacc — npu pabouem gaBiennu cbie 21,0 MIla — npu faHHOM TaBIEHHH HEOOXOIMMO IIPUMEHSTh CTAJILHBIC
TPyOOIIPOBOIBI;

— 2-xmacc —pu pabouem nasieHud cebimie 10,0 MIa o 21,0 MIla pxmrouurensao — corntaciHo 'OCT P 59411-2021
«Tpy6onpoBob! MPOMBICIOBBIE U3 CTEKIIOIIACTUKOBBIX TpyO. [IpaBuia npoeKTHPOBAHUS M SKCIUTyaTall» VIS CTEKJIO-
IJIACTUKOBBIX TPYO MakcUMalbHOE pabouee maBieHue He mpesbimaeT 21,0 MIla;

— 3-xnacc — npu pabodem nasiienuu cBoimie 2,5 MIla go 10,0 MlIla BkmountensHo — coryiacHo 11.7.1.1 TOCT
P 70623-2023 «Tpy0omnpoBop! npoMbicioBsie. TpyOonpoBobl N3 F’HOKMX MOJIMMEPHBIX apMUPOBaHHBIX TpyO. [IpaBmia
MIPOEKTUPOBAHMSI, MOHTAXa M DKCILTyaTalln»;

— 4-kmacc — ripu pabouem JaBieHnu cBbitre A0 2,5 Mlla BxmountensHo — coryacHo 1.7.1.1 TOCT P 70623-2023
«TpybomnpoBozp! mpoMeIcioBbie. TpyOONpoBOABI U3 THOKMX MOJIMMEPHBIX apMUPOBAaHHBIX TpyO. [IpaBmia mpoekTHpo-
BaHMsI, MOHTa)Ka U SKCILTyaTalum».

[Mpennaraemast Kaccu(UKaIHs IIOMOXKET OIIPEACIUTHCS C KITACCOM HEMETAIUTMYECKOTO TPYOOIpoBOAa 1o AaBJIe-
HUIO U TUAMETPY, a TAKXKE BBIOPATh CII0co0 MPOKIAIKH U HEOOXOJMMOCTh IPUMEHEHHS N30JISLIUH.

B Tabnuue 1 cBeneHb! JaHHBIE TI0 HEMETANIMYECKUM Tpy0aM, METauIMYeCKUM TpyOaM ¢ BHYTPEHHHM aHTHKOPPO-
3MOHHBIM TTOKPBITHEM U 0€3 aHTHUKOPPO3HOHHOTO IMTOKPBITHSL.
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Tabnuma 1. — CpaBHEHHE METATMIECKUX TPYO ¢ BHYTPUTPYOHBIM aHTUKOPPO3UOHHBIM IMOKPHITHEM H 0€3 TTOKPBITHS
C HEMETAJUTMYECKUMHU TPYOaMu

Marepuan
Mertammaeckue Kommno3utHeie ITonumepusie
TpyOompoBoza
bes TloxperTus TloxperTus
Buytpenne
OKPLITHE BHYTPEHHETO W3 CHJIMKATHBIX U3 NOJINMEPHbIE
I
P IIOKPBITHS MAaTepHaloB MAaTepHalIoB CrexnomnactukoBele | IlomumepHo-apmu-
TpyOBI pOBaHHBIE TPYOBI
Marepuan IlopomkoBeie,
- CTeK103MaleBbie
MTOKPBITHS JIAKOKPAaCOYHBIE
MaxkcuMaabHBIN
1420,00 530,00 530,00 450,00 200,00
IUaMeTp, MM
MakcumanbHOe
32,00 10,00 10,00 21,00 32,00
nasienue, Mlla
B 3aBoackux B 3aBoackux . drnanieBoe
3amra cBapHbIX B 3aBonckux CO60opouHBIit
N H TIOJIEBBIX U TIOJICBBIX 1 MyQTOBOE
COCIUHCHHUI YCIIOBUSIX CTBIK
YCIIOBUSIX YCIIOBUSX COCMHCHHE
Koppo3uonnas
CroumocTh Koppo3zuonnas PP .
. . CTOHKOCTb,
CBapOYHBIX He paspymaercs N CTOMKOCTH, BBICOKHIA
Bosbiioii BEIOOD JIOJITOBEYHOCTb,
pabort HiKe, B cpezie ¢ OOIBIIM - CPOK 3KCIUTyaTalluy,
[Ipeumymiecrsa MIPOU3BOIUTENCH MEHBIIIast COBO-
4eMm y TpyOo coJiepKaHuEeM BO3MOKHOCTh
W MaTepUAIOB KyIHasi CTOUMOCTh
C BHYTPECHHUM CepoBOIOpOIA JIeMOHTaxa 0e3
CTPOUTENILCTBA
MTOKPBITHEM TOBPEKICHUS TPYO
W DKCILUTyaTaluu
TTonBep>KeHHOCTH
P Husxkas Bonpmme
MeTajIa KOppo3uu .
[TonBepxen- Bricokast crou- TPEMMHOCTOWKOCTh JMHAMHYECKHE
B 30HE CBapHBIX .
Henocrarku HOCTh MeTalia MOCTb CBapHBIX coezu/n{egnﬁ npu IeiicTBUH Harpy3KH BbI3bI-
KOPpO3UHU COCAMHCHHI Harpy3oK IIonepex BaroT Aeopma-
B MOJICBBIX
BOJIOKOH LU0 TeJIa TPYObI
YCIIOBUSAX

B Tabmuie 1 MOXHO YBHIETh, YTO OCHOBHOE PEHMYIIECCTBO HEMETAIUTMYECKUX TPYOOIPOBOIOB 3aKIIFOYACTCS B UX
HETIOIBEPKEHHOCTH KOPPO3HUHU KaK BHEIIHEH, Tak M BHyTPEHHEH, Oaroaps 4eMy yBEIMUNBACTCS HX CPOK SKCIUTyaTaIliH.
Taroke HeMaTOBaXHBIMH TIPEUMYIIECTBAMI HEMETAIIMYECKUX TPYOOIIPOBOAOB SBIAIOTCSA CKOPOCTh MIX MOHTa)Ka M BO3-
MOXKHOCTB JIEMOHTaa 0e3 MOBPEKICHUS TPYO, a TAK)KE MEHBIINI 00bEM 3eMIITHBIX pabO0T, YeM Y METAJUTHUCCKHUX TPY0o-
MIPOBOJIOB TIPH OJMHAKOBOH MPOIYCKHOM CIOCOOHOCTH, UTO YBETHIHBAET CKOPOCTH CTPOUTENHCTBA. [Ipn 3TOM OCTaIbHBIE
XapaKTepUCTHKH He YCTYIAroT TpyOonpoBogaM n3 Metayuia. Ho mpu Bcex mpenMyiecTBax HeMETaJUTYECKHE TPYOOIIPOBOIBI
XYIKe CIIPABJISIOTCS C OOJBIIMMH IepenaaMu NaBlicHus. Takke OTCYyTCTBHE IPUMEHEHUS HEMETANIMICCKUX TPYO st
CTPOUTENBCTBA MPOMBICIIOBBIX TPYOOIIPOBOIOB 00YCIOBICHO HEJOCTATKOM HOPMATUBHOM TOKYMEHTAIMH, PErIIaMCHTHPYIO-
el MPOEKTUPOBAHKE, CTPOUTEIHCTBO M HKCILTYaTaIHI0 HEMETAJUIMIECKUX TPYOOTIPOBOIOB.

3axurodenne. Pe3ynpTaToM JaHHOW pabOTHI SIBIISCTCS PACCMOTPCHUE BO3MOXKHOCTH MMPUMEHEHHS TIPOMBICIIOBBIX
HE(TEIPOBOIOB U3 HEMETAIMICCKUX MaTepraloB. [IpoBeIcHO CpaBHEHUE METALIMIECKUX TPYOOIPOBOIOB C aHTHKOPPO-
3WOHHBIM ITOKPHITHEM U 0€3 HeTO ¢ TpyOOIpOBOAAMH M3 CTEKIOIUIACTHKOBBIX M IMOJIMMEPHO-apMHUPOBAaHHEIX TpyO. I1po-
BEJICH aHAJIN3 CYIIECTBYIOIMNX KIIaCCH(UKAIINI I METaJUIMIECKUX POMBICTIOBEIX TPYOOIIPOBOIOB C BHYTPUTPYOHBIM
aHTHUKOPPO3UOHHBIM ITOKPHITHEM, BBISBICHBI IPU3HAKH, KOTOPHIC TTO3BOIMIH CO3/IaTh KIACCH(HUKALIUIO 1T HEMETaJUIH-
YeCKHX TPyOOIPOBOIOB, KOTOPHIE B TATbHEHIIIEM IOMOTYT ITPH BEIOOPE MAaTEPHAIIOB JJIS IPOMBICIIOBBIX TPYOOIIPOBOIOB.
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ANALYSIS OF PIPES WITH AN INTERNAL ANTI-CORROSION COATING
AND THEIR COMPARISON WITH NON-METALLIC PIPES FOR INDUSTRIAL PIPELINES

L. SPIRIDENOK, A. MAHRANKOV
(Euphrosyne Polotskaya State University of Polotsk)

The main methods of in-line anti-corrosion protection of field pipelines are investigated. A comparison of metal
pipelines with non-metallic ones is carried out to identify the main advantages and disadvantages. Based on the analysis,

the main features are identified that will help create a classification of non-metallic field pipelines.

Keywords: corrosion, in-line anti-corrosion coating, metal pipeline, non-metallic pipeline, field pipeline.
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TEOJE3HA

YK 004.942:528.2/.3 DOI 10.52928/2070-1683-2026-44-1-90-95

HOBBIE PE3YJIbTATBI TEOTAHAMUYECKHUX UCCJIETOBAHUM MO TAHHBIM
CIIYTHUKOBOHM CETHU TOYHOT' O NIO3NIIUOHUPOBAHMUS PECITYBJIMKH BEJIAPYCh

I1.C. JOJITHH, A.C. HBALIIHEBA
(Ilonoukuit zocyoapcmeennuiii ynusepcumem umenu Eegppocunuu Ionoykoir)

B cmamuve onucanvl npoyecc u pezyromamol 2e00UHAMULECKO20 UCCIEO08AHUSL HA OCHOBE OAHHBIX CHYMHUKOBOU
cemu mouHoz2o no3uyuonuposanus Pecnyonuxu benapycs, npogedennozo 6 pamkax evinonnenus epanma benopycckoeo
pecnyonukanckozo gonda GyHoameHmanvHuix uccredosanutl. Onucan anzopumm mpanc@hopmuposanisi KOOPOUHAM O8yX
9NOX K HAYANbHOU 3noxe Habnodenuil. [anst opmynvl 6biHucieHUss KOMROHEHMO08 dedopmayuil (Ouramayus, cogue,
HanpaeieHue u 8eUYUHA MAKCUMATIbHO2O U MUHUMANbHO20 PACANCEHULL) HA OCHO8e meH30pa Oedhopmayuii. Onucana
MemOoOUKa nocmpoeHus 0eqpoOpMayuoHHbIX Kapm u npedcmasnenus ux ¢ cpede eeo-I UC-npoexma. [lpusedensi pesynv-
mamol AHAIU3A 6HOBb NOCMPOEHHBIX 0eDOPMAYUOHHBIX KAPM 011 MAKUX MEeKMOHUYecKux cmpykmyp kax Ilpunamckuii
npoeub, benopycckas anmexnusa, Muxawesuucko->Kumxosuuxuil ssicmyn, bpecmckas enaduna, Jlamsutickas ceonosuna,
Opwanckas enaduna. B pezynomame noomeepicoena akmusHOCMb HEKOMOPBIX PA3IOMHBIX CIMPYKMYP HA MEPPpUmopu
benapycu.

Kniroueewie cnosa: ' MC-npoexm, 2eo0unamura, nosmophvie Habaio0eHus, KOMROHeHMblL deghopmayuu, npeocmas-
Jenue eeoounamudeckux senenuti 8 I UC, eenepamop eeomempuu QGIS.

BBenenne. PaboTa BeimosnHEeHa Tipy (PMHAHCOBOW MOJIEPIKKE TpaHTa beropycckoro pecmyoankanckoro GoHma
¢byHIaMeHTanbHbIX HccienoBanuil (morosop Ne X24M-049 or 02.05.2024). ABropamu ctatbu B 2020 rony yxKe BbI-
MOJTHSUIACH UCCIIEIOBAHMS T€OJMHAMHYECKUX JBHKEHUH 110 JaHHBIM CIyTHMKOBOI CETH TOYHOTO MO3MIMOHHPOBAHMS
Pecrryonuku benapycs (nanee — CCTII PB). IIpenbinymas pabora oxBaTuia 31I0XH OT Hayasla AEHCTBUS CTaHLUH
CCTII Pb (2014-2017 rr.) no 2020 r. B pamkax HacTOSIIEro UCCIIE0BaHMs 3aKyIUIEHB! JaHHbIE B (hopMaTe rinex Ha
snoxu 2021-2025 rogos. Takxke npuBiIeKaINCh CBOOOAHO pacrpocTpaHsieMble JaHHble EBporneiickoil ceTH MoCcTOSIHHO
netictyromux myrktos (EPN), B koTopyto Ha Tepputopun benapycu Bxmouenst 11 myrkToB!.

O0paboTKa JJaHHBIX OCYIIECTBIISUIACh B IporpaMMHOM kominiekce Trimble Business Center (TBC) n Bkirouana
B ce0s1 UMIIOPT JaHHBIX U3 opmara rinex, BBIOOp HEOOXOANMBIX 0a30BBIX JIMHHUNA, 00paOOTKYy 0a30BBIX JIMHHUH, YPaBHH-
BaHUe ¢ (uKcanuei oJHOM M3 CTaHLMH. B pe3ynbraTe noixydeHsl OTYETH 00 ypaBHUBAHUU CETH Ha KaXKIYIO 3IOXY
B popmare html-goxymenra. Takoli ¢popmar HeynoOeH Ui aHAIM3a, HOATOMY OBLIT pa3paboTaH MoayIis the_parser Ha
S3BIKE IPOTpaMMUpoBaHus python, KOTOPBIN U3BJIEKAET AaHHBIE U3 html-TOKYMEHTOB U BBIMOJHSIET UX JAIBHEHIIYIO
00paboTKy: TpaHcHOpMHUPOBAHHE KOOPANHAT M BBIYHCICHHE KOMIOHEHTOB JIe()OpMarvi.

B pesymprare 06padotkn HCC-m3mepennii Ha ABE SMOXH ITONTYyYAIOTCS TIAHOBBIE KOOPIAMHATHI B IBYX HE3aBH-
CHUMBIX CHCTEMaXx, CIIeIOBATENbHO, BO3HUKACT 3aqa4da TpaHchopmupoBanus (peoOpa3zoBaHust) KoopanHaT. KoopauHaTh
JUISL IBYX MICCIIENYEMBIX 3M0X IPeoOpa3yroTcs M0 OTHOIICHUIO K HaYalIbHOI 310Xe (B HAIlleM CiTy4yae — Hadallo AeHCTBHSA
craanuit CCTII PB). s 3Toro HE0OX0IMMO BBIITOTHHUTE JBE HE3aBUCHMBIE OIIEPALlMH: ONPEACTHTh IpeoOpasyromme
k03(h(punreHTH! (IapaMeTpsl) Ha OCHOBAaHMH OOIINX TOYEK; IpeoOpa3oBaTh KOOPIMHATH! TOUYEK, KOOPAUHATEI KOTOPHIX
W3BECTHBI JIMIIb B OJJHOHM CHCTEME KOOPANHAT.

OcHoBHas yacTh. B HaileM cilydae HCIOJIb30Baach TBEPJOTENbHAs MOJEIh IPeoOpa3oBaHus, KOTOpas Mpey-
CMaTpHUBaeT PaBHOMEPHBIII pa3BOPOT BCEX TOUYEK HA YTOJ ¢ M CABUT UX 110 OCSAM Ha BEIUYMHEI £, U £,

TBeproTesbHYIO MOJIEIIb TPE0OPa30BaHUs MOKHO ONHKCATh (POPMYJIaMHu:

Xy = X.-cosp — Y. -singp+t,;

M
Yy = X.-sinp + Y. - cosp + t,,

re  t ¥ t, — CABUTH 110 OCSIM;

@ — yroJl IOBOPOTA (JIEMEHTHI MPeoOpa3oBaHus);

X., Y. — KoopuHATHI B CTApO CUCTEME KOOPAUHAT;

Xy, Yy — KOOpIMHATHI B HOBOM CUCTEME KOOPAMHAT.

Ha ocnose popmyi (1), mmest o0mme TOYKH, KOOPIUHATH KOTOPHIX H3BECTHHI B 00€MX CHCTeMaxX KOOPAWHAT,
MOXXHO OTIpeAETUTh peodpasyromnire ko3 duurenTsr. O4eBUAHO, YTO I OJHO3HAYHOTO OINPENEICHHS TapaMeTpOB

! EUREF Permanent GNSS Network. URL: https://epncb.oma.be/ networkdata/stationlist.php.
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peoOpa3oBaHUs MEXKIY ABYMS OTACIBHBIMU CHCTEMAMH KOOPAMHAT AOCTATOYHO UMETh KOJMYECTBO YPAaBHEHUH, paBHOE
KOJINYECTBY HEM3BECTHBIX NapaMeTpoB. B TBepaoTenbHONH MOJENN TPU HEM3BECTHBIX IapaMeTpa, CIeJ0BaTeIbHO, JUIs
OJTHO3HAYHOTO PELIeHUs JIOCTaTOYHO JBYX OOIIMX ToueK. OJJHAKO JUIsl KOHTPOJIS U OLIEHKH TOYHOCTH Oepercs M30bIToY-
HOE YHCIIO TOYEK, YTO MPUBOJIUT K NepeonpeiesieHHon cucteme (1).

st mosmydeHust npeoOpasyromux Ko3(M(OUIMEHTOB MepeonpeaesieHHYI0 cucteMy (1) BO3MOXHO PeIIUTh pa3ind-
HBIMH crtoco0aMy Ha OCHOBE METOJa HaMMEHBIINX KBaapaToB. OIUH U3 HUX H3BECTECH KAaK «METOJ PACTATUBAHUAY.
3anuiieM nepeomnpeeneHuyto cucremy (1) B cneayromieM Buze:

(- | [ 1o
(¥),-(%), | |-(X), 01 :D N
(XL')2_(XU)2 = o >

(X), 1ol
(v),-(x), | |[-(x), o0 1

WJIK B CBEPpHYTOM BHUJC:
K,=A-k, &)
rae A — marpuua IjiaHa;

k — BexTop K03 HHUIIMEHTOB.
Jluist oSty "IeHus pelieHrs 3aITUIIIeM ypaBHEHHE TIOTIPABOK JUIS TIepeoTpeiesieHHol cuctemsr (3):

v=A-k-K, 4)

Ha ocHOBe yCioBHsI METOIA HAMMEHBIINX KBAAPATOB VIV = min MEPEXOAMM K COBMECTHON CHCTEME HOPMABHBIX
YypaBHEHHH

ATA - k=AT -K

H)

i (5)
N-k=f,
roe N — MaTpura Ko3pPpHUIHEeHTOB HOPMAJIHHBIX YPaBHEHNUH;
f— BEKTOp CBOOOIHBIX WICHOB CHCTEMbI HOPMAaJIbHBIX YPAaBHCHUH.
HrepatuBHOE pelieHre CUCTEMBI (6) METOIOM OOpaIeHHs JaeT
k=ATAHAT - K, (6)
rne  Q = (ATA)™! = N~1 — o6parnas BecoBas MaTpHIA BEKTOPA YPABHEHHBIX IAPAMETPOB.
JIJist OLIEHKU TOYHOCTH BBIYHMCIIMM CTaHJAPTHOE OTKJIOHCHHE MOJICITU MPEoOpa3oBaHus:
A vTy
0y = |[— 7
0 n-k’ (7

rie 7 — KOJUYECTBO YPAaBHEHUI;

k — KONMM4ecTBO OMpeeIeMbIX TAPaMETPOB.

JIJ1s OIEHKH TOYHOCTH ypaBHEHHBIX BeMHYUH (KO3 (HUIIMEHTOB U KOOPAUHAT B HOBOM crcTeMe) He0OX0IMMO
OTIPENETNTH KOPPEIISIIMOHHBIE MATPUIIBI TaHHBIX BeJMYHH. KOoppensnroHHbIe MaTPHUIIEI U yPaBHEHHBIX mapameTpoB (9)
1 ypaBHEHHBIX KOOPAWHAT TOYEK B HOBOH crcteMe koopauHar (10):

Ky = 60" - Q; ®)
K = 6,° - AQAT. )

W3Bnexas KOpeHb U3 THArOHAIBHBIX AIEMEHTOB KOPPEIAIIMOHHBIX MAaTPHII, IOJlydaeM CpeIHUE KBAAPATHICCKIE
OINUOKHY 11 COOTBETCTBYIOIINX BeMUYUH [1].
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ITo TpanCchopMHUPOBAaHHEIM KOOPAMHATAM HPOW3BOIUTCS BBIYHCICHHE KOMIIOHEHTOB nedopmanuii. KommoneHTHI
nedopmanuii — 6e3pa3mMepHble BEIIMUHMHBI, XapaKTepU3yIONe U3MEHEHHEe KOHUTYpaluK TII0CKOro o0bekTa. K HuM
OTHOCSIT:

— JIMJIaTalMIo — MI0Ka3bIBaeT OTHOCUTENILHOE N3MEHEHHE TIIOIIAAN TpeyrojbHuKa, 0003HadaeTcst OykBoii O;

— MAaKCHMAJIBHBIH CABHT — OKA3bIBa€T OTHOCUTEJILHBII CABUT IIEHTPA TPEYrOJIbHUKA, 0003HAYAETCS Yy

— BenmuuHbl (Ey, E,) 1 HanpaBieHue (¢4, Q) MAaKCUMAIBHOTO U MUHUMAJIBHOTO PACTSDKCHUHN — MOKA3BbIBAOT
OTHOIIIEHHUE AJIMH OTpe3KoB E;, E,, PaCIONIOKEHHBIX B HAIIPABICHISX (01, (05, BO BTOPYIO AIIOXY K JUTHHE B TIEPBYIO SIOXY.

Ha BxoJ nmporpamMMsl, MOMHMO KOOP/IMHAT Ha JBE 3I0XH, HEOOXOJMMO 0JIaTh KOH(PUTYPALMIO CETH — KaKHe CTaH-
MU OTHOCSATCS K KAKMM TPEYroJibHUKaM. B HaleM ciydyae BBOJ KOH(PUTYpAIMK pealn30BaH Yepe3 MOJTUTrOHaIbHBIN
mrein-gain. Pacuetr koMmnoHeHTOB AedopManuii OCymecTBIsSETCS IJIs TeX TPEYTOJBHUKOB, ISl KOTOPBIX UMEIOTCS
JJaHHBIE Ha HAYaJIbHYIO, a TAKXKe JBE UCCIICAyEMbIe SMIOXU.

Pacuer KoMITOHEHTOB Ae(opMaIii OCYIIECTBIISIICS ITyTEM COCTABICHHUS CUCTEMBI THHEHHBIX ypaBHCHHM:

AX, = Xjeq, + Ve, + a;
AY; = X ey, +Yie,, + b;
AX, = X,eq1 + Yoeq, + a; (10)
AY, = X,e,, + Yye4, + b;
AX; = Xzeqq + Yze4, + q;
AY; = Xse,q + Yse,, + b,

rne  a, b — BenmuuHbI nepeMerieHus no ocsim X, V;

Xi, Vi — 3HaueHus KOOpAMHAT B y3J1aX TPEyTroJbHUKA.

Ha ocHOBaHMM HMCTIOIB30BaHUS TEOPHU MaNbIX IeOopMaryii, MeTosia KOHEYHBIX 3JIEMEHTOB U MOJENHN JIOKAJIBHO-
OJTHOPOJTHOTO JiehOopMHUPOBaHHMS, TOJYYEHHOH 110 JaHHBIM O COBPEMEHHBIX TOPU30HTANIBHBIX JBH)KEHHUSIX 36MHOMH KODBI,
nedopMannm XapakTepu3yrTCs ¢ TIOMOIIBIO TeH30pa (2).

€11 €12
Ty| = | | 11
| I.j| 621 622 > ( )
IZle  ejj — KOMIIOHEHThI TEH30pa, OTHOCSILHUECS K LIEHTPY TPEyroJbHUKA.

Hcrnonb3ys pa3inyHble coyeTaHnsi KOMIOHEHTOB TeH30pa JieopMary, ONpeIessIFoTCsS KOMIIOHEHTHI ieopMaIiin

1o gpopmynam [2]:

Q = e11 + ey; (12)
Q 1
E; = P E\/(en —e3)% + (e te1)% (13)
Q¢ 1
Ey=--— 5\/(911 —e)? + (e +e21)% (14)

Ym =E1_E2 = Vy12+y22a (15)

rIe Yy — MAKCHUMAIIbHBIH C/IBUT;
¥1 = (€11 — e53) ny, = (€15 + €31) — KOMITOHEHTHI CIIBUTA BIOJb OCEH KOOPWHAT.
C HCII0JIb30BaHMEM KOMITOHEHTOB C/IBUTa BBIUMCIICHBI HAPABIICHUS TIIaBHBIX ocelt nedhopmanuid Pgq, Ppy:

1 _r 0
be B, = 2arctg( h) + A°. (16)

JI1st 071HO3HAUHOTO ONpeaeNeHus (¢ PyKOBOJACTBYEM s CleIyoIuM npasuiioM: ecnu vl > 0, To A=90°, ecnu y1 <0,
T0 A=0°.

BrraucneHHBIe KOMIIOHEHTHI JeopMaInii COXpaHIIOTCS B BUIE aTPUOYTUBHON TaOJIHIIBI B TIOJIMTOHAIBHBIHN [ICHTI-
¢aiin ¢ tpeyroapaukamu ' HCC-cetn. ['eomeTpust TpeyroabHUKOB KOIMMPYETCS U3 BXOAHOTO (aiiia KOHUTYpaLiH CeTH.

Mo pe3ynpraram BBIYHCICHHS KOMIIOHEHTOB Ae(OpMalUi TOCTPOCHBI TEMAaTHIECKHIE KapThl: IUIATALINN, CABHTIA,
MaKCHUMAalIbHOTO 1 MUHUMAJIbHOTO PaCTSKEHHH.

JIist ToCTpOeHNS TEMaTHYECKUX KapT HEOOXOUMO ONIPEEIIUTh YCIOBHBIE 3HAKH Ul OTOOPa)KEHHS T€0JMHAMHI-
YECKUX SIBIICHUH M HACTPOUTH COOTBETCTBYIOIINE UM CTHIIM B IIporpaMMHOM Komiuiekce QGIS.

Junaranus u geopMaiust CABUTa OTOOPAXKAIOTCS C TOMOIIBIO U30JIMHUH, HOCTPOEHHBIX METOJIOM MHOTOYPOBHE-
BOH CIUIAHOBOYM MHTEPHOJSAUMU. [ quiiaTanuy U30AMHUU CTUIM3YIOTCS ¢ IIOMOILBIO LIBETOBOX IIKAJbL: IIOJI0XKUTEIIb-
HBIE 3HAUCHUS] 0TOOpaXKatOTCs KPACHBIM I[BETOM, OTPHIATENIbHbIE — CHHHM, HyJIEBbIE — 3eJeHbIM. HanpapieHus MakcUMallb-
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HOTO ¥ MHUHUMAJBHOTO PAaCTHKEHUH 0TOOpakaloTCA B3aNMHO NMEPICHANKYIISIPHBIMU CTPEIIKAMHI COOTBETCTBYIOIIETO
HAIPABJICHUS M MPOMOPIMOHATEHON JJTHHBI C ITOIMUCAME 3HAYCHUIA. [[Jis1 aBTOMATH3aUK MOCTPOSHUS Je(opManOHHBIX
KapT pacTsHKeHUs pa3paboTaHa MoJesib reoo0paboTku B pepaktope moaeneit QGIS. [y noctpoeHus KapThl HEOOXOIUMO
BBIOpATh (haiil ¢ TPEYTroJbHUKAMH U 33]1aTh MECTOIOJI0KEHUE BEIXOHBIX (paiiyioB. B mporecce paboThl MOJEIH CO3at0TCS
TOYCYHBIC CIIOW, HEOOXOMUMEBIC JIJIs TIOAUCH 3HAYCHUI MaKCUMAaJIbHOTO M MUHHUMAIBLHOTO pacTsbkeHui. K moctpoeHHo#
KapTe J00aBIISIOTCS TOMOJHUTEIBHBIC CIIOH, TAKHE KAK TEKTOHHMYCCKHE PA3JIOMbI M TPAHUIIBI TCKTOHHUECKUX CTPYKTYP.
T'otoBas kapta nepenaercs mo nporokory WMS ¢ momonsio QGIS Server Ha KITHEHTCKOE BEO-TIPHIIOKEHUE (PUCYHOK 1).

Pucynok 1. — IIpumep kaptol Aedpopmanuii casura B cpene Bed-I'MC-npoexra.
KMTKOBUYCKHIA MOJHUIOH, 3moxa 20242025 rr.

[To umeromuMcs JaHHBIM OBUTH TIOCTPOEHBI KapThl AedopMaluii Ha KaX/yI0 310Xy, a TAK)KE UTOTOBbIE KapThl
MEX1y MEepBOH W MOCIEAHEH dmoxaMu. AHAIM3UPYS AeOPMALIOHHBIE KapThl HAa KaXKAyI0 U3 SI0X, MOYKHO 3aMETHUTb,
YTO HANPABJICHUSI MAKCUMAJILHOTO U MHHHUMAJIBHOTO PACTSKEHUH OT 3MOXU K AII0XE MEHSIOTCS Ha NEepIeHUKYIISPHBIE,
a TUIaTalys MeHsIETCs C MOJI0KUTEIbHONW Ha OTPULATENIbHYI0. DTO MOXKET TOBOPHUTH O BJIMSIHUM OIIMOOK U3MEPEHUH Ha
HU3MEHEHHEe KOOpAUHAT CTaHIUH ceTu. C IebI0 BBISIBUTH PE3YJIbTHUPYIOLINE H3MEHEHUS TOCTPOEHBI KapThl MEXK/y NEPBOH
U MOCJIeJHEH d10XaMH HaOIII0 IeHU.

I'omenbckuil MOMUIOH MPAKTUIECKH MOJITHOCTRIO HAXOANTCA B npeaenax [Ipumsitckoro nporunba — OTHOCHTETHHO
MOJIOAON TEKTOHUYECKOM CTPYKTYpPBI C BBIPAXKEHHOM COBpeMEHHOH nuHaMuKkod. Ha BoCcTOke Takxe momagaer Ha Tep-
putoputo BopoHexxckoil aHTEKITH3BL, Ha ceBepe — Ha JKIIOOMHCKYIO ceyIoBHHY U BOOOBHSHCKUI BRICTYII OeTopycCKoit
aHTeKIM3bl. [1oJIMroH npeacTaBiseT HHTEpEC, T.K. PACIION0KEH B HanboJee MPOMBIIITIEHHO OCBOGHHOM pernoHe. Ha man-
HOI TeppuTOpuu N00bIBaeTCA HE(PTh, KANNITHBIE M KAMEHHBIE COJIH.

B neom a1t ['oMenbeckoro MonmroHa BISIBICHA BBICOKAst aKTUBHOCTD, HAMOOJBIINX BEIMYHMH JOCTUIAIOIIAS B TPE-
yronsHuKax KamuakoBuun — Cetnoropck — Peunna, Ceerioropek — JKno6un — Peunna, Xoitauku — JloeB — Peunna,
Ho6pyr — JloeB — Peunnia, Bobpyiick — XKmobun — Ceetiioropck, bobpyiick — Jloeck — XKiooun (Cesepo-ITpunsatckuid,
Peunnkuii, JloeBckuit paznmomsl). MakcUMalIbHOE pAacTsKEHUE B caMble aKTUBHBIE MIOXH TATOTEET K HAIPaBICHHUIO
I0r0-3amaji — CeBEpPO-BOCTOK. J{Mmaraiusi Bo BCe 3MOXHU pacipesiesieHa HepaBHOMepHO. Hanbombimii rpaiueHT qunaTanuu
HaOJII0/IaeTCs B CEBEPO-BOCTOUYHBIX TPEYTOJbHUKAX MOJUIOHA, 00pa3oBaHHbIX cTaHimsMu JKioouH, bobpyiick, JloBck,
Yeuepck, Peunra. DTy MyHKTHI ONpaAIIMBaIOT ceBepHYyto rpanuiy Ilpunsarckoro nporubda, Cesepo-IIpunsarckuii, Komre-
neBckuid, MannHoBCcKko-I 1a30BCKuil pa3oMsl.

JKMTKOBHYCKHI MTOJIMTOH OXBAaThIBAET TaKHE CTPYKTYPHI Kak 3amajHas yacts [Ipunsrckoro mpornba, Mukare-
BUYCKO-KUTKOBHUUCKUI BBICTYI, BOCTOYHAs 4acTb [lonecckoll ceyIoBHHBL. B MpOMBIIITIEHHOM OTHOLIEHUH B JaHHOM
perroHe T0OBIBAaeTCsl CTPOUTENBHBIN KameHb. [Ipencrasnser narepec CToX0ICKO-MOTHIIEBCKUH Pa3IoM, TIepeCceKaroIi
MOJIMIOH B HANIPABJIEHHUH C I0T0-3aMajia Ha CEBEPO-BOCTOK.
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B uenom )KUTKOBHUCKUI MOJTUTOH XapaKTEPU3YETCs] HEBBICOKOM aKTHUBHOCTBIO MO CpaBHEHHUIO ¢ ["'oMenbCcKUM.
B oTnenbHBIE 3TIOXM aKTHBHOCTH MPOSBUIHN TpeyrodbHukn Crapoou — Jltobans — XKXutkoBuun u XXutkosuun — Ilet-
pukoB — Jlenpuuiel (Makcumansuoe pactsokenue 0,6 - 1077). unaranus B snoxu nocie 2020 roga pacrnpeeneHa Hepas-
HOMEPHO, HauOONBIINK TPAIMEHT HAOIIONAETCsl B BOCTOYHOM YacTH monurona (cranuuu Jlro6ans, OkTssOpsckuid, [ler-
pukoB, JKutkoBuun). BocToUHBIE TPEYTONBHUKA OTIPANIMBAIOT TAKWE CTPYKTYPBI KaK BOCTOUHBIN CKJIOH MHUKAaIeBUICKO-
JKutkoBuuckoro BeicTyna, YepBoHocnoboacko-MaonymmHckuii, KonatkeBuuckuii pasinoMel. BennunHa cipura He nipe-
soimaer 1,0 - 1077, 3a uckmouennem smoxu 20242025 romos, B KOTOPYIO B BOCTOYHON YaCTH BEJIWYMHA CIBHUIA JOCTHIAET
3,0 - 1077, TpeyronsHukH, onpammparomue CToXoacko-MOTUIeBCKHii pa3ioM, He TIOKA3alIH €ro BHICOKOH aKTUBHOCTH.

Bpectckuii mogUroH pacnosiokeH Ha Teppuropuu bpectckoii Bnagunsl, JlykoBcko-PaTHoBckoro ropera. MHTepec
npeacTasisaoT FOxHo-PatHOBCkuit n CeBepo-PaTHOBCKUIA pa3ioMbl, SIBISIONUIMECS TPOAOIDKEHUEM MOJIOJOH CTPYKTYpBI —
[punsarcko-/lonenkoro rpadeHa. B mpoMBIIIIIEHHOM OTHOIIEHHH MHTEPEC MPEACTABISAIOT YIaCTKH HEe()TEIIPOBOIOB
U Ta30IIPOBOJIOB.

Bpectckuil MOMUTOH XapakTepU3yeTcsl JOCTATOUHO BBICOKOM aKTUBHOCTBIO. Jlunatanusi paclpejiesieHa pPaBHO-
MEpHO | 3a uckiroueHueM smox 2018-2019, 2021-2022, 2023-2024 nMmeeT TEHASHINIO K YBEIHICHAIO B HAIIPABICHUN
¢ 10ro-3amazia Ha ceBepo-BocTOK. CABHT pacrpeelicH HepaBHOMEPHO. MaKCHUMaNbHBIN TPaJieHT MPIyPOUYeH K CEBEPHON
yactu nonurona (cranuuu bepésa, Msanesnun, Tenexansl, [poruaun, [Ipyxansr). B snoxy 2018-2019 Benuunna Makcu-
MaJbHOTO cBura gocturaet 7,0 - 1077, a BenuunHa MaKCUMAILHOTO M MUHMMAJIBHOTO pacTskenuii 2,1 - 107u-54 - 107
cooTBeTCTBEHHO. [losaraem, 4To akTUBHOCTH IIpuypouyeHa k Kameneukomy, JIsxoBuuckomy, bepectoBunikoMmy pazinomam.

OctpoBenkuii NoauroH pacnonoxkeH B npenenax benopycckoil antexnusel. Teppuroputo nepecexaroT OUIMSHCKUH,
OctpoBeukuii, Msenabckuil pa3ioMbl. B mpenenax monurona pacnojiaraercst SIUUEHTP UCTOPUUECKON TEKTOHUYECKOI
akTuBHOCTH — ['ynmoraiickoro 3emuerpsiceHus 1908 roga. be3sycnoBHO, HHTEPECHBIM B IPOMBIIIUICHHOM OTHOIIEHUH
SIBIISICTCS OOBEKT MOBBINIEHHOW onacHocTH — benopycckas ADC.

OcTpOBelKHii MOJIUTOH XapaKTepU3yeTcsl 3HAYUTEILHON aKTUBHOCTBIO. BenmnunHa quataluy TpeyroJibHUKOB, Iepe-
cexaeMbIX ONIMSHCKHAM Pa3ioMOM, B OTAeNbHbIE 210XH fgocturaet 1,6 - 1077, TIpocnexuBaeTcsa TeHASHIMS K 00pa30BaHUIO
JIOKAIBHBIX MAKCUMYMOB ¥ MUHMUMYMOB B paiione Cmoprouu. CIBHT B OT/ENbHBIE 310XU gocturaet 3,5 - 1077, Benopye-
ckag ADC HaxoaMTCs B 30HE JEHWCTBUS 3TUX AedopMmannii. OfHAKO ClielyeT y4ecTb, YTO, BO-NIEPBbIX, HA KapTax M30JIU-
HUH, Tpoxozse B paiione ADC, MOKa3bIBaIOT CMOACIHPOBAHHBIE HHTEPIOJANNEH MOeTbHBIC 3HAUEHUS ANIAaTaIHH,
a peasibHbIe 3HAYEHHS MOTYT OTIMYAThCS; BO-BTOPBIX, ADC JIeKUT B CTOPOHE OT Pa3phIBHBIX CTPYKTYp. B ciryuae mpmxke-
HUS aKTHBHBIX OJIOKOB 3eMHOH KOpbl, uomanka ADC OyaeTr ABUraThCsl BCSI LIGJIMKOM, YTO HE BBI3OBET €€ pa3pyLIeHHH.
Bonee Toro, ADC cnpoekTrpoBaHa ¢ OOIBIINM 3aI1aCOM CEHCMHYECKON MMPOYHOCTH.

[losoukuii NOJIUroH HaXoAUTCS B Ipeaenax JIaTBUNCKUI ceaJI0OBUHBI, CEBEPHOIO CKJIOHA benopycckoil aHTeKIIn3bl,
3anajgHol yactu OpmaHckoit Bnaaunel. MHTepec npenctasisitor [ononxuit, Yanraukckuit, TyposnsHckuil, berommbckuii
pa3ioMbl. B IpOMBIIIIEHHOM OTHOIIICHUH BaKHBIMU 00beKTaMu siBiisitoTcs [lonorkast u Buredckas ['DC, HedTenpoBoa
Vueua — [Tomonk. /lo0bua MoJje3HBIX HCKOMIAEMBIX B OCHOBHOM CBSI3aHA C MPUIIOBEPXHOCTHBIMH OTJIOKECHUSMH YETBEP-
THUYHOTO MEPHOJIa, a TAKXKE C 3aekaMH JJOJIOMUTOB JIEBOHCKOTO Bo3pacTa B BureOckom paiione.

B nenom [ononkuii MOJUTOH XapaKTepU3yeTCs HEBHICOKOW aKTUBHOCTBIO, BBIJCISIIOTCS TONBKO TPEYTOJbHUKU
Bemenxosuun — Burebck — JIno3no, JIno3no — Butedck — ['oponok, I'opomok — Burebek — O60b, posBIsAtONIne
AKTHBHOCTb BO Bce 31M0oXH. CunTaeM akTHBHOCTH CBsi3aHHOW ¢ PynHsHckuM n BureOckum pasnomamu. 3HauuTENbHBIE
BEJIMYMHBI MAKCUMAJIBHOTO U MUHUMAJIBHOTO PACTSHKEHUN BCTPEYAIOTCS TAKXKeE Y TPEYTOJbHUKOB BepXHeIBUHCK —
Pocconst — HoBomomnork n Bepxuensunck — [lapkosmmaa — HoBomomonk. 3Tu TpeyroapHUKN onpanmBaioT Ilomomkmit
pas3iioM, akTHBHOCTH KOTOPOTO paHee MOATBEep KIanachk Oolee IeTaabHBIMI HCCIIeAOBaHISMH [3].

CrapoOHMHCKHI TIOJIMTOH OXBaThIBaeT yacTh [IpumsaTckoro nporuba ceepHee MukanieBHICKo-KUTKOBHUCKOTO
BeicTyna. Cranmus Ctapble TOpord MpuHAIISKUT K boOoBHAHCKOMY BRICTYIy bemopycckoif antexinmssl. [laHHas Tep-
pUTOpHS WHTEPECHA B TEOIUHAMIYECKOM OTHOIICHUH, T.K., BO-IIEPBBIX, UMEET BaKHEHIIee IPOMBIIIICHHOE 3HAUCHHE:
3/1€Ch PACIION0XKEHO OJHO U3 KPYNHEHIINX B MUPE MECTOPOXKIECHUIN KAIUHHBIX COJIEH, BO-BTOPBIX, 31€Ch HEOJHOKPATHO
HaOJII0AINCh CEHICMUYECKHE SIBJICHUSI TEXHOTCHHOTO XapaKkTepa.

Io pe3ynpraTtam uccienoBarnii CTapOOMHCKHUIA ITOTUTOH MPOSIBII HEBBICOKYIO aKTHBHOCTH CO 3HAUCHHSIMH JIHJIA-
TalUM, CIBUTA ¥ PACTSKEHHUM, peaKo npesbimaromumu 1 - 1077, Jlunaranus u ¢IBMI pacnpeelieHbl PABHOMEPHO, HAIPaB-
JIEHUS PacTSHKEHUN BapbUPYIOTCS OT SIOXH K AIIOXE.

3axmouenne. B xone nccaenoBanus ObUTH MOTyYIEHBI HOBBIE JTAHHBIE O 1e(OPMAIIHIX 3eMHOH KOPBI X TIOCTPOCHEI
HOBBIC JIe()OPMAIIMOHHBIC KapThl. ABTOPHI IPUMEHWIN HE MCIOJIb30BABIIUICA UMHU paHEee MPH I'eOIMHAMUYCCKUX HCCIIC-
JIOBaHWSIX ITOJXOJ, TPEIOJIararoluii TpaHcopMHUpOBaHUE KOOPIUHAT 110 OTHOIIEHHIO K TIEPBOM 3110Xe, [UIS Yero paspa-
00Tam COOCTBEHHBINH MO/TyITh. B pe3ynpTaTe BRIsIBIEHA aKTUBHOCTE psijia TEKTOHUIECKHX CTPYKTYp: Cerepo-Ilpumnsrckoro,
KomreneBckoro, MannHoBcko-I mazoBckoro, Kamenenkoro, JIsxoBudckoro, bepecroBurkoro, Ommsiackoro, OCTpoBeIl-
koro, Msnensckoro, PynasHckoro, Burebckoro, ITosnorkoro pasnomoB. Bmecte ¢ TeM psiji pa3iioMoB, aKTHBHOCTb KOTOPBIX
MOJITBEpKIaTack Ooyiee paHHIMH HCCIICOBAHUSIMH, HE IPOSBIIIA OKHAaeMOoi akTUBHOCTH: CTOX0ACKO-MOTHIIEBCKHA,
BrokeBcko-Munckuit. [l ganpHeimero noanManns Mexann3mMoB neikeHns myHkToB CCTIT PB mHeoOxommmo meramu-
3UPOBATh HUCCIEA0BAHUS C PUBJICUCHUEM APYTUX TUIIOB JAHHBIX.
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NEW RESULTS OF GEODYNAMIC STUDIES BASED ON DATA FROM THE SATELLITE-BASED
PRECISE POSITIONING NETWORK OF THE REPUBLIC OF BELARUS

P. DOLHI, A. IVASHNEV A
(Euphrosyne Polotskaya State University of Polotsk)

The article describes the process and results of a geodynamic study based on data from the satellite-based precise
positioning network of the Republic of Belarus, carried out under a grant from the Belarusian Republican Foundation for
Fundamental Research. An algorithm for transforming coordinates from two observation epochs to the initial observation
epoch is described. Formulas for calculating strain components (dilatation, shear, magnitude and direction of maximum
and minimum extension) based on the strain tensor are given. The methodology for constructing deformation maps and
presenting them within a web GIS project environment is described. The results of the analysis of newly constructed
deformation maps for such tectonic structures as the Pripyat Trough, Belarusian Anteclise, Mikashevichi-Zhitkovichi Horst,
Brest Basin, Latvian Saddle, and Orsha Basin are presented. The study confirms the activity of certain fault structures
on the territory of Belarus.

Keywords: GIS project, geodynamics, repeated observations, strain components, representation of geodynamic
phenomena in GIS, QGIS Geometry Generator.
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