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Evaluating Building Operational Safety under Variations of the Technical
Condition of Foundations
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Abstract

Introduction. Modern buildings operate under changing climate and loading conditions, where foundation degradation
leads to cracks, uneven precipitation and load-bearing capacity loss. Regular monitoring and inspections enable timely
risk detection, accident prevention and repair cost reduction. The aim of the study is to develop methods for assessing
operational safety across various foundation conditions, including calculating precipitation and performance limits.
Materials and Methods. The study included visual inspection, structural scheme identification, instrumental diagnostics,
building inspection with preparation of the architectural drawings, defect detection and documentation, installation of pits
with preparation of measuring drawings of epy foundations for open pits and identification of the strength characteristics
of the foundation material, opening structures and testing building materials to identify their strength characteristics with
subsequent verification calculations of the load-bearing elements.

Research Results. Based on the results of the verification calculations and identified structural defects, the condition of
the building elements and the building as a whole has been established. Recommendations have been developed for en-
suring the normal operation of a building as well as for strengthening or repairing structures.

Discussion and Conclusion. Comprehensive technical inspection of the building using advanced non-destructive testing
methods and verification calculations revealed the current technical condition of the foundation elements and foundations.
Based on the results of the technical inspection, taking into account the results of the verification calculations, it can be
concluded that for further normal operation of a building in some areas, it is necessary to take measures in order to
strengthen the foundations or strengthen foundations soils. The scientific significance lies in the developed and testing of
the methodology for comprehensive assessment of the load-bearing capacity of foundations taking into account real-
world operating conditions, which makes it possible to increase the accuracy of forecasting the durability of buildings on
weak soils. The practical value of the results lies in the formation of specific recommendations for strengthening founda-
tions. The findings can be used in inspecting similar civil and industrial facilities.
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AHHOTAIIMA

Beeoenue. CoBpeMeHHBIE 31aHHsI IKCIUTYaTUPYIOTCS B YCIOBHSX NU3MEHSIOIIEI0Cs KIMMarta v Harpy3oK, I7ie U3MEHEHHs
TEXHHUYECKOTO COCTOSHUS (PyHIaMEHTOB MOTYT HPUBECTH K TpELIMHAM, HEPABHOMEPHBIM OC3JIKaM M IOTepe Hecyluei
CHOCOOHOCTH. PeryispHbIii MOHUTOPHHT U 00CIIEI0BaHUE MTO3BOJISIIOT BOBPEMSI BBISIBIISITH PUCKH U NPEJOTBpAILATh aBa-
UM, CHIKAs 3aTpaThl Ha peMOHT. Llenbio nccneoBaHus B JaHHOM CTaThe SBISIETCS pa3padOTKa METOAOB OIICHKH JKC-
IUTyaTalliOHHOW OE30TMaCHOCTH MIPH PA3IMIHBIX TEXHHUECKUX COCTOSHUAX (PYHIAMEHTOB 3MaHUS, BKIIFOYAs pacdeT oca-
IIOK U TIPeIeTIOB PabOTOCIIOCOOHOCTH.

Mamepuanst u memoost. ViccrienoBaHue BKIIOYACT B ce0sl BU3YAIBHBIA OCMOTP, OTIPEIEIeHNEe KOHCTPYKTHUBHOM CXEMBI
3IaHUSL, THCTPYMEHTAIBHYIO THArHOCTHKY, BRIITOJHEHNE OOMEPHBIX padoT MO 3MaHUI0 C COCTABICHNUEM apXUTEKTYPHBIX
YyepTekell, BhIABICHUE U (PUKCALUIO IeeKTOB, yCTPOUCTBO MYp(dOoB ¢ cocTaBIeHHEM OOMEPHBIX uepTexel (pyHIaMeH-
TOB I10 OTPBITHIM IIyp(aM U OTpeieTIeHUE MPOYHOCTHBIX XapaKTEPUCTUK MaTepraia (yHIaMEeHTOB, BHIIIOJIHEHNUE BCKPBI-
TUI KOHCTPYKIMH U UCTIBITAHUN CTPOUTEIIBHBIX MaTEePUaJIOB C ONPEIeICHUEM UX IPOYHOCTHBIX XapaKTEPHCTHK C TOCIIe-
JIYIOIINM BBITTOJTHEHUEM TTIOBEPOYHBIX PACYETOB HECYIIHX AJIEMEHTOB.

Peszynvmamut uccnedosanus. Ha ocHOBaHUU pe3yJIbTAaTOB IIOBEPOYHBIX PACUETOB U BBISBICHHBIX JE(PEKTOB IO KOH-
CTPYKIVSIM YCTaHABIHMBAIOCH COCTOSHHE CTPOWTENBHBIX 3JIEMCHTOB W 3[aHUA B IenoM. Pa3paboTaHbl peKOMeHIanuu
IU1A o0ecTiedeHHsT HOPMaJIbHOHM SKCIUTyaTalluy 3IaHUs U PEKOMEH/IAINH 110 YCHIICHHUIO WM PEMOHTY KOHCTPYKITHIA.
Obcyscoenue u 3axnrouenue. [IpoBeeHHOE KOMIUIEKCHOE TEXHUIECKOE O0OCIIEIOBaHNE 3JaHIs C IIPUMCHEHHEM CO-
BpEMEHHBIX METOJIOB HEPa3pyIIAIOIIETO KOHTPOJIS H IIOBEPOYHBIX PACUETOB MO3BOJIMIO BBIIBUTH TEKYIICEe TEXHUYC-
CKOE COCTOSTHIE KOHCTPYKTHBHBIX 3JIEMEHTOB ()yHIaMEHTOB M OCHOBaHHU. [1o pe3ynbraTaM MpOBEACHHOTO TEXHUYE-
CKOTO 00CIIeJOBAaHUSI C yUYETOM PEe3yJbTAaTOB MOBEPOUYHBIX PAacu&TOB MOXHO CJENaTh BHIBOJ, YTO IS JaibHe e
HOpPMaJILHOM 9KCIUTyaTal[iK 3J[aHus Ha OT/IENIbHBIX y4acTKaX TpeOyeTcs BBIMOIHUTD MEPOTIPUATHS [0 YCUIIEHUIO QyH-
JIAaMEHTOB MJIM YKPEIJICHUIO TPYHTOB OCHOBaHMW. Hay4Has 3Ha4MMOCTb HCCIIeIOBaHMS 3aKII0YAETCs B pa3paboTKe U
anpoOaiyyu METOANKHA KOMIIJICKCHOM OIIEHKH Hecylleil CrioCOOHOCTH OCHOBaHUI U ()YHIaMEHTOB C Y4E€TOM PealbHBIX
YCIIOBHH SKCIUTyaTaliy, YTO MMO3BOJISIET OBBICUTh TOYHOCTh IPOTHO3a JIOJITOBEYHOCTH 3/IaHUH Ha cIa0bIX IpyHTaXx.
[IpakTHdeckasi IEHHOCTh Pe3yJIbTaTOB COCTOUT B (POPMHUPOBAHUH KOHKPETHBIX PEKOMEHIAINH 110 yCHICHUIO (QyHIa-
MeHTOB. [loydeHHBIE BEIBOIBI MOTYT OBITH HCIIOJIB30BAHEI ITPH 00CIIEIOBAHUN aHATOTHYHBIX 00BEKTOB IPaXKTaHCKOTO
1 IPOMBIIIUICHHOTO Ha3HAYCHUS.

KiroueBble cioBa: (byHZ[aMCHTBI, HHXCHCPHO-TCXHUYCCKOC 06CJ'IC,Z[OBaHI/IC, MOBCPOYHBIC paC'IéTbI, TEXHHUYCCKOE COCTO-
SIHUCE, I[C(bOpMaLlI/IOHHLIC U MMPOYHOCTHBIC XapAKTCPUCTHUKHU

Jast untupoBanus: Pummun B.U., EBnokumenko A.C., Kenko E.C., Bopo6seB A.E., CaBennseB E.C. Ananu3 skcrnya-
TAlMOHHON 0€30IIaCHOCTH 3/IaHHs IPU BAPUALMAX TEXHHIECKOTO COCTOsIHUS (PyHIaMenToB. Cospementble meHOeHyul 6
cmpoumenscmee, 2padocmpoumenvcmee u nianuposke meppumopuii. 2026;5(2):7-21. https://doi.org/10.23947/2949-
1835-2026-5-2-7-21

Introduction. Modern buildings are being operated in changing climatic conditions, dynamic loads and heteroge-
neous weak soils (bulk sands, water-saturated clays) leading to deformations of foundations, cracks, uneven precipita-
tion and further to emergencies. The methods currently employed tend to focus on new structures, with no considera-
tion of the operational characteristics of structures. The aim of the study is to develop a methodology for assessing the
operational reliability of building foundations on various types of soils, calculating precipitation and identifying the
technical condition of structures. To this end, the following tasks were set: to conduct an instrumental examination,
perform verification calculations for Group | and Group Il of limiting conditions, and to develop recommendations for
strengthening foundations [1-4].
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Materials and Methods. The work on the technical inspection of foundations and bases of a building included in-
stalling pits with preparing dimensional drawings of the foundations for the excavated pits and identifying the strength
characteristics of the foundation material. The depth of the pits was identified taking into account the establishment of
the actual depth of the existing foundations, their structures, strength of materials, etc. Soil samples were mostly taken in
the range of 10-60 cm below the soles of the foundations of the undisturbed structure (3 samples for each pit), laboratory
tests of the samples were performed based on the standard methods in compliance with the current state standards. The
deformation and strength characteristics of the soils were identified according to Appendix B of SP 22.13330.2011 "Foun-
dations of Buildings and Structures".

Based on the results obtained from the excavated pits, verification calculations of the bases of the foundations
for Group Il of limiting states (deformations) were performed. The calculations were conducted taking into account
Clause 5.3.18 of SP 22.13330.2011.

While performing the verification calculations of the foundations, the following parameters were set: the calculated re-
sistance of the foundations, permissible load on the foundations, pressure on the soles of the foundations considering the
existing loads.

The inspection of vertical and horizontal load-bearing structures, staircases and roofs included a study of the condition
of the load-bearing elements, including measurements with preparing architectural drawings of structural components at the
excavation sites.

Defects were identified and photofixed in the interior of the building (in the areas of actual access) with preparing
diagrams of the location of defects on the floor plans and fixing defects on the facades of the building with the application
of defective areas on the sketch drawings of the facades.

Through the course of the technical inspection, the strength characteristics of building materials of load-bearing struc-
tures were identified by means of non-destructive testing methods. The concrete strength class was identified based on
the direct measurements of concrete strength using non-destructive methods according to GOST 22690 "Concretes. Iden-
tifying the Strength by Means of Mechanical Methods of Non-Destructive Testing™ (by means of the shock pulse method)
and taking into account the requirements of Clause 8.3.5 of SP 13-102-2003 "Rules for Inspection of Load-Bearing Build-
ing Structures of Buildings" (the actual concrete strength class was set as B = 0,8-Rsc)>? [1-3].

The strength characteristics of the reinforcement structures were identified based on an expert assessment considering the
profile of the reinforcement, the year of construction of the building as well as the data of SNiP 2.03.01-84* "Concrete and
Reinforced Cconcrete Structures”. The calculated resistance of the rod reinforcement is assumed to be equal to Rs = 510 MPa,
Rsc = 450 MPa — for fittings of the A600 periodic profile.

Tests of metal structures were not performed. The strength characteristics of rolled steel elements were identified
according to SP 13-102-2003 and available reference data. While calculating the steel elements, the value of the calculated
tensile strength of steel is assumed to be equal for columns made of rolled channels Ry = 230 MPa (for steel C235), for
beams made of rolled I-beams, corner support tables and steel strips Ry = 240 MPa (for steel C245). For the calculation
of welded joints, it is assumed that manual electric arc welding with E42 electrodes has been performed.

Based on the results of the excavations, measurements, and calculation of the strength characteristics of the materials,
piecemeal verification calculations of horizontal and vertical load-bearing structures were performed.

Verification calculations of structures were performed according to Group | of limiting states (in terms of the load-bearing
capacity) according to Section 10 of SP 13-102-2003. Verification calculations of steel structures were performed in com-
pliance with SP 16.13330.2011 "Steel Structures”, of reinforced concrete in compliance with SP 52-101-2003 "Concrete and
Reinforced Concrete Structures without a Prestressing Reinforcement".

The verification calculations were performed considering the useful load for the ceiling above the 1st floor identified
using SP 20.13330.2011 "Loads and Impacts" and amounting to 200 kg/m? (standard value). The useful snow load on the
surfacing is assumed to be 180 kg/m? (snow region I11). The standard load from the partitions is assumed to be 50 kg/m?2.
The weight of the floors is 150 kg/m? (standard value). Since the roof was not opened, the load from the pie was assumed
based on the expert assessment.

1 Bondarenko VM, Rimshin VI Dissipative Theory of Force Resistance of Reinforced Concrete. Moscow: Student; 2015. 111 p.
2 Kurbatov VL, Rimshin VI, Dironas MV Control and Supervision in Construction and Housing and Communal Services. Mineralnye Vody; 2024.
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While performing the verification calculations, the loads from the own weight of the structures were identified based
on the excavations and measurements. The specific weight of the materials was identified based on the expert assessment:
concrete yr = 24 KN/m?; reinforced concrete y¢ = 25 kN/m?; steel ys = 78,5 KN/m?3; bricks y: = 18 kN/m?; claydite-concrete
vi = 12 kN/m?; cement-sand screed y; = 18 kN/m3; backfilling soil y; = 16 kN/m3.

Given the fact that selective excavations were performed, the load on the structures in some areas was identified based
on the expert assessment. The forces in the structures were identified by means of the methods of structural mechanics.
Based on the results of the verification calculations of the vertical and horizontal load-bearing structures, the following
parameters were established: values of the actual load-bearing capacity of vertical and horizontal load-bearing structures,
coefficient of utilization of the load-bearing capacity of the existing elements of vertical and horizontal load-bearing
structures. The condition of the structures and the structure as a whole was identified based on the technical inspection
and verification calculations. The inspection of the load-bearing structures, identification of the strength of the materials,
and verification calculations were performed in compliance with the current regulatory documents [4-10].

The technical inspection of the building was performed in stages. Preliminary examination involved familiarization
with the available documentation, general inspection of the facility, continuous visual inspection of the building struc-
tures, identification of defects and damage based on the external signs with a necessary measurements and fixation. A
detailed continuous inspection involved performing measurements, measuring the strength characteristics of the ma-
terials of the load-bearing structures, performing openings of the load-bearing structures, setting up pits, performing
measurement drawings of foundations and structures at the opening sites, performing engineering and geological in-
spections of the bases of foundations, designing measurement drawings of the floor plans, facades, sections, roof plan
as well as the load-bearing layout schemes floor and coating structures, measuring the necessary geometric parameters
of building structures, elements, nodes and foundations, instrumental identification of defect and damage parameters,
performing verification calculations, analyzing the inspection results, writing a technical report with the conclusions
based on the inspection results, preparing recommendations to ensure further normal operation of the building. The
preliminary insoection included a preparatory period when the initial data was being collected and analyzed. Based on
the preliminary inspection, the locations of the pits, openings and measurements of the strength characteristics of
structures were established. The Onyx 2.6 device was used to identify the strength characteristics of the building ma-
terials by non-destructive methods. A total station inspection of the structures was performed by means of a Trimble
M3 total station (5”)%4 [11-14].

Technical inspection of the building. A brief description of the inspection object

The administrative building under study was built in 1995 (two-storeyed, with no basement). The height of the rooms
on the first floor from the floor level to the bottom of the floor slabs is about 3900 mm, the height of the second floor is
about 2570 mm. The structural scheme of the building is a frame one. The structure is made in the form of two rectangular
volumes with the overall dimensions of about 25.0%9.4 m and 37.2x9.8 m. The spatial rigidity and stability of the building
is provided by the frame frames with rigid coupling of the columns with the foundations and hinged coupling of crossbars
with the columns. The joint work of the frame elements is provided by rigid horizontal disks - prefabricated slabs of floor-
to-ceiling and surfacing. The area around the building is planned, the courtyard is paved. An asphalt concrete blind area
is made along the contour of the building. The drainage of meltwater and rainwater in an asphalt-paved area is provided
by the vertical layout. The layout of the building is shown in Fig. 1.

The foundations for the frame columns are made of columnar monolithic reinforced concrete. The basement parts of
the exterior walls are supported by monolithic reinforced concrete foundation beams laid on the column foundations.
The wall panels of the aboveground part of the building above the basement are supported by solid concrete blocks via
rolled steel elements (at the ground floor level), on the underlying panels (at the second floor level) and on steel support
tables welded to the columns (at the first and second floor levels). The walls of the staircase block are supported by the
concrete floors laid on the ground.

The main columns of the frame are made of composite cross-section of rolled steel channels No. 30, connected by
strips of 200 x7 mm with a pitch of about 700 mm. The main columns take the loads from the floors above the ground

% Rimshin VI, Bondarenko VM, Bakirov RO, Nazarenko VG Reinforced Concrete and Stone Structures. Moscow; Stroyizdat: 2007.
4 Inspection and Testing of Buildings and Structures. Moscow; 2012.
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floor and the coating, as well as from prefabricated expanded clay wall panels. Half-timbered steel columns made of
paired channels No. 30 are arranged between the main columns of the frame. Half-timbered columns serve to support the
exterior wall panels and withstand wind loads. There are no steel vertical connections along the frame columns.

The enclosing walls are made of prefabricated expanded clay wall panels 340 mm thick. The panels are made mainly
of non-load-bearing (hinged) panels supported by steel support tables welded to the main columns of the frame and the
half-timbered columns. The individual wall panels are self-supporting, supported by solid concrete blocks through steel
linings made of rolled elements (at the ground floor level) and on the underlying panels (at the second floor level). The
basement of the exterior walls is made of precast solid concrete blocks supported by monolithic reinforced concrete
foundation beams. The facades are lined with brick about 120 mm thick. The facade cladding along the axes A, D and 9
is made of ceramic tiles in the form of factory wall panel cladding. The brickwork of the cladding is supported by prefab-
ricated solid concrete blocks. The interior walls of the staircase block at the ground floor level are made of solid clay
brick masonry on a cement-sand mortar. The wall thickness, including cladding, is about 310—460 mm. The partitions
with a thickness of 90-410 mm are made of solid clay brick masonry, foam concrete blocks on cement-sand mortar and
frame-sheathing of plasterboard sheets.
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Fig. 1. Scheme of the building under study in the axes 1-13/A-G

The ceiling of the building is made according to a beam scheme of prefabricated reinforced concrete multi-hollow
slabs measuring 6.0x1.2x0.22(h) m and 6.0x1.8x0.22(h) m supported by I-beam steel crossbars No. 50 and No. 50B2, as
well as monolithic sections supported by reinforced concrete girders along axes A, G and 9-13.

Vertical communication throughout the building is provided by a two-marched prefabricated reinforced concrete stair-
case located in axes 7-9/F—G. The staircase from 0.000 m to +0.680 m is made of monolithic reinforced concrete. Safe
movement along the staircase is ensured by fences made of steel elements.

The coating is made flat. Reinforced concrete multi-cavity slabs with a span of 6.0x1.2x0.22(h) m and
6.0x1.8x0.22(h) m are supported by steel crossbars of the I1-beam frame No. 50 and No. 50B2, as well as monolithic
sections supported by reinforced concrete girders with cross-sectional dimensions of 120x220(h) mm along axes
A and G. Cross-section crossbars consisting of two rolling elements are united by steel bars.

Precipitation drainage is provided by sloping the roof surface in the direction of the funnels of the external down-
pipes. The roof is made of soft rolled material arranged on a layer of cement-sand screed and insulation. Along the con-
tour of the roof there is a parapet made of solid clay bricks laid on a cement-sand mortar.

The exterior condition of the building is deemed satisfactory.

Results of the survey of bases and foundation soils. The column foundation along pit No. 1 in axes 9/A for the column is
made in the form of a slab of monolithic reinforced concrete with overall dimensions of about 2.1x1.8x0.36(h) m. The
coupling of the frame column with the foundation is provided by means of a column made of monolithic reinforced
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concrete measuring approximately 1x1x1.45(h) m. Reinforced concrete foundation beams with the overall dimensions of
about 500x570 mm are arranged under the exterior walls. At the level of the top of the foundation beam, horizontal
waterproofing is made from a layer of roofing material. The depth of the foundation from the level of the planned ground
level is about d = 1.55 m. The layout of pit No. 1 and sections 1-1 and A-A are shown in Fig. 2.
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Fig. 2. Scheme of the layout of the pit No. 1 and section 1-1 and A-A

The column foundation along pit No. 2 in the 5/G axes for the column is made in the form of a slab of monolithic
reinforced concrete with overall dimensions of about 2.4x2.4x0.6(h) m. The coupling of the frame column with the
foundation is provided by means of a column made of monolithic reinforced concrete of 1.2x1.2x1.05(h) m. The depth
of the foundation from the level of the planned ground level is about d = 2.65 m. Fig. 3 shows the layout of pit No. 2
and section A-A.
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Fig. 3. Scheme of the layout of the pit No. 2 and section A—-A

The columnar foundation along pit No. 3 in axes 1/H for the column is made in the form of a slab of monolithic
reinforced concrete with overall dimensions of about 1.6x1.6x0.7(h) m. The conjugation of the frame column with the
foundation is provided by means of a column made of monolithic reinforced concrete measuring 1.2x1.2x0.9(h) m. Re-
inforced concrete foundation beams with overall dimensions of about 500%570 mm are arranged under the exterior walls.
At the level of the top of the foundation beam, horizontal waterproofing is made from a layer of roofing material. The
depth of the foundation from the level of the planned ground level is about d = 1.6 m. In Fig. 4 shows the layout of pit
No. 3 and section A-A.

The column foundation along pit No. 4 in axes 1/A for the column is made in the form of a slab of monalithic rein-
forced concrete with the overall dimensions of about 1.8x1.8x0.6(h) m. The coupling of the frame column with the foun-
dation is provided by means of a column made of monolithic reinforced concrete measuring 1.0x1.0x1.0(h) m. Reinforced
concrete foundation beams with the overall dimensions of about 500x570 mm are arranged under the exterior walls. At
the level of the top of the foundation beam, horizontal waterproofing is made from a layer of roofing material. The depth
of the foundation from the level of the planned ground level is about d = 2.0 m. Fig. 5 shows the layout of pit No. 4 and
section A-A.

The foundation of the pit No. 5 in axes 7/F in sections A—A and B-B for the walls of the staircase block is made in
the form of concrete floors on loose soil. The thickness of the floors is about 150 mm. There is no waterproofing of the
floors. The depth of the foundation from the level of the planned ground level is about d = 1.05 m. Fig. 6 shows the layout
of the pit No. 5 and section A-A.
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The column foundations for the columns of the frame and the foundation beams for the self-supporting exterior walls
are made of monolithic reinforced concrete of a strength class of at least B20. The foundation for the walls of the staircase
block is made in the form of concrete floors on the ground. The depth of the soles of the columnar foundations from the
level of the planning mark is 1.05-2.65 m.

According to the opened pits No. 1, 3, 4, horizontal waterproofing is performed on top of the foundation beams from
a layer of the roofing material. There is no waterproofing of the foundations and floors on the ground. The floors of the
ground floor rooms are made of monolithic concrete 150-400 mm thick. No foundation defects have been identified. The
concrete strength of columnar foundations and foundation beams, measured by means of non-destructive testing methods,
corresponds to class B20 with a calculated compressive strength of R, = 11.5 MPa.

In the pit No. 1 sandy bulk soils at a depth of 0.1-0.6 m from the base of the foundation have the following average
values of the physical characteristics: soil density p = 18.8 kN/m?*; humidity w = 0.184; dry soil density pg = 15.9 kN/m?;
soil particle density ps = 26.7 kN/m?; porosity coefficient e = 0.67; degree of water saturation Sy = 0.73. The granulometric
composition is > 2 mm — 4.8%; > 0.5 mm — 8.2 %; > 0.25 mm — 24.7 %; > 0.1 mm — 46.7 %; < 0.1 mm — 15.6%.
The underlying bulk soils are represented with high-quality dark gray-yellow fine sands of medium density, moist, clayey
with inclusions of red brick crumbs, lime mortar and limestone rubble stone.

The minimum normative values of the strength and deformation characteristics of the underlying soils (according to
Appendix B of SP 22.13330.2011) are as follows: specific adhesion as = 1 kPa; angle of internal friction ¢, = 31°; modulus
of deformation E = 26 MPa.

While calculating the bases of the foundations for Group Il of limiting conditions, the standard values of long-term
loads were used. At the same time, for useful short-term loads on floors and from snow, long-term parts were taken by
multiplying by reduction coefficients 0.35 and 0.7, respectively. While performing verification calculations of founda-
tions, the calculated resistance of the bases of the foundations, the permissible load on the foundations, operating or design
pressure on the soles of the foundations taking into account the accepted useful load were established 567 [15-21].

® Technical Operation of Residential Buildings. Moscow; 2012.
& Rimshin VI, Ketsko ES, Truntov PS A Large Construction Dictionary. Volume 2 P-Ya. Moscow: ASV; 2022. 626 p.
" Rimshin VI, Ketsko ES, Truntov PS A Large Construction Dictionary. Volume 1 A-O. Moscow: ASV; 2022. 572 p.
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In the pit No. 1 in the 9/A axes with the overall dimensions of the columnar foundation about 2.1x1.8x0.36(h) m and
a depth of about d = 1.55 m, the calculated resistance according to the minimum normative values of the strength charac-
teristics of fine sands at as = 1 kPa and ¢, = 31° is R = 0.023 MPa. The collection of the loads on the foundation in the pit
No. 1 is shown in Table 1.

Table 1
Collection of the loads. Pit No. 1
Loads | Ap,m* | guMPa | g,MPa [ Ni,kN | N,kN
Loads from the surfacing
Constant
Weight of the surfacingand roofing | 135 | 0.0056 | 00066 | 756 | 89.1
Temporary
Surfacing | 135 | 00009 | 00013 | 119 | 170
Loads from the ceiling above the 1st floor
Constant
Weight of the ceiling, floors | 135 | 00052 | 00061 | 702 | 824
Temporary
Temporary useful loads and partitions | 135 | 00012 | 00015 | 162 | 208
Total loads on the foundation

Weight of the ceiling 173.9 209.3

Weight of the walls and columns 256.6 294.9
Weight of the foundation 117.4 131.8

Total loads 547.9 636.0

Area of the sole of the column foundation, m? 3.78
Base pressure from the normative loads, MPa 0.15

Research Results. Based on the results of the verification calculations, the calculated resistance of the base soils
is 0.23 MPa. The maximum permissible load on the foundation, taking into account a certain calculated resistance of
the soil of the base and the dimensions of the foundation, should not be over 0.23 MPa. The average pressure at the
base of the foundation, taking into account the accepted regulatory ceiling load of 2 kN/m?, is about 0.145 MPa. The
requirement of clause 5.6.7 JV 22.13330.2011 is met.

Similar verification calculations were performed for the pits No. 2—4. The calculation results are shown in Table 2.

Table 2
Results of the verification calculations for the pits

No Compliance with
of a ] it R, MPa Nmax, MPa p, MPa Normative load, kN/m? Clause 5.6.7
P SP 22.13330.2011
1 0.23 <0.23 0.145 2 Is met
2 0.13 <0.13 0.175 2 Is not met
3 0.18 <0.18 0.188 2 Is not met
4 0.28 <0.28 0.195 4 Is met

R is the calculated ground resistance of the foundation, Mpa; Nmax is the maximum permissible load on the foundation taking into
account the identified calculated ground resistance of the foundation and the dimensions of the foundation; p is the average pressure along
the base of the foundation taking into account the accepted regulatory load on the floors, MPa.

In the pit No. 5 in axes 7/F (Section A-A), with a base width of about 0.38 m and a foundation depth of about

d =0.15 m (the wall rests on a concrete floor about 150 mm thick), the calculated resistance is equal to (in according to Table
B.9 of SP 22.13330.2011) Ro = 180 kPa (soil dumps with no compaction at a humidity level of no more than 0.5),
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is R = 0.09 MPa. In accordance with Table B.9 of SP 22.13330.2011, the calculated resistance of the underlying bulk soils
for a conditional foundation with a sole width of 1.0 m and a depth of 2.0 m is Ry = 180 kPa. The collection of the loads on
the foundation in the pit No. 5 (section A-A) is shown in Table 3.

Table 3
Collection of the loads. Pit No. 5 (Section A—A)
Loads | Arp, m? ‘ Os, MPa ‘ Op, MPa ‘ Ni, KN | Np, KN
Loads from the staircase structure
Constant loads
Weight of the staircase structure | 28 | 00035 | 00039 | 98 | 108
Temporary loads
Temporary useful | 2.8 \ 0.0011 \ 0.0013 \ 2.9 | 35
Total loads on the foundation, MPa
Staircase structures 9.8 10.8
Weight of the wall 36.3 39.9
Weight of the foundation 14 1.6
Temporary useful 2.9 35
Total load 50.5 55.8
Width of the sole of the column foundation, m 0.38
Normative load pressure on the foundation, MPa 0.13

In the pit No. 5 in axes 7/F (Section B-B), with a base width of about 0.25 m and a foundation depth of about
d = 0.15 m (the wall rests on a concrete floor about 150 mm thick), the calculated resistance is equal to (in according to
Table B.9) Rg = 180 kPa (soil dumps with no compaction at a humidity level of no more than 0.5), is R = 0.09 MPa. The
collection of loads on the foundation in the pit No. 5 (section B—B) is shown in Table 4.

Based on the results of the verification calculations, the following has been established. In section A-A, the calculated
resistance of the base soils is 0.09 MPa. The maximum permissible load on the foundation, taking into account a certain
calculated resistance of the soil of the base and the dimensions of the foundation, should not be over 0.09 MPa. The
average pressure at the base of the foundation, taking into account the accepted standard load on the staircase of 3 kN/m?2,
is about 0.13 MPa. The requirement of Clause 5.6.7 SP 22.13330.2011 is not met.

Table 4
Collection of the loads. Pit No. 5 (Section B-B)
Loads Ny, kN Np, kN
Weight of the wall 23.4 25.8
Weight of the foundation 0.9 1.0
Total load 24.3 26.8
Width of the sole of the column foundation, m 0.25
Normative load pressure on the foundation, MPa 0.0975

In section B-B, the calculated resistance of the base soils is 0.09 MPa. The maximum permissible load on the foun-
dation, taking into account a certain calculated resistance of the soil of the base and the dimensions of the foundation,
should not be over 0.09 MPa. The average pressure at the base of the foundation is about 0.1 MPa. The requirement of
Clause 5.6.7 SP 22.13330.2011 is not met.

As there are loose soils with a low design resistance (below the design pressure) in certain sections of the building at
the base of the foundations, the condition of the foundations for the columns of the frame and the walls of the staircase
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block is characterized as unsatisfactory — Category Il (limited operability). According to the results of the technical
inspection, given the results of the verification calculations (Table 5) it can be concluded that for the further normal
operation of the building in some areas, it is necessary to take measures in order to strengthen the foundations or the bases

of the foundations.

Table 5
Results of the verification calculations of the soils of the foundations and structures of the foundations
Load-bearin Design
. g . g Permissible . Coefficient of the
. capacity of the resistance Existing load on -
Location of the . load on the . Coefficient of the|  use for the
. foundation of the . the foundation, . .
foundation . foundation use for the soil foundation
structures based on| foundation . MPa
. . soils, MPa structures
the material, MPa| soils, MPa
Column foundation| Determined by the Determined by
in the pit No. 1 in | reinforcement of 0.23 0.23 0.145 0.63 the foundation
the axes 9/A the structures soil
Column foundation| Determined by the Determined by
in the pit No. 2 in | reinforcement of 0.13 0.13 0.175 1.35 the foundation
the axes 5/D the structures soil
Column foundation| Determined by the Determined by
in the pit No. 3 in | reinforcement of 0.18 0.18 0.188 1.04 the foundation
the axes 1/Zh the structures soil
Column foundation| Determined by the Determined by
in the pit No. 4 in | reinforcement of 0.28 0.28 0.195 0.7 the foundation
the axes 1/A the structures soil
Ribbon foundation
in the pit No. 5 in
P 15 0.09 0.09 0.133 148 0.1
the axes 7/E
(Section A-A)
Ribbon foundation
in hte pit No. 5 in
15 0.09 0.09 0.1 1.09 0.07
the axes 7/E
(Section B-B)

Discussion and Conclusion. A comprehensive technical inspection of the building by means of modern methods of
non-destructive testing and verification calculations has revealed the current technical condition of the structural elements
and foundations.

Based on the results of the technical inspection, it can be concluded that the condition of the building is deemed
satisfactory — Category Il (operational), except the foundations under the columns of the frame and the walls of the
staircase block, with its condition characterized as unsatisfactory — Category 11 (limited operational).

It has been found that in order to ensure the normal operation of the building in areas with bulk soils (pits No. 2,
No. 3, No. 5), it is necessary to take measures to strengthen the foundations or bases. Ribbon foundations for the walls
of a staircase block can be reinforced by means of widening the sole or strengthening the foundations of the bases,
column foundations for columns — by means of installing a column foundation or strengthening the foundations of
the bases. It is recommended that the base of the foundations of the walls of the staircase block is widened by means
of installing a monolithic reinforced concrete cage (at least 300 mm wide) or a liner. The final overall dimensions of
reinforcement structures should be identified by means of calculations. The pile base for the frame columns can be
made of vertical drilling piles. A joint operation of piles and foundation structures should be ensured by tying the
reinforcing frames of piles with foundation structures and their subsequent concreting. Base soils can be strengthened
by injecting cement or special mortars into the soil.
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The above method of comprehensive assessment of operational safety in various technical conditions of building foun-
dations increases the forecast of operability, load-bearing capacity and durability and is applicable to similar structures.
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006 asmopax:

Puvmun Baaguvup HBaHOBHY, JOKTOp TeXHHYECKHMX HayK, npodeccop, mpodeccop Kadeapbl KUIUIIHO-
KOMMYHAJIBHOTO KOMIUIeKca HammoHanmbHOTO HCCIeToBaTeNbCKOro MOCKOBCKOTO TOCYAApCTBEHHOTO CTPOMTENILHOTO
yauBepcureta (129337, Poccuiickas ®Pepepanns, T. Mocksa, fpocnaBckoe mocce, 26), 3aBeayromuil 1rabopaTopuen
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A Combined Finite Element Analysis and Artificial Neural Network Approach
for Diagnostics of Building Cross-Sections Weakened with Stress Concentrators
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Abstract

Introduction. The study is dedicated to developing a new method for identifying defects in building structures with stress
concentrators. The method is based on the integration of shadow ultrasonic testing with deep learning algorithms, which
would enable accurate diagnosis with reliably identifying the geometric characteristics of defects.

Materials and Methods. A finite element model of an area with an angular point and damping layers made of metal with
a flexible coating was used. An ultrasonic actuator and receiver were placed on the opposite edges. Numerical experiments
with changes in the geometry and materials of the area and defect parameters were conducted on a distributed computing
system. The resulting signals were converted into spectrograms which were used in order to train a convolutional neural
network that establishes a connection between the spectrogram and the defect parameters.

Results. An extensive dataset of spectrograms has been formed. The trained neural network has displayed the ability to
accurately identify the key defect parameters based on a spectrogram such as size, position, and orientation. Verification
of the method has shown that it outperforms the traditional methods of ultrasonic signal analysis in terms of its accuracy
and speed.

Discussion and Conclusion. The hybrid approach for non-destructive testing in complex geometric conditions has been
proven to be effective. The major advantage is automated and intelligent data analysis reducing a degree of subjectivity.
The practical significance is the creation of a prototype adaptive diagnostic system. Prospects are related to further training
on experimental data and integration into portable systems for monitoring structures.

Keywords: building structures, non-destructive testing, ultrasonic diagnostics, stress concentrator, shadow method, deep
learning, convolutional neural network, finite element modeling, defect identification, spectrogram
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KoMOMHUPOBaHHBII MOIX0/] KOHEYHO-3JIEMEHTHOI'0 AHAJIM3Aa U HCKYCCTBEHHbIX HEliPpOHHBIX
ceTeH JIJIsl IMArHOCTUKHU CeYeHUH CTPOUTEIbHBIX KOHCTPYKIUI, 0CIa0/IeHHBIX
KOHLIEHTPATOPaMM HaNPsKeHU

B.B. Co6oas! >4, E.B. Pammaosa' ', I1.B. Bacuibes? ', B.B. Upamenko!
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AHHOTALUA

Beseoenue. ViccnenoBaHue MOCBSIIEHO pa3pab0TKe HOBOTO MeTOJa MACHTH(UKAIUKA Ne(EKTOB B CTPOUTEIBHBIX KOH-
CTPYKLUSIX C KOHIIEHTPATOpaMy HampshKeHUit. MeTo] OCHOBaH Ha MHTETPAIlMi TEHEBOTO YJIbTPa3ByKOBOI'O KOHTPOJIS C
aNroOpUTMaMu rIy6OKOro 00yUYeHHs, YTO TO3BOJIHUT AOCTUYb TOYHOW JUATHOCTHKH C JJOCTOBEPHBIM ONPEICICHUEM I'e0-
METPHYECKUX XAPAKTEPUCTHUK EPEKTOB.

Mamepuanst u menoowt. Vicnionb3o0Bagach KOHEYHO-JIEMEHTHAST MOJENb 00JACTH ¢ YIJIOBOW TOUKOW M AeMII(Upyro-
IIMMH CJIOSMH U3 MeTajula ¢ THOKUM MOKPBITHEM. Y IbTPa3BYKOBOM aKTyaTop U IPUEMHHK pPa3MelIaich Ha IPOTUBOIIO-
JIOKHBIX T'paHAX. Ha pacnpe,ueneHHOI‘/'I BBIYHCJIUTEIILHON CHUCTEME MPOBEACHBI YHUCJICHHBIC DKCIICPUMEHTHI C BaApbUPOBa-
HHEM T'€OMETPHUHU U MaTePUANIOB 00acTH U mapamMeTpoB aedekros. [lomydeHHbIe CUTHAIBI IPE0OPa30BaHbl B CIIEKTPO-
rpaMMbl, KOTOPBIE UCTIOIH30BAIUCH [Tl 00YUSHHUS CBEPTOUHON HEHPOHHOM CETH, YCTaHABIHMBAIOIIEH CBSI3b MEXKLY CIICK-
TPOrpaMMOi U mapamerpamu Jaedekra.

Pesynvmamut uccnedosanus. ChHopmMupoBan oOMIMPHBIN AataceT crektporpamm. O0ydeHHas: HeWPOHHAs CeTh MPO/Ie-
MOHCTPHPOBAJIa CIIOCOOHOCTDH € BBICOKON TOYHOCTBIO OMPEICNIATH 0 CIEKTPOrpaMMe KITFOUEBbIe MapaMeTphl JedeKTa:
pasmep, TMOJIOKEHUE U OpUeHTaNuI0. Bepudukanus MeToa mokasaia, 4YT0 OH MPEBOCXOAUT MO TOYHOCTH U CKOPOCTH
TpaJUIIMOHHBIC METO/Ibl aHAJIN3a YJIbTPA3BYKOBLIX CUTI'HAJIOB.

Obcyacoenue u 3axniouenue. loarsepxacHa 3G GeKTUBHOCTH THOPUIHOTO MOAX0/a IJIs Hepa3pyIIaoIIero KOHTPOJIS B
CJIOKHBIX TCOMCTPUYCCKUX YCIIOBUAX. OCHOBHOC MpeuMynmieCTBO — aBTOMaTI/I?)I/IpOBaHHLIﬁ nu I/IHTCHHCKTyaHI)HI:Jﬁ aHa-
JIN3 JaHHBIX, CHI/I)KaIOH_[I/Iﬁ Cy6T)eKTI/IBHOCTI). HpaKTI/I‘IeCKaH 3HAYMMOCTb — CO3JaHUC IPOTOTHUIIA aﬂaHTI/IBHOﬁ JuarHo-
CTUYECKOIN CUCTEMBI. HepCHeKTI/IBbI CBS3aHBI C I[OO6y‘IeHI/IeM Ha SKCCPUMCHTAJIbHBIX JaHHBIX U HHTeraHHeﬁ B 1opTa-
TUBHbIC KOMIUIEKCHI JUTSI MOHUTOPHHIa KOHCTPYKI[HIA.

KaioueBble ci1oBa: cTpouTeNIbHbIE KOHCTPYKINH, HEpa3pyLIAIOMNi KOHTPOIIb, YJIbTPa3ByKOBast AUArHOCTHKA, KOHIICH-
TpaTOp HANPSHKEHUH, TCHEBOH METO, ITyOOKoe 00ydeHne, CBepTOUHast HEHPOHHAsI CETh, KOHEYHO-3JIEMEHTHOE MOJISIIH-
poBaHue, uaeHTHUKanUs 1eeKToB, CIIEKTPorpa MMa.

E.]IaFOIIapHOCTI/l. ABTOpBI BBIPAXKAIOT 6Har0,£[apHOCTL peAaKnuu U peICH3CHTaM 3a BHUMATCIbHOC OTHOLICHUE K CTATHC
1 YKa3aHHBIC 3aME€YaHUsl, KOTOPBIC MMO3BOJIMIN IMOBBICUTH €€ Ka4€CTBO.

Jas uurupoBanusi: Co6onp b.B., Pamunosa E.B., Bacunses I1.B., NBamenko B.B. KoMOuHMpoBaHHBIN MOAXO0] KO-
HEYHO-DJIEMEHTHOTO aHAJIN3a U UCKYCCTBEHHBIX HEHPOHHBIX CETeH /ISl TUarHOCTUKU CEYEHHUH CTPOUTENbHBIX KOHCTPYK-

1ui, 0cnablIeHHbIX KOHIIEHTPATOPAMHU HANpsikeHUl. Cogpemennble meHOeHyuu 6 Cmpoumenscmee, 2padoCmpoumeib-
cmee u naanuposke meppumopuii. 2026;5(2):22-31. https://doi.org/10.23947/2949-1835-2026-5-2-22-31

Introduction. The fundamental scientific task this study is aimed at addressing is to investigate the problems of
strength and reliability of critical elements of building structures taking into account internal stress concentrators (defects).
In order to tackle this research problem, an integrated approach has been implemented consisting in the following. At the
first stage, the sections of structural elements are diagnosed in order to identify technological or operational defects. At
the second stage, the problems of deformable solid mechanics are solved for these elements taking into account the
identified defects, and conclusions are made as regards their operability [1, 2].

The initial formulation of the problem at the first stage is analyzing forced oscillations of a region with an angular
point within the framework of elasticity theory described by the corresponding system of equations:

9ij,j = PUis
Oij = CijkiUk,1-

The desired functions are the components of the displacement vector u; (i = 1, 2, 3), the system of equations relates
them to the stress tensor through elastic constants c; ;,; and material density p, complimented by the boundary conditions
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Uils, = W

oijnls, = pi
Uijnj|sd = q;

The boundary conditions are identified on surfaces S,, (specified by the displacements ul@), S; (specified by the loads
pi, q;, taking into account the normal n;) and S, representing the surface of the crack rupture itself in a direction parallel
to the axis of the application.

The detection of defects, which include cracks and impurities, is an inverse geometric problem in the mechanics of a
deformable solid [3], where it is required to identify the contours of defects, including their shape, location and size,
which directly determines the boundaries of the shores S,.

In the initial formulation, it is assumed that the crack banks are not in contact with each other and are stress-free,
which corresponds to the condition

q; = 0.

The inverse problem of identifying the boundaries of a defect cannot be solved solely on the basis of boundary
conditions due to its incorrectness. In order to ensure the stability of the solution, additional experimental data is being
used — the amplitude-time characteristics (ATCs) of the displacement field U recorded on a free surface.

Xou; = Ui(%,0).

Here t is the duration of the time interval [0, T] of the signal recording, N is the total number of the control nodes ;
on the surface S, where ATCs were being measured.

Materials and Methods. The paper analyzes a model (Fig. 1) of an area with an angular point with a coating that
contains an internal defect. The location areas of the actuator and sensors are indicated.

Actuator
of an ultrasonic %
impulse

A(ig | ) . . : l oiing “
. Crack Boundary
(inclusion)

Receptive sensors

Fig. 1. Investigated model of a structure with an angular point

The ANSYS Mechanical application software package version 2023 R1 was used for numerical modeling, which
allows simulations of complex physical phenomena including structural mechanics [4].

The Explicit Dynamics package module serves as a tool for modeling elastic wave propagation, demonstrating a high
level of accuracy in complex and heterogeneous materials. An important element of such calculations are special absorb-
ing layers that are used in finite element analysis to implement non-reflective boundary conditions and minimize parasitic
reflections of waves. They are designed in order to approximate an infinite region by simulating the behavior of waves
when they interact with an infinite medium. The main functional aim of the absorbing layers is to suppress reflections of
wave energy from artificial boundaries of the computational domain, which can lead to non-physical results and disruption
of the stability of the solution.
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From a methodological standpoint, the approach used is based on the approximation of the desired functions using
piecewise polynomial basis functions. The algorithmic implementation of the method is focused on performing calcula-
tions for models with a significant number of degrees of freedom [5]. The basic dependent variables defining the mathe-
matical model of the module are velocity and deformation. The Rayleigh damping model is used in order to mathemati-
cally describe dissipative processes.
The method is based on solving a system of equations describing the behavior of a linear elastic medium.

v )
pa —divS = Fv
J0E
2 [Vv+ (Vv)T] =0

T
S=~C:e

The system describes the law of conservation of momentum (equation of motion), where v is the vector of the velocity;
p isthe density of the material; S is the Cauchy stress tensor; S is the resulting superficial force; F, is the vector of external
volumetric forces; a kinematic ratio relating the rate of change of deformations (e is the deformation tensor) with the
velocity gradient and generalized Hooke's law (C is the elasticity tensor).

The propagation velocities of elastic waves in a continuous medium are directly dependent on its mechanical proper-
ties, i.e., the Young's modulus (E) and the Poisson's ratio (v). This relation for the longitudinal velocities (c,) and trans-
verse (c,) waves is mathematically expressed with the following ratios:

_ E(1-v) _ E
% = p(1+v)(1—2v)'cs_ 2p(1+v)’

The use of an explicit integration scheme calls for a special setting of internal boundary conditions in the area of the
connection between the coating and the base material, particularly in the presence of angular points. These conditions are
formulated taking into account a surge in the physical and mechanical characteristics at the contact of dissimilar materials.
They ensure the continuity of the velocity field and the equality of the normal components of the voltage vector.:

v, — vy, =0,
(S$1—S)n=0,
where indices «1» and «2» denote the values of the parameters on the opposite sides of the interface and n is a unit vector
of the normal to it.

An absorbing layer is used in the model to suppress unwanted reflections from the boundaries of the calculated area.
Its algorithm combines use of the three methods: scaling coordinates, applying filters, and applying simple non-reflective
conditions. In the model the cylindrical geometry of the absorbing layer was chosen due to its symmetrical location
relative to the angular point of the area under study. The configuration of the absorbing layer in a cylindrical coordinate
system ensures isotropic absorption of wave energy regardless of the direction of its propagation. This approach mini-
mizes the effect of reflection of waves from the artificial boundaries of the computational domain returning their energy
back to the domain.

In spite of the high efficiency of the absorbing layer technique for suppressing spurious boundary reflections, its
application is faced with a few limitations. Some properties of the media being modelled might cause premature reflection
of waves on internal inhomogeneities prior to their interaction with the damping layer. An additional factor is the increased
computational costs, particularly expressed in tasks with a large number of degrees of freedom. Thus the decision on the
implementation of absorbing layers calls for a preliminary analysis and is to be justified by the specific features of the
problem at hand.

In order to ensure minimal reflection of wave disturbances from the geometry feature in the form of an angular point
on the right boundary of the structure (Fig. 1), a special boundary condition is implemented. It minimizes wave reflection
by matching the properties of the boundary with the medium enabling longitudinal and transverse waves to leave the
modeling area unhindered. The combined application of this condition with the technique of absorbing layers forms a
highly efficient absorption mechanism for most possible angles of incidence of waves.

Correct modeling of the propagation of ultrasonic waves in elastic media calls for adequate discretization of the com-
putational domain [6]. The accuracy and stability of the solution are mostly determined by the parameters of the finite
element grid which are to be in compliance with a number of criteria. The key requirement is to provide a spatial resolution
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sufficient to approximate the shortest wavelength component of the wave field. To this end, the maximum characteristic
size of the grid element (h) must be less than the minimum wavelength of the wave being modelled (Amin). This condition
can be formalized with the following ratio:

h < Amin / N,
where n is the number of elements per wavelength determined with the order of the finite elements used and the required
accuracy (as a rule, n> 6-10 for linear elements, the value n = 5 is normally used).

Special requirements are regarding the discretization of areas adjacent to the boundaries of the materials. In order to
describe the processes of reflection and wave passage in a correct way, a local increase in the density of the grid is
essential. A mandatory stage of the model preparation is verification of the grid quality. The critical parameters are the
distortion level of the elements and their aspect ratio. Exceeding the permissible limits for these parameters might lead to
a deterioration in the conditionality of the system of equations as well as numerical variance. The spatial sampling pa-
rameters are determined with the wave properties of the elastic medium, while the key factor is the mode with the highest
phase velocity. The minimum wavelength is a critical parameter in the construction of the grid A, associated with this
mode that sets the required spatial resolution. For the explicit integration scheme used in the Explicit Dynamics module,
the use of higher-order approximation elements requires that the maximum size of the element is in compliance with the
following criteria:

h — Amax — Cmax
max 1,5 1,5 fmax

where f,,,., is the upper limit of the frequency range to be resolved during modelling of wave processes.

The geometric parameterization of the mesh should adequately approximate the features of the structure, including
the curved boundaries of an elliptical defect localized in the vicinity of an angular point. The details of the grid in the
vicinity of the vertices of this defect are shown in Fig. 1 (the lower left fragment). The curvature coefficient settings used
in the model ensure high-quality geometry approximation that is in compliance with the requirements of the applied
numerical method.

The stability of the explicit integration scheme used in this work is identified using the Courant-Friedrichs-Levy cri-
terion that sets a strict limit on the size of the calculated time step. The global time step is limited by the minimum value
in the computational domain of the ratio of the characteristic size of the final element to the propagation velocity of the
fastest volume wave c,, . Thus, the permissible time interval is determined by the smallest size of the grid element.

The spatial discretization criteria for each component of the composite structure are established based on the disper-
sion characteristics of the material, particularly the propagation velocity of the dominant elastic mode. This makes it
necessary to use an adaptive grid with an increased density of elements in areas of wave field concentration, i.e., the
defect localization and acoustic input area.

Based on the calculated dependencies, the carrier frequency of the probing pulse was set at 0.5 MHz. The exciting
signal is formed in the form of a sinusoidal fill modulated by the Henning window function and is set by the following
boundary conditions:

Sn =F,(t),F, = —p(t)n.

The optimization of the computational process and modelling parameters made it possible to conduct the necessary
number of numerical experiments within the limited time. Fig. 1 shows the geometric configuration of the computational
domain whose parameters are provided in Table 1. The model includes a two-component structure consisting of an alu-
minum alloy coating and a steel substrate forming an area of angular singularity.

Research Results. In order to increase the stability of the solution, additional experimental data is used in the
work — the displacement fields of the ATCs recorded in a free surface. The set of specified data allows a defect to be
identified. The suggested approach, which integrates the shadow ultrasound method and deep learning algorithms,
allows not only defects, but also the geometric parameters of areas with an angular point to be identified. This combined
solution demonstrates a significant superiority in velocity, accuracy and reliability over the traditional methods of non-
destructive testing [6].

In order to verify the accuracy and increase the reliability of the technique, a finite element model describing the
propagation of ultrasonic waves has been developed. In order to minimize the distorting effect of parasitic reflections,
special damping layers have been introduced into the model to absorb these signals and to prevent them from propagating
in the area with an angular point. Based on this model, a shadow ultrasound scanning method is implemented, where the
transducer and receiver are located on the opposite sides of an object being monitored.
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In order to form a training sample in a distributed computing environment, a series of numerical experiments has been
performed, suggesting a multivariate solution to problems with changing geometric parameters: location of a signal source
and receiver, as well as configuration of an internal defect. The training sample for the neural network model is based on
parametric finite element analysis. In compliance with the methodology in [7, 8], a balanced data set has been formed,
including modelling results with variations in the geometric parameters of the system. The obtained data set was used in
order to train a neural network model whose task was the binary classification of a defect and regression of its spatial
characteristics.

The ranges of parameter variation included: the defect length — 5-25 mm (20 discrete values); defect width — 0.5-2.5 mm
(20 values); defect position — 5-50 mm (20 values); actuator position — 0-80 mm (20 values).

Table 1
Main parameters of the finite element model made of steel with aluminum alloy coating

Parameter Value
Opening angle of the area with an angular point 90 °
Coating thickness 1 mm
Size of the area with an angular point 150 mm
Crack length 20 mm
Crack thickness 2mm
Crack distance from an angular point 30 Mmm
Actuator and receiver distance from an angular point 25 mm
Velocity of propagation of a longitudinal wave in the coating 6 197 m/sec
Velocity of propagation of a longitudinal wave in the body of the area 5 778 m/sec
with an angular point
Coating density 2.7 glcm3
Density of the body of the area with an angular point 7.85 g/cm®
Young’s module of the coating 70 GPa
Young’s module of the body of the area with an angular point 200 GPa
Poisson’s ratio of the coating 0.33
Poisson’s ratio of the body of the area with an angular point 0.29
Frequency of an ultrasonic signal 0.5 MHz

In compliance with the accepted methodology, intact models that did not contain defects were analyzed in 5% of
cases. The elements of the training sample were represented by means of spectrograms generated using the fast Fourier
transform (FFT) algorithm. The obtained spectrograms represent the frequency content of the signals and are used as
input data for training a neural network model.

The joint registration of acoustic responses in five measuring positions (Fig. 1) allowed us to form a representative
database, including 15,500 implementations for samples with defects and 780 implementations for reference samples with
no defects. The physical nature of the phenomenon under study excludes the possibility of making use of the input data
augmentation algorithms. The adequacy of the model was checked on a control subsample that made up 20% of the total
experimental data.

The temporal realizations of acoustic signals received at the monitoring points are shown in Fig. 2a, and their spectral
characteristics are shown in Fig. 2b. The target variables of the model are geometric descriptors of the defect and a binary
classifier for its detection. This set of features is used in order to design the training vectors fed to the input of a neural
network architecture.
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Fig. 2. Acoustic signal analysis: a — amplitude-time characteristic (time realization); b — amplitude-frequency characteristic (spectrum)

Fig. 3 shows the spectrograms of the signals recorded at various control points on the surface of the area with an
angular point. The recording was carried out with synchronous movement of the source and receiver of ultrasonic vibra-
tions along the edges of the area under study. Visual analysis of spectrograms demonstrates their significant informative
value for solving the problem of defect identification.

The analysis of the spectrograms at control points 1-5 reveals a pronounced acoustic shadow area resulting from the
presence of an internal defect. The spatial and temporal features of the propagation of wave fields recorded during the
experiment are the basis for creating a training dataset of a neural network architecture.

Point 1 Point 3 Point 5

T I 10 N 1.0
E S 05 S 05 :
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Fig. 3. Spectrograms of a signal received at 3 different points on the surface of the area with an angular point

The paper presents the architecture of a convolutional neural network (CNN) designed for image classification [5].
The network model accepts two-dimensional pixel intensity matrices with a size of 60x120 as the input. The input data
is transformed by means of a three-stage hierarchical structure. At each stage of this hierarchy, a convolutional operation
is applied followed by a nonlinear transformation using the ReL.U function, and then a subsampling operation to reduce
the spatial dimension of the generated features. The number of filters in the convolutional layers is consistently reduced
from 64 to 32 and 16, respectively, which provides a hierarchical allocation of features of different levels of abstraction.
After the convolutional layers, the spatial data structure is transformed in order to ensure compatibility with fully con-
nected layers. The final stage of processing is a fully connected hidden layer containing 512 neurons with ReLU nonlin-
earity that is trained in order to identify complex dependencies between high-level features. The fully connected layer,
also known as the dense layer, is an essential component of the CNN. These layers follow the convolutional and unifying
layers in the CNN architecture and serve to combine the information extracted by the convolutional layers into a single
output signal.

The output layer of the network is formed by five neurons and a Softmax activation function that provides a probabil-
istic distribution across target classes. Each neuron corresponds to a separate characteristic of the defect: two of them
implement a binary classification of the fact of the defect in the control area, whereas the other three are regression
neurons encoding, respectively, the length of the defect, the width of the crack and the coordinate of its position relative
to the vertex of an angular point. The total number of trainable parameters of the suggested architecture is 559,285.
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The mean square error (MSE) was chosen as the optimization objective function. The experiments have shown that
satisfactory model quality is achieved following 30 training epochs. The stabilization of the learning process is ensured
by a balanced composition of the training sample and use of batch normalization layers [9] that accelerate convergence
and act as a regularizer reducing the risk of overfitting.

An experimental assessment of the operability of the trained neural network model was carried out on a control sample
with a capacity of 2,500 samples. The input space of the model consisted of the frequency characteristics generated during
finite element modeling of the ultrasonic flaw detection process. The output interface of the model combined a defect
detector (binary classification) and predictors of its spatial characteristics (regression problem).

Discussion and Conclusion. The accuracy of the regression estimation of the crack width was analyzed by means
of the suggested model (Fig. 4). The analysis of dependencies showed that as the crack width increases, so does the
prediction accuracy subsequently stabilizing in the upper part of the range under study. The calculation of the mean
square error for this parameter demonstrated that its value is not over 5% for the opening ang le of the controlled area
a = 60° and 10 % — for « = 120°.
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Fig. 4. Error in identifying the thickness of the defect at o= 60°, & =90° and a = 120°
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Fig. 5. Average errors of the CNN for identifying the defect characteristics for different angles of the model
area opening (60°, 90° and 120°)
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The obtained data confirm the prospects of using ultrasonic monitoring models using high-frequency probing signals,
as well as with alternative schemes of acoustic transducers, which opens up avenues for further improvement of the
accuracy of identifying geometric parameters of defects.

The analysis demonstrates the limited effect of the opening angle of the controlled area ( @) on the accuracy of the
neural network model (Fig. 5).

The statistical analysis has enabled us to find out that the change in the angle a is not the dominant source of error. Its
contribution to the total error in identifying the coordinates of the defect relative to the vertex of the angle is significantly
lower compared to the other factors considered. The highest accuracy of the technique is attained for the small values,
which confirms its effectiveness and high reliability in the control of structural elements with an angular point.

An increase in the accuracy of the neuromodel has been attained by processing the input data and further training it
on the synthesized numerical experiments [10-12]. The developed method demonstrates a high degree of reliability in
detecting defects in areas with an angular point with coatings with a capacity to continuously improve diagnostic charac-
teristics. Combining the shadow ultrasound scanning method with deep machine learning technologies, the technique
provides a faster and more reliable tools of detecting defects and has prospects to be applied in a broad range of areas [7].
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Abstract

Introduction. The compressive strength of masonry is the most important mechanical characteristic assessed during in-
spections of buildings and is determined based on direct testing of bricks and mortar selected from the walls. However,
current regulatory documents also recommend the use of non-destructive testing methods, particularly while examining
cultural heritage buildings. However, non-destructive methods fail to take into account differences in the strength of
bricks and mortar joints in the surface layers and their main volume, interaction of bricks and mortar, as well as anisotropy
of the mechanical characteristics of masonry. The article presents the results of a study of the anisotropy of the compres-
sive strength of ceramic bricks and an analysis of its influence on the results of assessing the strength of masonry using
indirect methods.

Materials and Methods. The object of the research are two types of bricks: historical bricks from the walls of the barracks
of the Brest Fortress built in 1933, as well as modern bricks produced in the Republic of Belarus. The strength of the
brick was identified under a compressive load in the direction of the front, support and end surfaces on cubes with an
edge size equal to the height of the brick.

Research Results. Graphs of the ratio between the obtained strength values of experimental cube samples under com-
pression perpendicular to the front and end surfaces of the brick to the compressive strength perpendicular to its supporting
surface are presented. Similar studies by other authors, including on ceramic cylinder samples, are analyzed. It was found
that the compressive strength of the historical bricks perpendicular to its front and end surfaces was higher than their
compressive strength perpendicular to the supporting surface. The opposite pattern was observed for modern bricks.
However, due to the high variation of the results, it is not possible to establish a correlation between the compressive
strength and the direction of the compressive force.

Discussion and Conclusion. The results of some studies that have shown that ceramic bricks are an anisotropic material
are presented. A possibility of using non-destructive testing methods for brick strength has been evaluated, as well as that
of designing a calibration ratio linking the compressive strength of a brick with the results of indirect testing of the front
surface.

Keywords: masonry, brick, compressive strength, non-destructive testing methods, calibration ratio
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AHHOTAIIMA

Beeodenue. IIpouHOCTh KaMEHHOM KJIAJIKU Ha CKATHE SBJISCTCS BaXKHEHIEH MEXaHUUYECKON XapaKTePUCTUKOM, OLIEHUBA-
eMOMi Mpu 00CIIeIOBAaHUH 3IaHUH, KOTOPask ONPEACISCTCS Ha OCHOBAHUY IPSMBIX HCIIBITAHUI OTOOPAHHOTO M3 CTCH KUP-
nuya ¥ pactBopa. OnHaKo IeHCTBYIOME HOPMATUBHBIC JOKYMEHTHI TaKXKe PEKOMEHAYIOT UCIOIb30BaTh Hepa3pylllato-
IIMe METOABI KOHTPOJISI, 0COOCHHO TIPpH 00CcIeJ0BaHNN 00BEKTOB KyIbTYPHOTO Hacieans. Ho Hepaspymiaronie MeTo a6l
HE YUUTBHIBAIOT PA3IUYMS B IPOYHOCTH KHPIMYA M PACTBOPHBIX IIBOB B IIOBEPXHOCTHBIX CIIOSX M UX OCHOBHOM 00BEME,
B3aUMOJEHCTBUE KUpIHYA M KJIAJOYHOIO PACTBOPA, @ TAKXKE AHU30TPOIHI0O MEXAHMYECKUX XAPAKTEPUCTHUK KIAJKH.
B crarbe npuBeneHbI pe3yabTaThl UCCIEOBAHUS aHU30TPOIMH IPOYHOCTH Ha CXKATHE KEPAMHUUYECKOT0 KUPIIUYA U aHAJIN3
€€ BIMSHMSI Ha PE3yJIbTaThl OLIEHKH IPOYHOCTH KaMEHHOM KJIaJJKi KOCBEHHBIMH METOAAMH.

Mamepuanvt u menoost. OGEKTOM HCCIICAOBAHHUN SBJIETCS ABA TUIIA KUPIHUYA: UCTOPUYECKUN KUPIIMY U3 CTEH 3/JaHUA
Ka3apMbl bpecTckoit kpenocTy, moctpoeHHoro B 1933 r., 1 coBpeMeHHbIH Kupnud, IpousBeeHHbI B PecrryOmnke bena-
pych. IIpouHOCTh KMpHIMYA OMpeaessanach Ipyu JAeHCTBUM CKUMAIOIICH Harpy3ky B HallpaBJICHUU JIMLIEBOM, OIOPHON U
TOPIIEBOM TIOBEPXHOCTEH Ha Ky0ax ¢ pa3MepoM pedpa, paBHBIM BBICOTE KHPIIHYA.

Pesynvmamut uccnedosanus. llpuBeneHs! rpauKy OTHOLICHUS MOJTYYEHHBIX 3HAaYEHHH IPOYHOCTH OIBITHBIX 00pa3-
IOB-KyOOB TIPH CXKATHH MEPIICHANKYISAPHO JINIIEBON U TOPLIEBOH MTOBEPXHOCTSIM KHUPIIUYA K IPOYHOCTH HA CXKATHE Tep-
MIEHAUKYIISIPHO €Tr0 OMOpHOH moBepxHOCTH. [IpoBeneH aHanmn3 mogoOHBIX MCCIeJOBaHUH APYTHX aBTOPOB, B TOM YHUCIIE
Ha KepaMUYeCKHUX 00pa3nax-IIINHAPax. Y CTAaHOBJICHO, YTO MIPOYHOCTH HCTOPHUECKOTO KHPIMYa IPH CKATHUH TIePIICH-
JUKYJSIPHO €0 JIMLIEBOM U TOPLIEBOM MOBEPXHOCTIM OKa3aJlach BBILIE POYHOCTH IIPU CKATHH NEPIICHIUKYISAPHO ONOP-
HOW TIOBEPXHOCTH. [[J11 COBpeMEHHOT0 KHpIHya HaOIoaanach o0paTHast 3aKoHOMEpHOCTh. OTHAKO U3-32 BEICOKOTO pas-
Opoca IMOJy4EHHBIX Pe3yJIbTaTOB HEBO3MOXHO YCTAHOBHUTH KOPPESIIMOHHYIO 3aBUCUMOCTh IIPOYHOCTH HA CXKATHE OT
HaTpaBJICHUS C)KUMAIOLIETO YCHITHUSL.

Oobcyscoenue u 3axniouenue. [IpuBeIeHbI Pe3yIbTaThl UCCIIETOBAHUMI, KOTOPBIE MOKA3aJIH, YTO KEPAMUYECKUI KUPTIHY
SIBIISICTCA @aHU30TPOIIHBIM MaTepHanoM. BeIrmosiHeHa OlleHKa BO3MOKHOCTH IPUMEHEHHS HEPa3pyIIaroIUX METOI0B KOH-
TPOJISL MPOYHOCTH KUPIHYA, & TAKXKE BO3MOXKHOCTBH IIOCTPOEHUS I'PaTyHUPOBOYHON 3aBUCHMOCTH, CBSI3BIBAIOLICH MPOU-
HOCTb Ha CKaTHe KUPIHMYa C pe3yJbTaTaMi KOCBEHHOI'O MCIIBITAHUS JTULEBON MOBEPXHOCTH.

KiaroueBble ci10Ba: KaMeHHAs KJIaAKa, KUPIKUY, IPOYHOCTh Ha CXKATUC, HEpA3pylIatoIue METOAbl KOHTPOJIA, IrpaAynupo-
BOYHas 3aBUCUMOCTb

Jdas uutupoBanus. lepkay B.H., [lemuyk U.E., Matsc I1.U. [IpuMeHUMOCTb HEpa3pyLIAOMIUX METOIOB ISl OLIEHKU
MIPOYHOCTH KAMEHHOW KJIJIKW CYIIECTBYIOIINX KOHCTPYKUMH. Cogpemennvie meHoeHyuu ¢ cmpoumenscmee, 2paoo-
cmpoumenvcmee u naanuposke meppumopuii. 2026;5(2):32—40. https://doi.org/10.23947/2949-1835-2026-5-2-32-40

Introduction. The most important mechanical characteristic of masonry evaluated during inspection of stone build-
ings is its compressive strength. The compressive strength of masonry is commonly identified by means of calculating
the test results of bricks and mortar taken from the walls of a building carried out in compliance with GOST 8462 "Wall
Materials. Methods for Identifying Compressive and Flexural Strength Limits" and GOST 5802 "Building Mortars. Test
Methods" [1-5]. This method is rather labor-intensive, thus while examining stone structures in order to identify the
strength of bricks and mortar, lots of specialists tend to resort to non-destructive (indirect) methods that include sclero-
metric methods of elastic rebound, shock pulse, or the method of measuring the propagation velocity of an ultrasonic
pulse. While making use of sclerometric methods, the compressive strength of bricks and mortar is identified using
IPS MG-4 type sclerometers or Schmidt hammers where the calibration ratio "ceramic brick" is specified by the manu-
facturer. It is to be noted that in order to assess the strength characteristics of the brickwork of cultural heritage sites,
GOST R 55567 "Procedure for Organizing and Conducting Engineering and Technical Research at Cultural Heritage
Sites. Historical and Cultural Monuments. General Requirements" directly recommends prioritizing non-destructive test-
ing using devices based on the elastic rebound method in compliance with GOST 24332 "Silicate Bricks and Stones.
Ultrasonic Method for Identifying Compressive Strength" or other specialized and calibrated devices for identifying the
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strength characteristics of bricks and mortar. A correlation between the indicators of non-destructive testing devices and
strength characteristics of masonry materials can be specified by means of comparing the average values of these charac-
teristics obtained by non-destructive testing and laboratory tests of at least three samples for each type of masonry. La-
boratory tests are conducted in compliance with the requirements of GOST 8462, GOST 5802.

It is known that non-destructive methods for assessing the compressive strength of masonry which has been in use for
a long time have some drawbacks that are associated with uncertainties caused by the differences in the strength of bricks
and mortar joints in the surface layers and their bulk, interaction of bricks and masonry mortar, as well as anisotropy of
the mechanical characteristics of masonry [1, 3, 7, 9]. Overlooking these factors might cause significant errors in assess-
ment of the compressive strength of masonry, and thereby underestimation or overestimation of the load-bearing capacity
of stone structures. This article looks at the effect of anisotropy of the compressive strength of ceramic bricks on the
strength of masonry identified by means of indirect methods.

Materials and Methods. The anisotropy of the compressive strength of ceramic solid bricks was investigated. Two
types of bricks were tested: historical bricks taken from the walls of the Brest Fortress barracks built in 1933 as well as
modern bricks produced in the Republic of Belarus. The historical brick had the following dimensions: length —
265 mm, width — 130 mm, height — 60 mm. Bricks produced in Poland in the second half of the 19th century correspond
to these sizes [5]. The dimensions of the modern brick are as follows: length — 250 mm, width — 120 mm, height —
65 mm. Initially, the average values of the compressive and bending strength of the bricks were identified in compliance
with GOST 8462 (Fig. 1).

a) b)
Fig. 1. Tests of the bricks: @ — compression; b — bending
Based on the tests, it was found that the average value of the tensile strength of the historical bricks under compression
is 16.9 MPa, in bending — 5.1 MPa, of the modern bricks — 17.3 MPa and 5.3 MPa, respectively.
In order to identify the strength of a ceramic brick under a compressive load in the direction of its front, support and
end surfaces (Fig. 2), cubes with an edge size equal to the height of a brick were cut out of the bricks.
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Fig. 2. Brick dimensions and surfaces: 1 — length; 2 — width; 3 — height; 4 — support surface; 5 — front surface;
6 — end/header surface
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For each direction of the compressive load, 5-6 ceramic cube samples were made from different types of bricks. The
surface of the cubes in contact with the press plates was leveled with a thin layer of gypsum mortar. The general view of
ceramic cube samples prepared for the tests is shown in Fig. 3.

Fig. 3. Ceramic cube samples prepared for the tests

The ceramic cubes were loaded using a TP-1-500 testing machine. The cube samples were mounted with one of the
selected faces on the lower base plate of the testing machine centrally relative to its longitudinal axis.

After the sample has been installed on the base plate, the upper plate of the machine was aligned with the upper support
face of the sample so that their planes completely adjoined each other. The sample was loaded continuously at a rate that
ensured its destruction within 30 seconds. The general appearance of the ceramic cube sample in the test facility and the
nature of its destruction are shown in Fig. 4.

a)

Fig 4. Testing of ceramic cubes: a — the general appearance of the sample; b — the nature of destruction

The maximum force attained during the tests was assumed to be a destructive load. The compressive strength of the
sample was identified as the quotient of the destructive load divided by the working area of its cross-section. Based on
the test results of the cube samples, the average strength values of the samples were identified under compressive forces
in the direction of the front, support and end surfaces of the brick.

Building constructions, buildings and engineering structures

35



https://www.stsg-donstu.ru

Modern Trends in Construction, Urban and Territorial Planning. 2026;5(2):32—40. eISSN 2949-1835

Research Results. Fig. 5, 6 show the graphs of the ratio of the resulting strength values of the experimental cube
samples when compressed perpendicular to the front (f3) and end (f2) surfaces of the brick to the compressive strength
perpendicular to its supporting surface (f1).
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Fig. 5. Results of identifying the strength of ceramic cube samples: a — historical brick; b — modern brick

According to Fig. 5, the strength of ceramic cube samples sawn from historical bricks when compressed perpendicular
to its front and end surfaces turned out to be 24% and 33% higher, respectively, than that obtained by applying a com-
pressive force perpendicular to the supporting surface.

The reverse pattern was observed for the modern bricks. The strength of ceramic cubes subjected to compressive loads
perpendicular to the front and end surfaces of the brick was 50% and 47% lower than the compressive strength perpen-
dicular to the support surface, respectively.

While testing the ceramic cube samples, the coefficient of variation in compressive strength was 25-40% for the
historical bricks and 10-15% for the modern bricks.
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The results of the studies of the anisotropy of compressive strength of the modern bricks are in a fairly good agreement
with the test results of the ceramic cylinder samples provided in [7]. Cylinder samples with a diameter of 56 mm were
selected from solid ceramic bricks of the grades M150 (Novgorod), M200 (Vitebsk) and M250 (St. Petersburg) perpen-
dicular to its front and support surfaces. It was found that the ratio of the compressive strength of cylindrical samples
taken orthogonally to the front and support surfaces of the brick was approximately 0.6.

The test results of the cylindrical samples taken from the historical bricks were characterized by a significant range of
values (the coefficient of variation of 30-45%) [8]. It was not possible to establish a ratio for them between the compres-
sive strength orthogonally to the front and support surfaces of the brick. This is accounted for by the high heterogeneity
of the material within a single brick, as well as the use of different types of bricks in the masonry.

[9] presents the results of studies of the anisotropy of compressive strength of historical ceramic bricks of the Austrian
standard with a length of 290 mm, width of 150 mm and height of 65 mm, with a normalized compressive strength of
19.28 MPa and modern German NF standard bricks (length — 250 mm, width — 120 mm, height — 65 mm) with a
normalized compressive strength of 28 MPa. The anisotropy of the compressive strength of the brick was identified based
on tests of cores with a diameter of 45 mm selected at different angles to the supporting surface of the brick (Fig. 6a).

Studies have shown that for modern bricks when the compressive force is directed at an angle to the support plane of
0° <@ <60 °, the compressive strength is close to that perpendicular to the support plane, ¢ = 0° (Fig. 6¢). The minimum
values of compressive strength occurred at ¢ = 90 °© (fo/fgo = 1.3).

Angle of the loading

E direction

100
80
60
40

20

Compressive strength proportion

a) b)
Angle of the loading }
= direction :

g
%,

c

2

2

o

o

N

=

3

@

(5]

=

2 75°

S

£

3
90°

c)

Fig. 6. Results of identifying the compressive strength of the cylinder samples: a — sampling directions; b — historical brick;
¢ — modern brick [6]

For the historical bricks, under a compressive force at the angles of 35° < ¢ < 60°, the compressive strength turned
out to be 20-25% higher than that at an angle ¢ = 0° (Fig. 6b). The minimum compressive strength was obtained at the
angles ¢ = 20° and 75°. When a compressive force was directed perpendicular to the end surface of the brick, ¢ = 90°,
the compressive strength was 23% lower than that at an angle ¢ = 0°.
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Based on the test results, it was concluded that due to the high variation of the results for historical bricks, it is not
possible to identify a ratio between the compressive strength and the direction of a compressive force.

Studies [6] have shown that while testing bricks in masonry, the amount of elastic rebound is affected not only by the
direction of impact, but also by the quality of brick sealing in masonry, which is largely due to the type and condition of
the mortar joints. This is accounted for by the influence of these factors on the degree of absorption of the impact energy
of the test hammer on the brick surface.

Discussion and Conclusion. The results of this study as well as [7-9] have shown that ceramic bricks are an aniso-
tropic material. The degree of anisotropy of the strength characteristics of a brick is due to a host of factors, with the
technology of its manufacture and the raw materials used as the primary ones. At the same time, for historical bricks it is
difficult to identify any patterns of compressive strength from the direction of a compressive force due to the high values
of the coefficients of variation of the test results. It is not possible to design a calibration ratio connecting the compressive
strength of such a brick in the direction of the support surface with the results of indirect testing of the front surface of
the brick by means of the elastic rebound method or measuring the propagation velocity of an ultrasonic pulse.

While examining stone structures, tests to identify the elastic rebound of a hammer enable measurements of the surface
hardness of the front surface of the brick, but not to evaluate its quality over the entire section and, which is more, to
obtain compressive strength values in the direction of a compressive force acting in the section of a stone structure.

The velocity of propagation of an ultrasonic pulse in masonry is impacted a broad range of major factors: heterogeneity
of the structure of bricks and mortar joints, thickness of the joints and quality of their execution, humidity of masonry, as
well as degree of degradation of bricks and mortar [10].

The results of non-destructive testing methods are challenging for interpretation as the material in the surface areas of
bricks and mortar might be different from their deeper layers. As an example, Fig. 7 shows a section of a ceramic modern
brick where the different color of its outer and inner layers is clearly distinct, which indicates the difference in their
strength characteristics. This is of particular relevance for historical bricks whose degree of firing and cross-sectional
strength can vary considerably.

Fig. 7. Ceramic bricks in the section: different color of the outer and inner layers

It is recommended that indirect methods for assessing the compressive strength of bricks of existing structures are
used in order to assess the uniformity of masonry as well as to identify the locations of brick and mortar selection. These
methods can also be employed in order to control the strength of factory-made bricks where it is possible to design
particular calibration ratios for each set of parameters (a type of raw material, molding method, temperature and duration
of firing, a type of brick, etc.) [7]. At the same time, as noted in [6], use of sclerometric methods for assessing the strength
of ceramic products is possible only if the volume of their voids is not over 10%. While testing masonry products with a
large volume of voids, there is significant absorption of impact energy making it not possible to assess the strength of
products in a reliable manner.

It is to be noted that the results of assessing the strength of the masonry obtained based on the tests of individual bricks
and hardened mortar taken from its body have a low degree of reliability, as they fail to take into account the interaction
of the brick and mortar in the masonry. The only methods that allow reliable data to be obtained on the compressive
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strength of masonry of existing structures are its structural tests or laboratory tests of masonry samples selected from a
structure under study2 [2, 3, 5, 9-14].
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On the Issue of Determining the Design Lengths of Elements in Structural
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Abstract.

Introduction. The article looks at the issue of determining the design lengths of rods of the structural construction of the
Kislovodsk type. While examining the existing structure of the coating of the shopping center, in the design documenta-
tion for the object, the authors found that the design length coefficient equal to 0.8 was used in the calculations of the rod
structure. The value of 0.8 is due to the results of the tests performed at Kucherenko Central Research Institute in 1987.
However, according to the current regulations, a coefficient of design length equal to one is to be used. The aim of the
article is to justify the value of the design length coefficient in calculations of such structures.

Materials and Methods. A standard unit of attaching rods to a nodal connector is considered. It was decided to study the
work of both a separate structural unit and rods together by modeling in the Femap with Nastran software package. The
paper considers the effect of a nodal joint on the stability of an individual rod. To this end, a nodal structural element with
a support at the contact connection of a compressed rod and a calculation of a separate rod for stability was modelled. A
system of rods is then considered in order to determine the critical force, taking into account the influence of adjoining
elements. The scheme consists of four rods of the lower belt and four rods of the braces connected in one node and loaded
with a compressive or tensile load.

Research Results. The considered separate joint of the rod with the connector, where compressive forces are transmitted
through a tight contact, is very close to rigid fastening by the nature of the work when checking the stability of the rod.
The design length coefficient for compressed elements ranges from 0.77 to 0.88, depending on the force values in the
elements and their cross sections. Based on this, it can be unambiguously concluded that the application of a coefficient
of 0.8 for all compressed rods cannot be theoretically justified.

Discussion and Conclusion. The coating studies show that the requirements of SP 16.13330.2011 "Steel Structures" are
correctly applied in terms of determining the design length of a compressed rod equal to 1, and the use of a coefficient
equal to 0.8 cannot be theoretically justified. Reducing the metal consumption while using reduced design length coeffi-
cients in calculations does not lead to significant savings for the overall structure and is not feasible.
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OPMZMHaJleOe amnupudeckoe uccaedosamue
K Bonpocy onpeneneHusi pacyeTHbIX VIUH 3JIEMEHTOB B CTPYKTYPHBIX KOHCTPYKIMSAX THIIA

«KucaoBoack»
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JIoHCKOM rocyiapCTBEHHBIN TeXHUUECKH YHUBEpCUTET, I. PocToB-Ha-/lony, Poccuiickas ®enepanuys

< svpikel@rambler.ru

AHHOTALUA

Beseoenue. B cratbe pacCMOTpEH BONPOC ONPENENEHUs] paCUETHBIX JUIMH CTEP>KHEH CTPYKTYPHOI KOHCTPYKIMU THIA
«Kucnosoack». [Ipn o0cnenoBanuy cyniecTByIOMIEH KOHCTPYKIUH TOKPBITHS TOPTOBOTO IIEHTPa B IPOEKTHOH IOKYMEH-
TalMu Ha 00BEKT aBTOPAMU CTAThH BBISIBIICHO, YTO B pacyeTax KOHCTPYKIMH JUIsl CTep)KHEH MpUMeHsIeTCs KO3 HIUEHT
pacyetHo#t muuHbl, paBHbli 0,8. 3Hauenne 0,8 oOycioBieHo pesynbraTamu npoBeneHHBbIX ucnbiTanuii B [IHUMHUCK
M. Kyuepenko B 1987 r. OHako qeHCTBYIOINE HOPMATHBHBIE JOKYMEHTBI MPEANICHIBAIOT UCIOIB30BaTh KOG PHUILIHU-
€HT pacuyeTHOH JIMHbI, paBHbIN 1. Llenbro 1aHHOMN CTaThH ABIAETCS 00OCHOBAHME 3HAYCHUS KO3 PHUINEHTa pacyeTHON
JUIMHBI B pacueTax MOZOOHBIX KOHCTPYKIHH.

Mamepuanst u menmoost. PaccMOTpeH CTaHAAPTHBIH y3€l KPETIICHUsI CTEp)KHEH K y3710BOMY KOHHEKTOpY. [IpuHsTO pe-
IeHne 00 N3y4eHnH paboThI KaK OTASIBHOTO Y371a CTPYKTYpHOIH KOHCTPYKIIMH, TaK ¥ CTEPKHEH COBMECTHO IPH IIOMOIIH
MOJICIMPOBaHUs B IPOrpaMMHOM koMmIuiekce Femap with Nastran. B pabote paccMaTpuBaeTcs BIHSHHE y3JI0BOTO CO-
€ZIMHEHNs Ha YCTOHYHMBOCTh OTJENBHOTO CTEPKHS. (s 3TOro BBINOJIHEHO MOAETHPOBAHUE Y3JIOBOI'O 3JIEMEHTa KOH-
CTPYKIIMM C ONHMPAHHUEM IIPU KOHTAaKTHOM COEJIMHEHHH CXKAaTOTO CTEPXKHS M pacueT OTJENIHOIO CTEPKHS Ha yCToHuu-
BOCTb. 3aTe€M PacCMaTPHUBAETCS CHCTEMa CTEp)KHEH Ui onpeAeseHuss KpUTUIECKOH CHIIBI C Y4eTOM BIIMSHUS COCEIHUX
aneMeHTOB. CxeMa mpescTaBisieT co00M YeThIpe CTep KHS HIKHETO 0sica U YeThIpe CTEPIKHS PacKOCOB, COCTUHEHHBIX
B OZIHOM Y3JI€ U 3arPY>KEHHBIX C)KMMAIOLEH WIN PACTATUBAIOLIEH HArPYy3KOM.

Pezynomamut uccnedoganus. PacCMOTPEHHBIN OTIEIBHBIN Y3€1I CTHIKA CTEPIKHS C KOHHEKTOPOM, B KOTOPOM CXKHMAI0-
M€ yCUIINS IEPEIAf0TCs Yepe3 INIOTHBIM KOHTAKT, 10 XapakTepy padoThl MpH MPOBEPKE YCTOMIMBOCTH CTEPKHS BECbMa
OIIM30K K KECTKOMY 3aKpEIUICHHIO.

KoadduuumeHT pacueTHON ATUHBI AT CKATHIX 3JIEMEHTOB HaxoauTcs B mpenenax ot 0,77 mo 0,88 B 3aBHCHMOCTH OT
3HAUEHHMH yCWIIMI B 3JIEMEHTaX M MX CeYeHUH. VI3 yero MOXHO clieNlaTh OJHO3HAUHBIN BBIBOJ O TOM, YTO IPHMEHEHHUE
ko3 dunnenra 0,8 11 BceX CKaThIX CTEPKHEI HE MOXKET ObITh TEOPETHYECKH 000CHOBAHHO.

Obcycoenue u 3axniouenue. IIpoBeIeHHBIC UCCIICAOBAHMS TOKPBITUS MOKA3bIBAIOT MPABUIILHOCTH MPUMEHEHHSI TPeOO-
Banuii CII 16.13330.2011 «CranbHble KOHCTPYKIIMWY B YaCTH ONPEICIICHHUS PACUSTHOH IJIMHBI CXKaTOTO CTEP)KHS PaBHOI
1, a ucrionpb3oBanue Kodpduimenta pasHoro 0,8 He MOXKET OBITH TEOPETHUYECKH 000CHOBaHO. CHIKEHHE METANIOEMKO-
CTH TIPH MCIIOJIb30BaHNH B pacyeTax MOHMKEHHBIX KO3()(OUIIMEHTOB pacueTHOW JUIMHBI HE MPUBOAMT K 3HAYMMOW 3KOHO-
MUH JJIsI KOHCTPYKIWH B 1IEJIOM U HE SIBIISIETCS IEJIeCO00pa3HO.

KuaroueBble ci1oBa: MPOCTPAaHCTBCHHAA pelICTIaTas CUCTEMA, CTPYKTYPHAA KOHCTPYKI U, paCYC€THasA JJIMHA, YCTOﬁqHBOCTB

Hdas umtupoBanus. Llyuxkuii C.B., Jlumanues A.A. K Bonpocy omnpeneneHust pacueTHBIX JJIUH 3JIEMEHTOB B CTPYKTYp-
HBIX KOHCTpYKIMsX Thna «KucnoBonck». Cogpemennvle menoenyuu 6 cmpoumenscmee, 2padocmpoumenscmee u nid-

Hupoeke meppumoputi. 2026;5(2):41-48. https://doi.org/10.23947/2949-1835-2026-5-2-41-48

Introduction. Spatial lattice systems have been actively developed since the second half of the 20" century, and it
was during this time that lots of different buildings and structures were designed that were covered with structural
constructions® [1-3]. One of the most common lattice structures of pipe coating in Russia is the Kislovodsk type
structure [4-5] developed as part of a state program and designed to solve the problems of organizing production and
complete supply of light metal structures of industrial buildings.

The main property of both planar and spatial rod systems is that all elements are subject to a uniaxial stress-strain state
(compression or stretching). Stretched elements are calculated for strength, and compressed elements are calculated for
stability. In turn, the stability of an element directly depends on its calculated or reduced length. According to the regula-
tory documents, both in the current version and those in force in the past, while calculating the elements of spatial struc-
tural structures, the full geometric length of the rod is to be taken as the design length, or, in other words, a coefficient of

 Dykhovichny YuA, Zhukovsky EZ Modern Spatial Structures (Reinforced Concrete, Metal, Wood, Plastics). Moscow: Higher School; 1991. 543 p.
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the design length equal to 1 should be applied (except in cases when the elements are welded in the nodes adjacent to
spherical or cylindrical nodal elements; in this case the coefficient is assumed to be 0.85).

Throughout the course of the study of the mall coating designed in 2004, while analyzing the initial documentation
and collecting initial data for a verification calculation of the structural construction, it was found that while designing
it for rods with pipe cross-sections of 48x2.8, 57x3.2 and 76x3, the design length coefficient of 0.8 was used. This
coefficient value was adopted by the developers of the design documentation as a result of tests conducted at the
Kucherenko Central Research Institute in 1987. The aim of the article is to model the operation of a nodal element of
a Kislovodsk-type structural construction and to substantiate the value of the design length coefficient in calculations
of similar structures.

Materials and Methods. Let us consider the design of the attachment point of the elements to the nodal connector.
The connecting element is a nodal connector that is a steel polyhedron with threaded holes (Fig. 1). All rods of the system
have the same nominal length and consist of electro-welded or hot-rolled pipes with washers welded to the end. The rods
of high-strength bolts with hexagon couplings attached to them are passed through the holes of the washers (Fig. 2). The
threaded holes are directed towards the belts and braces converging at the node. The faces of the nodal element are normal
to the axes of the holes and are equally spaced from the center of the node. Thus, in the case of stretched rods, the force
is transmitted through high-strength bolts, and with a compressed rod, the force is transmitted through the contact of the
coupling with the connector face?.

N ' Rods are not VA )

Fig. 1. Rod attachment unit of the Kislovodsk system.
URL.: https://meganorm.ru/Index2/1/4293830/4293830102.htm (accessed: 17.04.2026)
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High-strength bolt

Fig. 2. Rod element of the Kislovodsk system.
URL: https://meganorm.ru/Index2/1/4293830/4293830102.htm (accessed: 17.04.2026)

2 Spatial Lattice Structures Made of Pipes of the Kislovodsk Type. Working Drawings. 1.466-2 Series. Gipromontazhindustry; 1973. URL:
https://meganorm.ru/Index2/1/4293830/4293830102.htm (accessed: 16.03.2026).
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At a quick glance, such a joint seems to be more "hinged" than "rigid". However, a coefficient less than 1 can be
obtained only with a "rigid" connection of the rods. Therefore, in order to verify the validity of applying a coefficient
equal to 0.8, two questions need to be answered: what is the coefficient of stability of the rods of the lattice elements with
a rigid connection and to what extent the accepted junction node can be considered close to rigid in terms of the stability
of the rods.

As part of the study, it was decided to investigate the operation of structural construction elements using computer
modeling. Modern engineering analysis systems (or automation systems for engineering calculations) — CAE (computer-
aided engineering) — provide solutions to a large number of diverse problems of linear and nonlinear static analysis with
a high degree of accuracy [6-10].

In order to perform calculations within the framework of this work, the Femap with Nastran software package was
chosen as a powerful and flexible tool for solving a wide range of task types.

Research Results. The research part is divided into two separate tasks. First, the influence of the nodal connection
described above on the stability of one rod is considered. Secondly, a system of rods is considered in order to determine
the critical force, taking into account the influence of neighboring elements.

Task 1. Femap with Nastran provides the ability to connect two bodies of three-dimensional finite elements that touch
each other, but do not have common nodes, using a "contact” and "glued" type connection. A "glued" joint restricts the
movement of nodes in all directions over the entire joint area, and in fact the two bodies become one. The "contact" type
connection prohibits the mutual penetration of bodies and allows one to model the free support of one body on another
with no connection.

Let us model a node connection in the Femap with Nastran system. The connector is conventionally represented as a
parallelepiped, the hexagonal coupling is replaced by a cylinder. The main rod is represented as a rod element and is
connected to the coupling by means of a rigid coupling. The coupling and connector in the model is made as a "contact",
which is closest to the actual design of the node. To compare, a stability calculation was also performed for the "glued"
joint, which corresponds to a rigid joint (Fig. 3).

The main rod in the structural design has a cross-section in the form of a round tube of 80x3 and a total length of 300 cm.

The Euler force for such arod is
m2ElL, _ m2-20600-53,87

P = = 121,7kN.

12 3002
The values of the forces where the stability of such a rod was lost were 240.1 kN at the "glued" type connection, 216.1
kN at the "contact" type connection (Fig. 4). In this case, the design length coefficients are 0.712 and 0.75, respectively.
Comparing the results clearly shows that the actual operation of the node in terms of stability is very close to the rigid
connection of the rod to the connector. The value of the longitudinal bending coefficient increases by 5%.

13- 13y
Y

T —

vt e 1 2409 O Exprckn
mmﬁb T2 Teaion pa—— Wame'n'u i‘?«m : Aisees
a) b)

Fig. 3. Options for modeling a nodal connection: a — "glued" type connection; b — "contact" type connection
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a) b)

Fig. 4. Loss of stability while connecting: a — "glued"; b — "contact" type

Task 2. In order to identify the critical force for compressed elements, the following calculation scheme was chosen:
four elements of the lower belt and four lattice elements connected in one node are considered [11-14]. The opposite end
of each of the circuit elements has a hinge attachment. The length of all of the rods is 3 meters. It should be noted that
while adding elements of the upper belt to the calculation model, the bevel rod will have two ends with varying degrees
of pinching from loss of stability. However, it is assumed that the elements of the upper belt are predominantly in a
compressed state, therefore they have a lower fixing effect, which is commonly neglected.

For starters, let us provide as an example an idealized loading variant of the design scheme, where all the elements of
the lower belt are stretched by a single force, and the elements of the braces are stretched and compressed in pairs by a
single force (Fig. 5). The cross-section of all the elements is a 60x3 tube.

Fig. 5. Calculation scheme
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Fig. 6. Deformed circuit with loss of stability option 1

The compressed rods lost their stability at a force of 82.14 kN (Fig. 6), which yields a stability coefficient of 0.776.

The following is an example with a calculation for force ratios taken from an actual design. The loss of stability of the
compressed rod occurs at a force value of 143.88 kN (Fig. 7), which yields a stability coefficient of 0.849. Some other
combinations of forces and cross-sections of elements that were calculated as this study was being performed resulted in
a design length coefficient ranging from 0.77 to 0.88.

Fig. 7. Deformed circuit with the loss of stability option 2

As a result of the calculations, the following conclusions can be made:

1. The joint of the rod with the connector, where the compressive forces are transmitted through a tight contact, is
very close to rigid fastening by the nature of the work while testing the stability of the rod.

2. The design length coefficient for compressed elements ranges from 0.77 to 0.88, depending on the force values in
the elements and their cross sections. Based on this, it can be unambiguously concluded that the application of a coeffi-
cient of 0.8 for all the compressed rods cannot be theoretically justified.

Discussion and Conclusion. The studies of the coating in the form of a structural constructions of the Kislovodsk
type show the correctness of the application of the requirements of SP 16.13330.2011 "Steel Structures” in terms of
determining the design length of a compressed rod equal to 1, and the use of a coefficient equal to 0.8 cannot be theoret-
ically justified. On top of that, while calculating and designing such structures, the fact that in a system of this type there
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are a large number of rods with different forces should be taken into account and considering all possible combinations
is a complex task. At the same time, the increase in metal consumption while considering a single element and taking into
account only the pipe section is 20-30%, however, if the metal consumption and cost of manufacturing the entire structure
is taken into consideration, these savings are significantly offset and are not feasible.
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Abstract

Introduction. This study is dedicated to development of methodological foundations of territorial development construc-
tion project (TDCP) as a tool for managing integrated territorial development (ITD). The existing approaches to construc-
tion organization based on the traditional object-by-object construction organization project (COP) fail to provide neces-
sary coordination of resources and logistics. The aim of the study is to develop the theoretical foundations and structure
of TDCP and structure of ITD, ensuring effective management of construction processes within the framework of ITD
projects and master plans.

Materials and Methods. The research is based on the analysis of theoretical approaches to construction organization,
systematization of experience in implementing integrated territorial development projects and identification of the draw-
backs of the existing methodologies. Methods of system analysis, comparative analysis, structural and functional model-
ing and generalization of the theoretical provisions were used.

Research Results. The structure of TDCP has been developed, including the external contour (transport accessibility, engi-
neering infrastructure, engineering protection of a territory, logistics links, natural and territorial conditions, institutional
environment) and an internal contour (production facilities, temporary infrastructure, internal engineering networks,
transport networks, labor resources, stages of construction). The mechanism of converting the constraints of the external
contour into the internal one and compensatory measures ensuring the sustainability of the project is substantiated.
Discussion and Conclusion. The developed TDCP methodology serves as the theoretical foundation for organizing con-
struction within integrated territorial development projects. The introduction of the concept of external and internal con-
tours enables one to systematically account for the limitations and capabilities of a territory, ensuring efficient allocation
of resources and coordination of construction processes.

Keywords: territorial development construction project, integrated territorial development, external contour, internal
contour, construction organization, resource coordination, logistics, territorial planning

Acknowledgments. The author extends his deepest gratitude to the scientific advisor, Doctor of Sciences in Engineering,
Professor Azari Abramovich Lapidus, as well as to the head of the scientific school "Resource and Energy Conservation
in Construction", Doctor of Sciences in Engineering, Professor Murtazaev Sayd-Alvi Yusupovich for valuable recom-
mendations and assistance in preparing the article. The author would like to thank the editors and reviewers for their atten-
tive attitude to the article and the above comments making it possible to improve its quality.

For citation. Aliev SA Methodological Foundations of a Project of Organizing Construction and Development of Terri-
tories in a System of Integrated Territorial Development. Modern Trends in Construction, Urban and Territorial Plan-
ning. 2026;5(2):49-55. https://doi.org/10.23947/2949-1835-2026-5-2-49-55

© Aliev SA, 2026

Technology and organization of construction

49


https://doi.org/10.23947/2949-1835-2026-5-2-49-55
mailto:asa-fenix@mail.ru
https://doi.org/10.23947/2949-1835-2026-5-2-49-55
https://orcid.org/0000-0003-4341-4409
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2949-1835-2026-5-2-49-55&domain=pdf&date_stamp=2026-06-25

https://www.stsg-donstu.ru

50

Aliev SA Methodological Foundations of a Project of Organizing Construction and Development of Territories in a System of Integrated...

OPMZMH(IJle()e amnupudeckoe uccnedosamnue

MeTo10JI0rHYeCKHe 0CHOBBI IPOEKTA OPraHUu3aliH CTPOUTEIHLCTBA PA3BHTHS TEPPHTOPHIA
B cHCTeMe KOMILUIEKCHOI0 PA3BUTHS TEPPUTOPHUIA
C.A. AineB =
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AHHOTALUA

Beeoenue. Hacrosmee uccnenoBaHie NOCBSIMIEHO pa3pabOTKE METOAOIOTHIECKUX OCHOB MPOEKTAa OPTaHU3AIMN CTPOH-
tenbeTBa pasBuTHa Tepputopuii (IIOCPT) kak mHCTpyMEHTa yIIpaBIIeHIsI KOMILIEKCHBIM pa3BuTreM Teppuropuii (KPT).
B ycnoBusix MacmtaGHOTO TEPPUTOPHAIBEHOTO PAa3BUTHS CYIIECTBYIOLINE MTOJXObI K OPTaHU3aI[MH CTPOUTEIBCTBA, OC-
HOBaHHBIE HA TPAJAWIOHHOM MOOOBEKTHOM IpoekTe opranuzaiuu crpoutenscrsa (IIOC), He obecneunBaloT HE00X0-
JMMOM KOOPJMHAIMU PECYpPCOB M JIOTUCTHYECKUX mpoueccoB. Llens paboTel — pa3paboTka TEOPETHYECKUX OCHOB U
crpyktypsl [IOCPT, obecnieunBaronux 3p¢GeKTHBHOE yNpaBlIeHHE CTPOMTENBHBIMH MPOLIECCAMH B paMKaxX MPOEKTOB
KPT u macTep-1u1aHoB.

Mamepuanst u memoodst. ViccienoBaHne OCHOBAaHO Ha aHAIM3€ TEOPETHUCCKUX MOAXOIOB K OpPraHM3allli CTPOUTEIb-
CTBA, CHCTEMATH3ALIMH OTIBITA PEaNTN3allMy IPOSKTOB KOMIIJIEKCHOTO Pa3BUTHS TEPPUTOPHI U BBIIBICHUH HEIOCTATKOB
CYLIECTBYIOIIUX METOROJIOTHH. McTIonp30BaHbI METO/IBI CHCTEMHOTO aHAIN3a, CPABHUTEIBHOTO aHAJHM3a, CTPYKTYypHO-
(YHKIIMOHAIEHOTO MOJICITUPOBAHMS M 0000IIEHNS TEOPETHIECKHUX MOT0KESHHH.

Pe3ynomamut uccnedosanusa. Pazpaborana crpykrypa [IOCPT, Bkirodaromas BHEITHHA KOHTYpP (TpaHCIIOPTHAS JIO-
CTYIHOCTb, MH)KEHEPHAs! HHPPACTPYKTypa, MH)KEHEPHAs 3allliTa TEPPUTOPHH, JOTUCTUYECKUE CBSI3U, IPUPOTHO-TEPPH-
TOpHAJIbHBIE YCIIOBHS, HHCTUTYMOHAJIbHAS Cpelia) U BHYTPEHHHUH KOHTYp (IIPOM3BOJCTBEHHBIE OOBEKTHI, BpEMEHHAs
nHppacTpyKTypa, BHyTpEHHHE HH)XEHEPHBIE CETH, TPAHCIIOPTHBIE CETH, TPYAOBBIE PECYPCHI, ITATHOCTH CTPOUTENBCTRA).
O00CHOBaH MEXaHN3M TPaHCISILUYI OTPAaHUYEHHH BHEITHETO KOHTYpa BO BHYTPEHHUI 1 KOMIICHCAIIMOHHbBIE MepbI, obec-
MIEYMBAIOIINE YCTOWYMBOCTD PeaIu3allii MPOEKTa.

Obcyscoenue u 3axnrwuenue. Pazpadorannas meromnonorust [IOCPT GopMupyeT TeopeTHUECKYI0 OCHOBY ISl OpTaHU-
3aIlM CTPOUTENIBCTBA B PaMKax IMPOEKTOB KOMIIJIEKCHOTO Pa3BUTHS TEPPUTOPHHA. BBelneHne KOHIENIMN BHEUIHETO H
BHYTPEHHETO KOHTYPOB ITO3BOJIIET CUCTEMHO YUHUTHIBATh OTPAHMUYECHHUS 1 BO3ZMOXKHOCTH TEPPUTOPHH, obecrieunBast 3¢-
(eKTHBHOE pacnpeieieHle PeCypcoB U KOOPIMHAINIO CTPOUTENIFHBIX TIPOIIECCOB.

KuroueBble c10Ba: IpOEKT OpraHU3allui CTPOUTENBCTBA PA3BUTHS TEPPUTOPHI, KOMILIEKCHOE Pa3BUTHE TEPPUTOPUH,
BHEIIHUI KOHTYD, BHYTPEHHUH KOHTYP, OpPraHU3aIHsI CTPOUTENIECTBA, PECYPCHAs KOOPIUHALUS, TIOTUCTHKA, TEPPUTOPH-
aJIbHOE IIaHUPOBaHHE

BaarogapHocTH. ABTOp BBIpakaeT IIyOOKyr0 0laroJapHOCTh HAYyYHOMY KOHCYJIBTAHTY AOKTOPY TEXHHYECKHX HAYK,
npodeccopy Azaputo AbpamoBnuy Jlammaycy, a Takke pyKOBOJIUTEINIO HayqHOH Kokl «Pecypco- 1 aHeprocoepeske-
HHUE B CTPOUTEIHCTBEY» JOKTOPY TEXHUYECKHX HAyK, Mpodeccopy MyprazaeBy Caiin-Anssu IOcynoBudy 3a mieHHBIE pe-
KOMEH/IAIINY M TIOMOIIb B MOATOTOBKE JJAHHOW CTaTbu. ABTOP 0JarofapuT peleH3eHTOB 38 BHUMATEIbHOE OTHOIIEHNE K
CTaTbe M KOHCTPYKTHUBHBIEC 3aMEYaHUs, CIOCOOCTBYIOIIIE MOBHIIIEHHUIO €€ KauecTBa.

I[JISI HUTHPOBAHUA: Ammes C.A. MeTOI[OJ'IOFI/I‘IeCKI/IC OCHOBBI IIPOCKTAa OpraHU3allui CTPOUTEIILCTBA PAa3BUTUA TCPPU-

TOPHH B CHCTEME KOMIUIEKCHOTO pa3BHTHs Tepputopuil. Cospemennvie meHoeHyuu 6 Cmpoumenscmee, 2paoocmpou-
menbecmee u niaanuposke meppumopuil. 2026;5(2):49-55. https://doi.org/10.23947/2949-1835-2026-5-2-49-55

Introduction. Over the recent decades, the issues of integrated territorial development (ITD) have become of partic-
ular importance in the context of sustainable development of urban and rural areas [1]. The implementation of Federal
Law No. 494-FZ "On Integrated Territorial Development" and national projects aimed at enhancing the quality of the
urban environment calls for an improvement in the methodology of construction organization [2]. This is particularly the
case for regions witnessing an active economic and demographic growth, such as the Chechen Republic, where a large-
scale territorial development program is being implemented [3].

The existing approaches to construction organization based on the traditional on-site construction organization
project (COP) developed in compliance with SP 48.13330.2019 "Construction Organization" [4] fail to provide the
necessary coordination of resources and logistical processes in implementing ITD projects [5]. The traditional COP
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developed in compliance with the requirements of the Urban Planning Code of the Russian Federation dated De-
cember 29, 2004, No. 190-FZ focuses on a separate building or structure and fails to account for the specific features
of mass construction in an area with a set of interconnected objects.

Studies by Azari Abramovich Lapidus substantiated the need to develop a territorial organization project (TOP) as an
element of integrated territorial development. The further development of the concept led to the idea of a territorial de-
velopment construction project (TDCP), a comprehensive document integrating solutions for engineering training, logis-
tics and management of construction flows at a territory level [1, 6].

An analysis of the scientific literature shows that the work of both domestic [5, 6] and foreign researchers [7-10] is
dedicated to organizing construction within the framework of ITD. However, a comprehensive methodology combining
the theoretical foundations and practical tools of construction organization for ITD projects calls for further development.

The aim of the study is to develop the methodological foundations of a territorial development construction project,
ensuring effective management of construction processes within the framework of integrated territorial development
projects.

To this end, the following tasks were addressed:

— theoretical approaches to construction organization were analyzed, the drawbacks of the existing methodologies in
relation to ITD projects were identified;

— structure of the ITD was developed, including the external and internal contours of construction organization;

— mechanism of interrelation of contours and translation of constraints is substantiated;

— traditional TOP and TDCP were compared.

Materials and Methods. The study is based on an analysis of regulatory documentation, scientific literature and
practice of implementing projects for integrated territorial development. The following methods were employed:

1. The method of system analysis is applied in order to identify the interrelationships between the elements of con-
struction organization within the framework of ITD and formation of ITD structure. This method enabled us to regard
construction organization as a complex system, including the constantly interacting external and internal elements.

2. A comparative analysis method is used in order to compare the traditional TOP and the proposed TDCP according
to the major parameters: planning object, scale, logistics approach, engineering support, planning, coordination of partic-
ipants, resource management, risks and the final result.

3. The method of structural and functional modeling is used in order to develop a conceptual model of the ITD that
includes external and internal contours with details of their constituent elements and interaction mechanisms.

4. The method of generalization of theoretical provisions is employed in order to form the methodological foundations
of the ITD based on an analysis of the existing approaches to construction organization and territorial planning.

Research Results. As a result of the study, the structure of a territorial development construction project has been de-
veloped, which is a comprehensive document combining territorial development planning and construction organization.

TDCP includes two major components: the external contour and internal contour (Fig. 1).

The external contour of ITD covers elements located outside a projected territory, but which have a major impact on
construction organization. The external contour includes:

— transport accessibility includes access highways, their capacity, structure of traffic flows and restrictions on move-
ment of freight transport. ITD projects are characterized by a high intensity of cargo transportation, which calls for special
solutions for transport logistics organization;

— engineering infrastructure covers the main networks of electricity, water supply, sanitation, heat and gas supply, as
well as resource provision sources. The parameters of the backbone networks are critical to the connectivity and call for
the design of internal distribution systems;

— engineering protection of the territory includes measures for protection against flooding, landslides, mudslides and
other natural impacts. For territories with a difficult terrain, this element is of particular significance;

— logistical connections are critical to the structure of suppliers of building materials, delivery routes, availability of
production bases and warehouse complexes in a project implementation region;

— natural and territorial conditions include terrain, geological conditions, climatic factors, hydrological conditions,
and environmental constraints;

— institutional environment covers regulatory framework, administrative procedures, system of government regula-
tion, and a project's stakeholders.
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Fig. 1. Structural model of interaction of the external and internal contours in a project system for construction
organization and territorial development

The internal contour of the TDCP includes elements located within a projected territory and ensuring implementation

of construction processes:

— production facilities are concrete mixing units, reinforced concrete products factories, building materials ware-
houses, waste processing facilities;

—temporary infrastructure are residential towns, catering facilities, sanitary facilities, administrative areas for the staff;

— internal engineering networks are distribution networks of electricity, water supply, sanitation, heat supply, gas
supply and communications;

— internal transport networks are road infrastructure for supporting construction processes, including permanent and

temporary access roads;
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— labour resources are a system of providing a project with the staff, labour organization, and household services for
the employees;

— a construction stage is a sequence of commissioning facilities, synchronization of residential and social infrastruc-
ture, adaptive mechanisms for adjusting schedules.

The mechanism of a relationship between the external and internal contours is based on converting constraints. The
parameters of the external contour form constraints and set the allowable solution space for the internal contour. The
internal contour, in turn, implements compensatory measures aimed at leveling the deficits of the external contour.

Effectiveness of the interconnection of the contours is evaluated by means of the indicator of integral consistency:

K. = X(w; X ky), @

where w; is the weight factor of the i-th subsystem; k; is the consistency indicator of the i-th subsystem defined as the ratio
of the actual parameters to the required ones.
The value of K. > 1 is indicative of sufficient consistency of the contours.
The comparison of traditional TOP and TDCP showed considerable differences in the approaches to construction
organization (Table 1).
Table 1
Comparative analysis of traditional TOP and organization of territorial development construction project

Criterion Traditional TOP TDCP
Management object level | One object (building / structure) | Territory of ITD/ area (a system of objects)
Organization of work Coordination of territorial development
Target result . - .
at an object and synchronization of flows between objects
Mostly indoor (construction Two contours: external (infrastructure/ constraints +
Management contour ) . .
site) internal (construction)
Connection with territorial | Indirect (via the original project | Direct integration with the master plan / master
planning data) plan / ITD and development programs
. . . . . Multi-year development stages (queues of 4-10 years
Planning horizon Construction period of an object
or longer)
Engineering infrastructure | On-site temporary/ permanent Backbone networks + step-by-step connection and
scale networks internal infrastructure of a territory
- Entrances to the site, a local Territorial transport subsystem: capacity, nodes,
Transport and accessibility . P y pactly
layout external links
. . . . Territorial logistics: rces—r —N —
Material logistics "On-site" delivery erritoria . o9 .St cs . sou ces_ oytes odes
acceptance points, inter-object coordination
N Resources within an object / Resource balance in a territory: preventing
Resource coordination . : .
contractor contractors from competing for capacity and supplies
Proactive: identification of the external contour
Deficit management Reactive (in case of faults) deficiencies and their compensation by means

of internal contour solutions
Risks of the life cycle of a territory: infrastructural,
logistical, institutional, environmental

Risks and uncertainty Obiject risk analysis

I . Typically outside a model Considered as a subsystem: approvals, regulations,
Institutional conditions - . o
(background) participant interfaces, time limits
. Network / calendar object System-technical model of a territory: indicators
Modelling methods - . - . Lo
planning of security, deficits, scenarios, optimization of flows
i . BIM-model of an object BIM + CIM + GIS / digital platforms of a territory,
Digital foundation . o . .
(partially) data for monitoring and correction of solutions
Feasibility of the stages of a life cycle of a territory
Feasibility criterion Feasibility of an object schedule | adhering to the security thresholds of the external
contour

Sustainability of ITD: reduction in stage disruptions,
consistency of infrastructure and schedules, manage-
ability of housing and communal services

Optimization of terms /

Practical effect .
resources of an object structure

Traditional TOP is focused on a separate building or structure, provides point-to-point construction and makes use of
an object-by-object approach. Logistics is based on the principle of supplies to a construction point, engineering is based
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on connection to the existing networks. Planning is characterized by tight deadlines and volumes, coordination is limited
by interaction of the customer and contractor, and resource management is local. The risks remain high due to the lack of
reserves causing a object to be isolated.

ITD is focused on a territory with a complex of objects, provides mass construction and makes use of a territorial
approach. Logistics is based on an integrated supply chain, while engineering relies on the design of distribution networks.
Planning is characterized by adaptive phasing, there is coordination on a multi-level basis with all participants, and re-
source management is territorial. Risks are reduced due to buffer mechanisms causing a territory to be comprehensively
developed.

The practical implementation of TDCP allows the following effects to be attained:

—reducing transport and logistics costs by 15-25% by optimizing routes and creating buffer warehouses;

—reduction in construction time by 10-20 % due to coordinated staging and parallel work;

— increasing resilience of a project to external influences by reserving critical resources;

— integrated development of a territory with commissioning both residential and social infrastructure.

Discussion and Conclusion. The developed ITD methodology expands on the existing ideas on construction organi-
zation while introducing a territorial management level and combining logistical as well as resource aspects into a single
model. The differentiation of external and internal contours provides an opportunity for a systematic analysis of interre-
lationships between infrastructural constraints, logistical flows and construction production organization.

The major difference between the ITD and raditional TOP is the territorial approach where a planning object is not a
separate building, rather a territory with a set of interconnected objects. This calls for a fundamentally different approach
to logistics, engineering, and resource management.

The mechanism of converting constraints of the external contour into the internal one and feedback by means of
compensation measures ensures adaptability of a construction management system to changing conditions. The integrated
circuit consistency indicator K. allows one to quantify a degree of contour consistency and to identify system bottlenecks.

The practical significance of the research results is the possibility of applying the developed methodology in the im-
plementation of ITD projects in the country’s various regions. The ITD methodology can be integrated into regional
development programs and employed by government authorities, design organizations and construction companies.

The prospects for further research are related to developing mathematical models for optimizing the parameters of the
ITD, designing software to support decision-making in ITD formation, testing the methodology on specific ITD projects
and developing standard solutions for various categories of territories. Hence the developed methodological foundations
of ITD serve as a scientific foundation for improving construction organization within the framework of integrated terri-
torial development projects and contribute to improving the effectiveness of urban planning activities.
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Abstract

Introduction. Well-known studies on the research subject have failed to specify sample sizes and types of workshops
based on their technological characteristics, which prevents us from summarizing the numerous damage data. The down-
side of the previous studies is the lack of generalizations with designing regression dependences of damage to the bearing
elements of buildings on their service life. The subject of the study is the correlation of damage to the main structures of
industrial buildings from their service life. In order to design these dependencies, a significant sample of workshops
(at least 100 workshops) has been investigated and the frequency of damage to their main structures has been examined.
The frequency of damage has been previously studied and published by the authors. The aim of the study is to establish
correlations between the degree of damage and the service life of structures.

Materials and Methods. The objects of the study were single-storey industrial buildings of the metallurgical, machine-
building, energy industries, as well as production of building materials. The workshops were inspected by means of the
standard methods endorsed in the national standards and norms. In order to analyze defects and damages, an electronic
database was designed in a tabular processor that recorded all the basic information on types of workshops, materials and
structures, defects and damages.

Research Results. The analysis of data on a large sample of industrial buildings made it possible to establish correlations
between damage and the service life of structures. It was found that the rate of damage to steel columns is higher than
that of reinforced concrete columns. The intensity of damage to steel columns is described by means of an exponential
dependence, while that of reinforced concrete columns is a linear one. Brick and reinforced concrete walls are damaged
linearly depending on the service life. The dependence "damage - service life" of reinforced concrete floors and coatings
is approximated by a polynomial of the second degree, close to a linear relationship. Similar linear damage is typical of
steel trusses. The damage rate of steel crane beams does not directly depend on the service life of the building itself, as

EDN: LNFHGY

the beams are replaced if damaged.

Discussion and Conclusion. As a result of the study of the frequency of damage, mathematical models of "damage -
service life" of industrial building structures were obtained that can be used in order to optimize maintenance and repairs
of buildings. The distinctive features of the accumulation of damages and defects over time for metal frames of industrial
buildings associated with human mistakes are noted. In order to reduce accidents and optimize costs throughout the life
cycle of buildings, it is suggested that a risk-based approach is applied, the likelihood of errors and cost of restoration
measures at the stages of design, construction and operation are assessed.
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Koppenﬂmm MOBPEKACHHOCTH OCHOBHBIX KOHCprKHHﬁ NMPOMBIIIJICHHBIX 31aHUH OT CPpOKOB
HX IKCIIIyaTanuu
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IOxHO-Ypanbckuil rocyJapcTBEHHBIN yHUBEPCUTET, T. Yensaounck, Poccuiickas denepanus
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AHHOTAIIMA

Beeoenue. B n3BeCTHBIX UCCIIEIOBAHUAX 110 TEME CTaThbH HE YKa3bIBAIOTCS 0OBbEMBI BHIOOPKHU M THIIBI LIEXOB MO UX TEX-
HOJIOTUYECKHUM TIPU3HAKAM, YTO HE MO3BOJIIET 0000MNTh MHOTOUYHCIICHHbIE JaHHBIE O MOBpexAeHMAX. HemocraTkoMm pa-
HEe IPOBEACHHBIX MCCIIEIOBAHUN SBIISETCS OTCYTCTBHE 0000IIEHNH ¢ TOCTPOCHUEM PETPECCHOHHBIX 3aBUCHMOCTEH TI0-
BPEXKIAEMOCTH HECYIUX DIIEMEHTOB 31aHUH OT CPOKOB X JKCILTyaTanuu. IIpeaMeToM uccienoBaHus ABIAIOTCA KOppe-
JISIH NOBPEXKJEHHOCTH OCHOBHBIX KOHCTPYKIUH MTPOMBIIIIEHHBIX 30aHAN OT CPOKOB X JKCIUTyaTtanuu. s mocTpoe-
HUS YKa3aHHBIX 3aBUCHMOCTEH MCCIlieloBaHa 3HaYMMas BEIOOpKa 1mexoB (He MeHee 100 mexoB), 1 U3y4eHa YacCTOTHOCTh
MOBPEXJICHUH MX OCHOBHBIX KOHCTPYKUMHA. YacCTOTHOCTh IOBpPEXACHHH Obllla M3yueHa paHee U OIyOJMKOBaHa aBTO-
pamu. Llenpro HACTOSINEr0 UCCIIENOBAHUS SBIAETCS IOCTPOCHUE KOPPEILLIUNA MEX Yy CTEIICHBIO IIOBPEKIEHHOCTH U CPO-
KaMM 9KCILTyaTalluy KOHCTPYKIIUIA.

Mamepuanvt u memoost. B kadecTBe 0OBEKTOB HCCIEAOBAHUS PAcCMaTPUBAINUCH OJHOATAXKHBIC NPOMBIIUICHHbIE
3/1aHUS] METAJUTYPru4ecKoi, MallIMHOCTPOUTENIbHON, SHEPIeTUUECKOM OTpaciiei, a TakKe MPOU3BOACTBA CTPOUTEIbHBIX
Mmarepuanos. O6cinenoBaHNe IEXOB NMPOM3BOAMIOCH IO CTAHJAPTHBIM METOAWKAM, YTBEPKACHHBIM B HAIIMOHATIBHBIX
cTaHAaprax ¥ HopMmax. {1 aHanm3a ne)eKTOB M MOBPEXKACHNH ObLIa CO3aHa IEKTPOHHAs 0a3a B TaOIMYHOM Ipoliec-
cope, B KOTOPOil (pMKcHpoBajiack Bcsi OCHOBHAS MH(OpManus 1o TUIIaM LEXO0B, MaTepHaiaM 1 KOHCTPYKIUAM, Te(eKTam
U TIOBPEXACHUSM.

Pezynomamut uccnedosanusn. AHanu3 JaHHBIX 110 OOJBIION BEIOOPKE MPOMBIIIIICHHBIX 3AaHUH ITO3BOJINI YCTaHOBUTH
KOPpEeSIUM MEXAY IOBPEXKIECHHOCTBIO U CPOKaMHU OKCIUIyaTallud KOHCTPYKLMH. YCTaHOBJIEHO, 4TO CKOpPOCTb
MOBPEXJICHUH CTaJbHBIX KOJIOHH OOJbIIIE, YeM Y JKelle300eTOHHBIX. VIHTEHCHMBHOCTh NOBPEXKICHUN CTAJIbHBIX KOJIOHH
OIUCHIBAETCSI AKCIIOHEHIIMAILHOM 3aBUCHMOCTbBIO, @ JKEJIe300€TOHHBIX — JIMHEeHHOH. KuprnuuHble 1 jkesie300eTOHHbIE
CTEHBI MOBPEXIAIOTCA 10 JIMHEHHOM 3aBUCHMOCTH OT CPOKOB IKCIUTyaTaIlH. 3aBUCHMOCTH «IIOBPEXKIaEMOCTh — CPOKHU
9KCIUTyaTaI[N» KeJIe300€TOHHBIX MePEKPHITUI U MOKPHITHH alllIPOKCUMHPYETCS TOJTMHOMOM BTOPOH CTENEHH, OJIM3KUM
K JIMHEHHO 3aBucuMocTH. [Togo0Has TMHEIHAS TOBPEX1aeMOCTh XapaKTepHa  JUIs cTasibHBIX (epm. [ToBpexmaemocTsb
CTAJBHBIX TTOJKPAHOBBIX OAIOK MPSMO HE 3aBHCUT OT CPOKOB 3KCIUTyaTallid CaMOT0 3/[aHus, TaK KaKk Oalké 3aMEHSIOT
0 Mepe UX MOBPEKICHUN.

Oébcyrycoenue u 3axniovenue. B pesynbraTe uHCCIEJOBAaHHMS YAaCTOTHOCTH MOBPEXJICHHH OBUIM  TIOJydYEHBI
MaTEMaTHYECKUE MOJEIH «IIOBPEKACHHOCTh — CPOK 3KCIITyaTalliW» KOHCTPYKLMI NPOMBIIIIEHHBIX 3aHU, KOTOPLIE
MOTYT OBITh HCIIOJB30BaHbl JUIsi ONTUMM3AIMM TEXHUYECKOTO OOCIY)KMBaHUs, IUIAHUPOBAHUS OKCIIEPTH3,
MEPUOINIECKHUX OCMOTPOB, TEKYIIHX U KaIIUTAIBHBIX PEMOHTOB 34aHUH, pa3pabOTKK CTPATETUH IPEATIPHSTUH MO 3aMEHe
OCHOBHBIX IPOM3BOJCTBEHHBIX (POHIOB. OTMEYEHBI OTIUYUTENbHBIE OCOOCHHOCTH HAKOIUIEHHS CO BpEMEHEM
MOBPEXIeHNH W Ne(eKToB Uil METaJUIMYECKHX KapKacoB IPOMBIIIICHHBIX 3/1aHHUW, CBSI3aHHBIE C YEJIOBEUYECKHMMH
omubOxkaMu. {1 CHIDKEHHsT aBapUHHOCTH M ONTHMM3ALMHU 3aTpaT HAa NMPOTSHKEHUH JKU3HEHHOTO 3/IaHUH MpeiiaraeTcs
NIPUMEHATh PUCK-OPHEHTHPOBAHHBIA IIOAXOM, OIEHMBAaTh BEPOSTHOCTh BO3HMKHOBEHHS OIIMOOK M CTOMMOCTb
BOCCTAHOBUTEJIbHBIX MEMPUATUH HA CTaAUAX MPOEKTUPOBAHUS, BO3BEICHHS U SKCIIITyaTalllu.

KaroueBble ciioBa: MPOMBIIIJICHHBIC 3/1aHNA, SKCILTyaTalus BHaHHﬁ, CTPOUTCIIbHBIC aBapuu, ,HC(l)eKTI)I 1 MOBPECIKACHUA,
HaJACXKHOCTh U 0€30IaCHOCTE.

st nurupoBanus. baitdoypun JI.A., [ToranoB A.H. Koppensiuu noBpek1eHHOCTH OCHOBHBIX KOHCTPYKIMI MPOMBIII-

JIEHHBIX 3[aHUIM OT CPOKOB MX dKCIUTyatauuu. Cogpementble MeHOeHYuu 6 CImpoUmenbemee, 2padoCmpoumenbCmee u
naanuposxe meppumopuii. 2026;5(2):56-65. https://doi.org/10.23947/2949-1835-2026-5-2-56-65

Introduction. According to the estimates of the Russian Academy of Architecture and Building Sciences (RAABS) [1]
there is a need to develop a regulatory framework based on ensuring the integrated safety of objects throughout their full life
cycle. This calls for scientific research to be conducted, including studies of durability of building materials, structures and
products as well as of longevity of construction sites.

Building constructions, buildings and engineering structures
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According to [2-4], the causes of defects and damage to industrial buildings are deficiencies in construction — 28%;
violation of operating rules — 26%; poor quality of materials — 28%; design mistakes — 10%; deficiencies in design
standards as well as guidelines for manufacture and installation of structures — 8%. The observed frequency of defects
in installation of steel and reinforced concrete structures [5] confirms these conclusions. The number of defects in joints
and assemblies for steel structures is 56.5%, and for reinforced concrete structures — 57.7%.

According to [2, 3], the proportions of accidents related to the operational stage has gone up from 11% to 35%, which
is due to the deterioration of the country's fixed assets (industrial buildings and infrastructure). This trend is particularly
evident for industrial buildings that are characterized by large spans and severe operating conditions associated with
aggressive environments, lifting equipment, dynamic loads, etc.

Accidents involving coatings on industrial buildings should be considered the most common ones. An analysis of
accidents shows that about 53% of all collapses occur as a result of overloading with snow and dust [6]. According to
[7, 8], the following damage to rafter trusses occurs for the main buildings of thermal power plants: local rod bends —
28%; wear of anticorrosive coating and metal corrosion — 23%; general bends of rods of trusses — 24%; accumulations
of aggressive technological dust on structures — 9%; non-nodal plate support on the upper belt of trusses — 6%.

A damage rate of structures depends on service life [7, 8] (comparison for 20 and 80 years of service life): reinforced
concrete and steel columns — an increase from 10 to 20%; reinforced concrete and steel crane beams — from 10 to 70%;
steel rafter trusses — from 15 to 40%; coating plates — from 20 to 60%; secondary reinforced concrete platform
beams — from 15 to 80%; main reinforced concrete platform beams — from 10 to 25%.

A regular decrease in the number of damages from top to bottom, ranging from coating plates and trusses to columns,
as well as rapid fatigue wear of crane beams, was identified. According to [9], the number of damaged crane beams
increases from 14 to 73% with an increase in the service life from 3 to 22 years. The most common damage to beams is
fatigue cracks in the belt seams of the upper belt.

Studies [10, 11] describe typical defects in steel columns: bends and cutouts of lattice elements, local bends and
curvature of tent and crane branches, destruction of attachment points of crane beams as well as changes in a typical
structural design of joints. The most frequent damages are used in computer modeling in order to assess a degree of
serviceability of metal structures of industrial buildings [12].

The authors of [13] identified five characteristic areas of defects and damage to walls of buildings. It is suggested that
they are combined into groups when conducting surveys or monitoring the condition of a facade. This allows one to track
the dynamics of negative processes and conduct major repairs of facades in a timely manner. In [14], the damage was
analyzed with an indication of their causes. The frequency of damages and defects is determined by the types of structures,
severity of defects, as well as their causes.

A study [15] suggests ways to enhance the reliability of industrial building frames: boosting the strength reserve by
increasing cross-sections, the strength of materials, and the use of more efficient cross-sections; using statically indeterminate
systems with a redistribution of forces at the time of local destruction; incorporating coupling (non-force) elements.

The review showed that damage to industrial buildings has been investigated time and time again, but these studies
typically fail to specify sample sizes and types of workshops based on their technological characteristics, making it im-
possible to summarize the numerous data. The drawback of the previous studies is the lack of generalizations with the
construction of regression dependences of damage of load-bearing elements of buildings on their service life, which does
not allow to justify and plan a rational program of their operational control.

Materials and Methods. The objects of the research were 100 workshops — single-storey industrial buildings of the
metallurgical, machine-building, energy industries, as well as production of building materials. The years of commission-
ing of the workshops ranged from 1902 to 2016: 1902-1940 — 10 objects; 1941-1970 — 61 objects; 1971-1990 —
21 objects; 1991-2016 — 9 objects.

According to the design scheme, the buildings were divided into frame, wall and frame-wall ones. According to the
design and materials: full reinforced concrete frame; full metal frame; mixed frame (reinforced concrete and steel); stone
load-bearing walls with various coating options.
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Almost all of the buildings had lifting equipment in the form of overhead cranes and truss cranes with a lifting capacity
from 2 to 280 tons with various operating modes: from repair to heavy (from 1K to 8K). The degree of aggressiveness of
the environment was mostly classified as non-aggressive or mildly aggressive.

The following structures were considered as groups of the same type: foundations, columns, walls, crane beams and
trusses, sub-trusses and rafter trusses, lanterns, slabs and coatings, connections along columns and coatings. In material
design these structures were divided into stone (brick, cinder block, butte), reinforced concrete monolithic and prefabri-
cated, steel, wooden. In most cases, the roof of the surveyed buildings was rolled, less frequently metal.

The workshops were inspected according to the standard methods endorsed in the national standards and regulations.
According to the guideline of the GOST 31937-2024 "Buildings and Structures. Rules for Inspection and Monitoring of
Technical Condition" and SP 13-102-2003 "Rules for Inspection of Load-Bearing Building Structures of Buildings and
Constructions"”, the work included identifying the geometric parameters of structures and assemblies, their compliance
with the design and regulatory documentation; examination of the identified defects and damage, identification of their
causes; instrumental control of the strength characteristics of the materials; specification of loads on load-bearing struc-
tures; verification calculations of damaged (defective) load-bearing and enclosing structures; identification of their tech-
nical condition; development of recommendations for repairing and strengthening building structures.

In order to analyze defects and damage, an electronic database was designed where the following information was
recorded: the name of an object; structural type of a building; year of commissioning and of inspection; a brief de-
scription of a building structure; characteristics of lifting equipment; aggressiveness of the workshop environment;
type of a structure, element and material of a construction; design and actual strength of a material; type and magnitude
damage (defect); frequency of damage in the form of a ratio of damaged elements to the total number of elements in a
building; localization and brief description of damage; cause of damage (defect); severity of defects in categories A,
B and C; coefficient of reduction in the strength of a damaged element; category of technical condition of a structure;
main recommendation for restoration.

Research Results. According to the data in Fig. 1, in terms of the degree of preservation characterized by the frequency
of damage and categories of technical condition, steel and reinforced concrete structures are superior to stone ones.

This is directly due to the uniformity of the material, which has an impact on its resistance and durability, as well as
the fact that stone walls are more susceptible to atmospheric erosion. On top of that, rapid damage to the corrosion pro-
tection of metal with low cross-section massiveness accounts for a frequent transition to a limited working condition of
steel structures (45.3%). Roof and wooden roof structures (“other" in Fig. 1) very frequently transition into a limited
working and inoperable state (92.5% of damage) due to a relative fragility of the materials and intense wear.

Damage or defect, %

10,2
80 42,2
58,1 36,6 4,3
60
40
~ 361 50,3
20 22 !
Stone Concrete and reinforced Steel Other
concrete
S WO®LO I WNE
Fig. 1. Comparison of the categories of technical condition of types of constructions in %:
S — serviceable; O — operational; LO — limited operational; | — inoperable; E — emergency
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Thus, the greatest degree of damage is observed in the structures forming a building shell: roof and covering, exterior
walls, as well as structures located close to it. Studies have shown that the frequency of structural damage drops in the
"top-down" direction: roof, covering, trusses, columns, etc.

The main causes of damage are roof and gutter leaks, wear phenomena (corrosion, humidification and defrosting,
destruction of protective coatings, etc.), as well as effects of various production technologies (crane cyclic loads, acci-
dental impacts by loads and workshop vehicles, cutouts of elements, aggressive environment, dust and scale accumula-
tions, etc.).

The following are the results of investigating the dependence of damage on operating time. As the graphs (Fig. 2)
suggest, reinforced concrete columns are damaged less intensively than steel ones. After 60 years of service life, about
20% of reinforced concrete columns and 30% of steel columns get damaged. After 100 years of service life, almost all
steel columns will have been damaged.

A more intense damage to steel columns is primarily due to metal corrosion (over 40% of damaged columns). The
intensity of damage to steel columns is described by an exponential dependence (Fig. 2). The accuracy of the approxima-
tion is satisfactory: the coefficient of determination R? = 0.788, the correlation coefficient is statistically significant.

Proportion of damaged columns

1.00

Steel //
0.80 ,-’/ N

- « Reinforced concrete y=0,0642¢0.02542 ¥ s
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R?=0,788 foo°
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0.20 " 3 L _—
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Service life, years
Fig. 2. Dependence of the column damage on service life

The coefficient of determination is calculated as the ratio of the sum of the squares of the regression residuals to the
total sum of the squares:

(v, 9)
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At R? > 0,95 the accuracy of the approximation is high, at 0,8-0,95 — satisfactory, at 0,6-0,8 — weak, at
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R? < 0,6 — insufficient.
The average approximation error is the average relative deviation of the calculated values from the actual values vyi:
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If the error is no more than 10-15%, the model is deemed sufficient.

Brick and reinforced concrete panel walls are damaged linearly depending on the service life and with an approximately
equal intensity of 0.7% per year (Fig. 3). After 60 years of service life, about half of the walls get damaged. The intensity of
damage to brick walls is described by a linear relationship. The accuracy of the approximation is high (R? = 0,967).

The damage-time relationship of reinforced concrete floors and coatings is approximated by a second-degree polyno-
mial close to a linear relationship of 1% per year (Fig. 4). The coefficient of determination R, = 0,95 is indicative of a
high degree of accuracy of the model.

100.
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More than half of the damage to the slabs is due to soaking due to roof leaks and wear of internal communications.
After 50 years of service life, about 40% of the plates get damaged, and after 50 years of service life, almost all the plates
get damaged.

Proportion of damaged walls

0.80

0.70 Brick y=0,00766x-0,0553
' R?=0,067

0.60

= Panel from reinforced

0.50 /“‘—'

040 _**++++ Linear (Brick) /‘/‘{(‘.’t'
0.30
0.20
0.10
0.00
0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 91-100
Service life, years
Fig. 3. Dependence of the wall damage on service life
Proportion of damaged reinforced concrete partitions and coatings
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Fig. 4. Dependence of the floor damage on service life

The actual dependence of the proportion of damaged steel trusses (given the truss connections, rather than corrosion)
is best modeled by a linear relationship (Fig. 5). The value of the coefficient of determination Rz = 0.939 is indicative of
a high accuracy of approximation.

As can be seen, unless corrosion is considered, about half of the steel trusses are damaged after 55 years of service
life. Given the corrosion damage, 70% of steel trusses will have been damaged after 50-60 years of service life, and
almost all trusses after 100 years of service life. Half of the damage to steel trusses is due to corrosion caused by roof and
gutter leaks. Local bends of the elements have a frequency of 9.8%, the total bending of the rods is 5.9%.

Building constructions, buildings and engineering structures
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Proportion of damaged steel trusses
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Fig. 5. Dependence of the steel truss damage on service life

From the obtained dependences of damage to the main load-bearing structures (Fig. 2-5), it can be concluded that the
maximum service life of industrial buildings is 70-80 years long. By this time, the wear of load-bearing structures reaches
60-70%. During this time, the production technology has progressed significantly, which most frequently requires sig-
nificant revamping of the production facilities.

The damage rate of steel crane beams does not directly depend on the service life of a building itself, as crane beams
are the most damaged structures and are subject to periodic replacement. The most frequent damage to beams is metal
corrosion (25.7%), broken fasteners (19.6%) and local damage to shelves and stiffeners (4.3%).

After averaging the damage data over 10 years (Fig. 6), it was found that the beams were changed with a frequency
of about 20 years.

Proportion of damaged crane beams (approximated)
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Fig. 6. Dependence of the average damage of crane beams on service life of a building (given a replacement)

According to the broken graph, the minimum damage values correspond to 20, 40, 60, 80 years of service life of a
building. The time trend shows that as service life increases, so does the intensity of damage to crane beams, which might
be due to a decrease in the overall rigidity of the frame over time [8, 16].

This frequency of beam replacement is confirmed by studies [17, 18] that revealed cracks in the first 20 years of
service life of a beam. After 25-50 years of service life, the number of beams with cracks increases up to a quarter. While
substituting 25 years of service life into the linear model (Fig. 6), a damage rate of 24.8% is obtained for crane beams,
which almost coincides with the data [17].

The analysis showed that service life of crane beams can be divided into conditionally permanent time periods: after
up to 25 years of service life, the average damage rate of beams reaches 30% resulting in repairs and restoration, leading
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to a twofold reduction in the number of damaged structures [6]. According to the graph, such conditionally permanent
time periods are about 20 years long. At the same time, with intensive crane operation, periods of repairs and replacement
of crane beams are reduced to 5-10 years [9].

Discussion and Conclusion. The results of the study of correlations of damage and service life are based on the
previously conducted and published studies by the author of the frequency of damage to structures of industrial buildings [19].
The rate of damage to steel columns of industrial buildings is higher than that of reinforced concrete. The intensity of
damage to steel columns is described by an exponential dependence, while that of reinforced concrete columns is linear.
The dependence "damage — service life" of reinforced concrete floors and coatings is approximated by a second-degree
polynomial close to a linear dependence of 1% per year. The same linear damage is typical of steel trusses. Brick and
reinforced concrete walls are damaged linearly depending on service life and with approximately equal intensity — 0.7%
per year. Crane beams are the most damaged frame structures and are subject to periodic replacement after an average of
20 years of service life (a specific frequency depends on the operating mode of cranes). The damage rate of crane beams
does not directly depend on service life of a building itself. The time trend has shown that as service life of a building
increases, so does the intensity of damage to crane beams, which might be due to a decrease in the overall rigidity of the
frame and wear of lifting equipment over time.

According to the results of the study of a sample of industrial buildings, the implicit features of damage accumulation
have been identified. Thus, for widespread steel columns and coating trusses, in comparison with reinforced concrete
ones, defects and damage were observed as early as at the initial stage of operation. Damage after 0 to 10 years of service
life for columns is 10% of the total number, damage to the coating trusses is 19-32% of the total number. What is more,
the damage to the steel columns of buildings of less than10 years of service life turned out to be greater than for those
after 10-20 years of service life. It is obvious that defects and damage at the initial stage of operation are due to the
mistakes made during the QMS and acceptance control. Metal structures at the stages of storage, installation, and engi-
neering systems are damaged and accumulate defects (shelf bends, damage to protective primer, fire protection, defects
in bolted and welded joints) that are not eliminated in a timely manner before as object is put into operation. The analysis
of the inspections and examinations has identified the impact of the quality of the foundations for columns on a building
frame — deviations cause mismatches in holes, gaps in connected elements of a metal frame that appear at the assembly
stage due to the lack of recommendations developed in project documentation for eliminating them, no additional flat and
wedge-shaped gaskets and elongated bolts in standard Kits.

In order to increase the period of safe operation and intervals between repairs for newly erected industrial buildings
with a metal frame, it is essential to provide measures in advance or as part of maintenance for reducing the number of
defects and damage. It is recommended that a risk-based approach is applied to determining such measures considering
forecast likelihood of mistakes, frequency of defects and damage as well as restoration costs [20].

The resulting mathematical models of "damage-service life" can be employed in optimizing maintenance, planning
periodic inspections, ongoing and major repairs of buildings as well as in developing a strategy for enterprises to replace
fixed industrial assets.
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Introduction. Using the example of the production of road concrete in the Rostov region, the article looks at the issues of
increasing the efficiency of the technology for preparation of concrete mixtures to ensure the normative indicators of the
physical and mechanical properties of concrete without increasing cement consumption and additional costs for recon-
struction of existing enterprises in the construction industry.

The aim of the study is to develop a set of prescription and technological measures to ensure regulatory requirements for
strength characteristics of concrete produced with the use of local raw materials with no technical re-equipment of existing
concrete mixing plants.

Materials and Methods. To this end, while conducting the experimental research, a local raw material base was used that
is widely available in the construction industry. The study aimed at developing prescription and technological measures
for improving the production efficiency of the road concrete under study was performed using standard methods for
assessing the normalized properties of similar materials, concrete mixtures and hardened concrete. In order to optimize
the parameters of the developed formulation and technological solutions, mathematical modeling methods of the stochas-
tic system under study based on the theory of experimental planning were applied.

Research Results. The developed innovative technology for preparing concrete mixtures enables an increase in the
strength of the concrete under study by 15-20%, or reduce cement consumption by 10-12% without a reduction in the
strength of the resulting material.

The results were achieved by means of developing a set of prescription and technological measures including introduction
of the suggested carbonate micronutrient and polycarboxylate superplasticizer into the concrete mixture in combination
with the developed two-stage method for preparing the concrete mixture.

Discussion and Conclusion. The novelty of the developed technology for preparing concrete mixtures is protected by an
invention patent. The results were achieved by means of the combined introduction of the developed limestone-shell filler
and superplasticizer ST 5.0 into the concrete mixture in combination with an innovative two-stage technology for prepar-
ing concrete mixtures.

Based on the general theoretical understanding of the structure formation of cement concretes as well as of their strength
properties, it is possible to extend the results of these studies to production of a broad range of monolithic and prefabri-
cated products as well as structures that are to comply with the regulatory requirements for not only compressive strength,
but also for tensile strength. Naturally, in each specific case, additional research will be required that would take into
consideration the specifics of the regional raw material base as well as the specifics of a particular enterprise in the
construction industry and its product range.
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OPMZMH(IJle()e amnupudeckoe uccnedosamnue

NHHOBAIIMOHHAS TEXHOJIOTUSA NMPUTOTOBJIEHUSI 0€TOHHBIX cMecel

E.A. HlasxoBa =+ DA<
JIoHCKOM rocyiapCTBEHHBIN TeXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus

< shlyahovae@list.ru

AHHOTAIIMA

Beeoenue. B crathe Ha mpuMepe MPOU3BOICTBA TOPOXKHOTO OeToHa B POCTOBCKOI 001aCTH pacCMOTPEHBI BOIIPOCHI I10-
BBILIEHUs 9((PEKTUBHOCTH TEXHOJIOTHH NPUTOTOBIICHUSI OETOHHBIX cMecei, oOecreurBaloieii HopMaTHBHbIE MOKa3a-
TeNn (PU3UKO-MEXaHUYECKUX CBOWCTB OeTOHA 0e3 yBEeNMUYEeHHUs pacxo/ia EMEeHTa U JIOTIOJIHUTEIBHBIX 3aTpaT Ha PEKOH-
CTPYKLMIO JEHCTBYIOIIUX MPEINPHATHA CTPOUTENEHON HHAYCTPHH.

Lenb POBEICHHBIX UCCIEAOBAHUNA — pa3paboTKa Y3PPEKTUBHBIX PELENTYPHO-TEXHOJIOTHICCKAX MEPOTIPHATHI, o0ec-
MIEYNBAIOIINX HOPMATHBHBIE TPEOOBAHNUS K IPOYHOCTHBIM ITOKA3aTeNsIM OETOHA, N3rOTaBIMBAEMOT0 HA OCHOBE MECTHON
CBIPbEBOH 0a3bl 0€3 TEXHUUECKOTO NEPEBOOPYKEHHUS AEHCTBYIONINX OETOHOCMECHTENBHBIX 3aBO/IOB.

Mamepuanst u memoOst. J]Jis1 NOCTYKEHNS TIOCTABICHHON B paboTe LENH NPY NPOBEICHNH 3KCIIEPUMEHTAIBHBIX CCIIE 0~
BaHWII MCIMOJIB30BaHA MECTHAs ChIpbEBas 0asa, HOCTYMHAs A MHUPOKOTO NPUMEHEHHUS Ha TPEANPUSATHSIX CTPOUTEIHHON
uHaycTpun. MccnenoBanus, HarpaBieHHbIE Ha Pa3paboTKy pelenTypHO-TEXHOJIOTHYECKUX MEPOIIPUATHI MO MTOBBINICHHIO
3 (EeKTUBHOCTH MPOU3BOACTBA HCCIEIYEMOTrO JOPOXKHOTO OETOHA, BBIMOJHEHBI C MPUMEHEHUEM CTaHAAPTHBIX METOAMK
OLICHKH HOPMHUPYEMBIX MOKa3aTeseld CBOMCTB CXOJHBIX MaTepHaloB, OETOHHBIX CMECeH 1 3aTBepeBLIero 6erona. J{is on-
TUMH3ALUH TapaMETPOB Pa3padOTaHHBIX PELIENTYPHO-TEXHOJIOTMYECKUX PEIICHUH TPUMEHEHBI METO bl MATEMaTHYECKOTO
MOJICTTHPOBAHMSA HCCIIEAYEeMOH CTOXaCTHUECKOM CHCTEMBI Ha OCHOBE TEOPHH IUIAaHUPOBAHUS SKCIIEPUMEHTA.

Pesynvmamur uccnedoganusn. PazpaboranHas HHHOBAIMOHHAS TEXHOJIOTHS IPUTOTOBIICHHS OCTOHHBIX cMecel obecredn-
BaeT BO3MOXHOCTB Ha 15—20 % MOBBICHTH TPOYHOCTHBIE NTOKA3aTEIH HCCIIe yeMoro 6eToHa, oo Ha 10-12 % yMeHbpmuTh
pacxof [ieMeHTa 0€3 CHIDKEHHS IIPOYHOCTH MOJIydaeMOro MaTepuara.

[Nomy4yeHHbIe pe3yIbTaThl HOCTHTHYTHI 38 CYET Pa3pabOTKH KOMIUIEKCA PELENTypPHO-TEXHOJIOTHYECKUX MEPONPUSITHH,
BKJTIOYAIOIIETO BBE/ICHNE B OCTOHHYIO CMECh MPEUIOKEHHOT0 KapOOHATHOTO MUKPOHATIOIHHUTENS U MOJIMKapOOKCHIATHOTO
cynepruiacTudukaropa B COYETaHHU C pa3pabOTaHHBIM JIBYXCTAIMHHBIM CIIOCOOOM NMPHUTOTOBJICHUS OETOHHOM CMECH.
Obcyscoenue u 3akniouenue. IHHOBAIIMOHHAS HOBU3HA pa3pab0TaHHOM TEXHOJIOTHUH MPUTOTOBIIEHUSI OETOHHBIX CMeCei
3alHIIeHa TATeHTOM Ha nu3o00peTeHue. [lomydeHHble pe3yabTaThl JOCTUTHYTHI 32 CYET COBMECTHOTO BBEIEHUS B OETOH-
HYIO CMeCh pa3pabOTaHHOTO MUKPOHAIOJIHUTENS HA OCHOBE M3BECTHSIKA-paKylleyHrka u cynepiactudukaropa ST 5.0
B COYETAaHUH C MHHOBAIIMOHHOM IBYXCTAIMIHON TEXHOJIOTHEH MPUTOTOBICHUS OETOHHON CMECH.

Hcxons u3 o01eTeopeTnaeckoro MpeAcTaBIeHUs O CTPYKTYPOOOpa30BaHUN [IEMEHTHBIX OETOHOB M ()OPMHUPOBAHUH HX
MIPOYHOCTHBIX CBOMCTB, MOKHO PacIpOCTPAHUTh PE3YNIbTAaThl JAHHBIX HCCIICAOBAHUH HA IIPOM3BOJICTBO IIMPOKOTO KpyTa
MOHOJIMTHBIX U COOPHBIX M3JENHNH U KOHCTPYKINH, KOTOPBIE IOJDKHBI YJOBIETBOPSITH HOPMAaTHBHBIM TPEOOBAHMSM I10
MIPOYHOCTH HE TOJIBKO Ha C)KaTHWe, HO M Ha pacTsDkeHHe. EcTecTBeHHO, B KaXKIOM KOHKPETHOM Cllydae MOTpeOyIoTCs
JIOTIOJTHUTEJbHBIE UCCIIEIOBAHMS C YUETOM CIEU(DUKN PETHOHAIBHON CHIPhEBOM 0a3bl M CIIEU(UKN TOTO MIH HHOTO
NPEANPUSATHSL CTPOUTENILHOM HHIyCTPUHM U HOMEHKIIATYPBI BHIITYCKAaeMOW MPOAYKIIHH.

KiroueBble cjioBa: JOPOXKHBIA OETOH, TEXHOJOTHS NMPUTOTOBICHHUS OETOHHON cMecH, KapOOHATHBIM MUKPOHAIOIHHU-
Tellb, CymnepIuiacTudrarop

Jas uutuposanus. lnsxosa E.A. VIHHOBallMOHHAS TEXHOJIOTUS MPUTOTOBJICHHUS OETOHHBIX cMecell. Cospemennvie
menoeHyuu 8  cmpoumenvcmee,  2padocmpoumenvcmee  u - nianuposke — meppumopuii.  2026;5(2):66-72.
https://doi.org/10.23947/2949-1835-2026-5-2-66-72

Introduction. The article deals with the current issues of improving the efficiency of the technology for preparing
concrete mixtures to ensure the normative indicators of the physical and mechanical properties of concrete without an
increase in cement consumption and investment costs for renovation of existing construction industry enterprises in the
context of the conditions of road concrete production. The relevance of the issues is due to concrete road surfaces becom-
ing more broadly used in most developed countries. The trend is due to the annual increase in the number of vehicles on
roadways, an increase in their load-bearing capacity and speed of cargo flows in motorways.

Given all of the above, the issues of the quality of raw materials for road concrete production with the appropriate
physical and mechanical properties are gaining momentum [1].

At the same time, deposits of fine sands dominate in lots of regions, with their use in the concrete composition causing
increased cement consumption. As a result of numerous previous studies [2-5], methods have been developed to reduce cement
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consumption in concretes on fine sands by means of introducing micro-fillers into the concrete mixture, such as finely ground
sand, ground metallurgical slags and other natural or man-made mineral components. However, the process of grinding these
raw materials to produce a micron filler is highly energy-intensive, which ultimately increases concrete costs.

There are also known methods for reducing cement consumption by intensifying the process of mixing concrete mix-
ture [6-9], however, these methods require replacing existing concrete mixers with high-speed ones in most cases, which
requires large investment costs.

The aim of these studies was to develop comprehensive formulation and technological solutions to ensure production
of concrete mixtures for road concrete at existing enterprises in the construction industry with no additional investments
needed for modernization and technical re-equipment or an increase in cement consumption.

Based on the analysis of previous studies [10-15], a working hypothesis was set forth that this aim can be achieved
by using micro-filler additives in road concrete composition in combination with optimizing the method of preparing
concrete mixtures for road concrete at existing concrete mixing plants. The following tasks were thus solved in stages:

1. Selecting modifying additives of domestic production in the concrete mix.

2. Searching for an effective micro-filler based on a local raw material base.

3. Developing an innovative technology for preparing concrete mixtures with no technical re-equipment of existing
concrete mixing units.

Materials and Methods. The road concrete of the design class in terms of compressive strength B35 and flexural
tensile strength was adopted as the object of research By, 4.0.

The following materials were used in the study.

Portland cement produced by Sebryakovcement CEM 1 42.5 N with a normal NG density of 26.75 and an actual
activity of 29.2 MPa at the age of 2 days, 54.8 MPa at the age of 28 days was used as a binder.

Sandstone crushed stone with a fraction size of 5-20 mm produced by Donskoy Kamen LLC in compliance with the
requirements of GOST 26633-2015 was used as a coarse aggregate for manufacturing the road concrete under study.

According to the regulatory documents, sands with a modulus of size M, = 1.5-3.0 should be used for road concrete.
High-modulus sands are not produced in the Rostov region. The delivery of such sands from other regions leads to a
significant increase in the cost of concrete mixtures. The most suitable local sand in terms of characteristics is the sand
of the Kayalsky quarry with a M, equal to 1.57 used as a fine aggregate.

A polycarboxylate-based superplasticizer ST 5.0 manufactured by BSR LLC, St. Petersburg, was selected for plasti-
cization of the concrete mixture based on previous information. According to the manufacturer, the specified superplas-

ticizer is characterized by the data in Table 1.
Table 1

Characteristics of the additive ST 5.0

Indices, measurement units Values
Appearance Brown liquid
Smell Weak
Total content of the solid phase, % 25
Density of the solution, g/cm?® 1.070 + 0.03
pH (undiluted product) 9+ 1.5

The developed micro-filler for the road concrete under study was obtained using pontic limestone-shell rock from the
Kamenskoye deposit in the Rostov region, crushed to a powdery state.

The original limestone-shell rock is a yellow-brown rock, mostly consisting of slightly cemented fragments of
shells of various sizes. The content of calcium carbonate in the rock ranges from 87 to 97%. The average density of
rock pieces is in the range of 1.5-2.2 t/m?, depending on the deposit depth. Compressive strength is up to 25 MPa, rock
porosity is 15-40% by volume.

Methodological studies aimed at achieving this aim were performed in stages in compliance with the working hypoth-
esis and the suggested research aims. At the same time, use of standard methods for identifying the normalized properties
of the original materials, characteristics of the resulting concrete mixtures as well as strength parameters of the hardened
concrete were combined by means of mathematical methods of experimental planning theory, polynomial modeling and
interpretation of the resulting response functions.
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At the first stage of the experimental studies, the effect of the degree of crushing of powdered limestone-shell and its
content in the mixture on the strength properties of the mortar part of concrete was examined. The experiments were
performed on cement-sand samples — beams measuring 40x40x160 mm with its material compositions modelling the
mortar part of the concrete under study.

After the samples had hardened under normal conditions at the age of 28 days, they were subjected to strength tests
by means of conventional bending and compression methods.

Based on the results of the strength tests and corresponding mathematical processing of the experimental data using
methods of planning theory [16], polynomial models were obtained that adequately describe the dependencies under study
at a 5% significance level that were used to identify the rational dosage ranges of the resulting carbonate micron filler
based on crushed limestone-shell.

At the second stage of the study, considering the results at the first stage, in order to optimize the technological pa-
rameters of preparing the concrete mixtures, experiments were performed on concrete samples-prisms measuring
100x100x400 mm tested at specified times by means of the standard methods for identifying the compressive and flexural
strength of the concrete under study.

Research Results. At the first stage of the study conducted on a cement-sand mortar with a ratio of C:S = 1:1.7
corresponding to the mortar part of the road concrete, quadratic polynomial models of the effect of the degree of crushing
of the carbonate filler and its quantitative content in the mixture on the flexural and compressive strength of the resulting
material were obtained by means of the methods of experimental planning theory. As a result of interpreting the obtained
models, it was found that the optimal dosage of the micron filler under study ranges from 60 to 100 kg/m? while grinding
the original limestone shell to a specific surface area of at least 2000 cm?/g.

As a result of further studies, an innovative two-stage technology for preparing concrete mixtures with a limestone-
shell filler was developed. The priority novelty of this development is protected by the patent of the Russian Federation
for invention [17].

The essence of the developed two-stage technology is as follows. At the first stage of the preparation of the concrete
mixture, small and large aggregates, as well as micro-fillers, were loaded into the concrete mixer at specified dosages.

The above components were mixed in a dry state until a homogeneous dry mixture was obtained.

At the second stage, Portland cement, water, and a superplasticizer were added to the resulting dry mixture, after
which all of the components were mixed until a concrete mixture of the required workability was obtained.

The composition of the concrete mix with a consumption of 420 kg/m?® of Portland cement with the following ratio
between the components (by weight) was adopted as the original one C:N:L = 1:1.69:2.71.

The consumption of the superplasticizer additive ST 5.0 (an aqueous solution of 25% concentration) was 1% by weight
of Portland cement. The consumption of the filler additive varied from 40 to 120 kg/m® and was introduced into the
mixture due to a corresponding reduction in sand consumption. The amount of mixing water in each case was selected
from the conditions for obtaining equally mobile mixtures of grade P2 (5-9 cm).

The compositions of the concrete mixtures, methods of preparing them as well as the results of the strength tests of
concrete at the age of 28 days of normal hardening are shown in Table 2.
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Table 2
Compositions of the concrete mixtures, technology of preparing them and the concrete strength at the age of 28 days
of normal hardening

Concrete
. . 3
No. Mixture Material consumption, kg/m strength, MPa
ofa preparation ST
test method cement water limestone sand 50 microfiller Rip Rp
1 Single-stage 420 168 1140 710 4.2 0 5.1 45.2
2 420 172 1140 650 4.2 60 6.0 51.8
3 Two-stage 420 174 1140 630 4.2 80 6.3 53.9
4 420 176 1140 610 4.2 100 5.8 49.7
Two-stage with
5 reduced cement 370 170 1140 680 3.7 80 5.2 45.6
consumption

B pe3ybTaTe NPOBEACHHBIX I/ICCJ'Ie,E[OBaHI/Iﬁ YCTAHOBJICHO, YTO pa3pa60TaHHa$1 HWHHOBAIIMOHHAA TCXHOJIOTHUA ITPUTO-
TOBJICHHS OSTOHHBIX CMECEH IMOBHIMACT MPOYHOCTH OeToHa Ha 15-20% (cocrasl NO 2, 3, 4) wmn mo3BossteT Ha 12%
CHU3UTH pacxon nementa (coctaB NO. 5) mo cpaBHEHHIO ¢ OqHOCTAaIMITHOM TexHOooruel (coctaB No. 1) 6e3 yxyamenuns
MIPOYHOCTHBIX CBOICTB JAOPOKHOTO OeToHA. Hal“J'IS[,I[HO OTH pE3yJIbTaThbl IPEACTABIICHBI HA PHUC. 2.

As a result of the study, it was found that the developed innovative technology for preparing concrete mixtures
increases concrete strength of by 15-20% (compositions No. 2, 3, 4) or reduces cement consumption by 12% (composition
No. 5) compared with the single-stage technology (composition No. 1) without compromising the strength properties of
road concrete. These results are clearly shown in Fig. 2.

Concrete mix preparation methods

120

115

110+

105

1004
954

90-

Relative strength, %

Single-stage Two-stage Two-stage with reduced C

ORtb @Rb

Fig. 2. Dependence of concrete strength parameters on the technology of concrete mix preparation

Discussion and Conclusion. The study results ensure road concrete production in compliance with the regulatory
requirements for its strength characteristics, with no additional costs for technical re-equipment of existing concrete mix-
ing units and based on a local raw material base.

The results were achieved by means of a combined use of a micro-filler developed using crushed limestone-shell and
superplasticizer ST 5.0 in combination with an innovative two-stage technology for concrete mixture preparation.

The innovative technology of manufacturing concrete mixes for road concrete developed in compliance with the study
aims enables a reduction in cement and superplasticizer consumption at existing enterprises of the construction industry
with no additional costs for reconstruction and technical re-equipment or compromising product quality.
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The suggested set of prescription and technological measures to improve the efficiency of concrete mix production
technology can be extended to mass production of concrete mixtures for general construction purposes. At the same
time, for them to be introduced into production, technological solutions should be adjusted taking into account the
requirements for products, local raw material base as well as specifics of existing enterprise, which can be attained at
the factory laboratory.
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Abstract

Introduction. The research is devoted to developing effective methods for managing construction waste on residential
sites in dense urban areas. Innovative approaches to waste management are set forth, including separate collection, digi-
talization of processes and modern primary treatment technologies in compliance with the requirements of ecology and
resource conservation.

Materials and Methods. The study was conducted using the method of aggregated calculations of waste volume using
the example of an actual housing construction facility with an area of 20,000 m?2. The assessment was performed based
on the distribution of waste by categories and stages of production (excavation, monolith, installation, engineering net-
works, finishing, landscaping). The average coefficients of waste generation and material density were used in oder to
calculate the total mass of each fraction. A comparative analysis of two logistics scenarios was carried out: a traditional
one (collecting all waste together and sending it to the landfill) and an innovative one (separate collection, on-site pre-
treatment, recycling priority and digital accounting).

Research Results. The significant economic and environmental effect of the introduction of an innovative approach to
construction waste management is indicated. Compared to the basic scenario ("mixed collection — landfill"), the inno-
vative scheme (“separate collection + on-site processing + recycling priority + digital registration™) provides a 51% re-
duction in landfill volumes and a 50% reduction in traffic. The major success parameter is the volume of soil reuse, which
reduces the mass of recyclable waste and the number of dump truck trips by almost a half. The financial benefit is com-
plemented by the possibility of commercial sales of secondary resources and introducing digital control tools. The results
are presented in tables displaying the monthly dynamics of waste generation. Recommendations on containerization and
assessment of the impact of the assumptions on the final indicators are provided.

Discussion and Conclusion. A construction waste management methodology has been developed that reduces the volume
of disposal, transport load and provides savings by optimizing on-site recycling. An increase in the level of secondary use
and effective primary waste treatment has been ensured.

Keywords: construction waste, waste management, waste sorting, recycling, digital platforms, mobile sorting complexes
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OPMZMH(IJle()e amnupudeckoe uccnedosamnue

Oprasan3anoHHO-TEXHOJIOTHYECKasi MO/eJIb YIIPABJIECHHUS CTPONTEJIbHBIMH 0TX0aMH
B YCJIOBHAX IJIOTHOM I'OPOACKOM 3aCTPOHKH

H.B. Po3zanuesa >4, M.P. CaruTanHoB
Cankr-IlerepOyprekuii rocyJapcTBEeHHbIN apXUTEKTYpHO-CTPOUTENBHBIN YHUBEPCUTET, T. CaHkT-IleTepOypr, Poccuiickas deneparms

< nrozanceva@lan.spbgasu.ru

AHHOTAIIMA

Beeoenue. ViccnenoBanue mocBsieHo pa3padoTke 3h(HEeKTUBHBIX METOANK YIPABICHUSI CTPOUTENLHBIMUA OTXO/IaMH Ha
IJIouaiKax KoM 3aCTPOMKY B YCIOBUSX IUIOTHOW rOpOACKOM 3acTpoiku. IIpeyiokeHbl HHHOBALIMOHHBIE TTOAXObI K
00paIeHnto ¢ OTXOJaMH, BKIIFOYAIOIINE pa3AeNbHBIN cO0Op, TU(PPOBU3AIMIO TIPOLIECCOB U COBPEMEHHBIC TEXHOJIOTHH
MIEPBUYHOI 00pabOTKH, COOTBETCTBYIOIIHE TPEOOBAHISIM SKOJIOTHH U PEeCypcocOepekeHusl.

Mamepuanst u memodst. ViccnenoBanme MpoBeACHO METOJIOM YKPYIHEHHBIX pacdéToB 00BEMa OTXOJOB Ha MpHMeEpe
pearsHOTO 00BEKTa KHMIIUIIHOTO CTPOUTENHCTBA IUIommansio 20 Teic. M2, OleHKa MPOBeeHa Ha OCHOBE pacIpeieICHIs
OTXOOOB IO KaTEropusM U CTaausaM IIPOU3BOACTBA (SCMJ'DIHI)IC pa6OTI>I, MOHOJIMT, MOHTAaX, NHXKCHCPHBIC CETU, OTACJIKA,
0saroycTpoiicTBo). Mcmnosb30BaHbl yepeHEHHbBIE KOG GUITEHTH 00pa30BaHUsI OTXOI0B U INIOTHOCTH MaTEPHAJIOB, 103~
BOJISIFOIIHME PACCUUTATh UTOTOBYIO Maccy Kaxkaoil ¢pakuuu. [IpoBeieH CpaBHUTEIbHBIN aHAU3 JABYX CIICHAPUCB JIOTH-
CTHKHU: TPAJULUOHHOTO (COOp BCEX OTXOJOB BMECTE M OTIpaBKa Ha ITOJIMI'OH) U WHHOBALIMOHHOTO (pa3niesbHbIi cOop,
npeaoopaboTKa Ha TUIOMIAIKe, IPHOPHUTET nepepaboTku U U(POBOH yUuéT).

Pesynomamut uccnedosanusn. IlokazaH CylecTBCHHBIH IKOHOMHYECKUH M HKOJOTHICCKUH 3P PEeKT OT BHEAPEHUA
WHHOBAallHOHHOTO TOAXOJa K YNPABICHUIO CTPOUTEIBHBIMH OTXoJaMH. 1o cpaBHEHHIO ¢ 0a30BBIM CIIEHApUEM
(«cMemaHHEI cOOp — TOJUTOH»), HHHOBAIIMOHHAS cXeMa («pa3aeibHbIi cOop + 00paboTKa Ha IUTOIIANKE + MPH-
opuTeT nepepaboTKu + nudpoBas perucTpanns») 00eceInBaeT CHIDKeHHE 00eMOB 3axopoHeHus Ha 51 %, yMeHb-
IIeHUE TpaHCIIOPTHOTO Tpaduka Ha 50 %. KiroueBrIM mapaMeTpoM ycrexa SBISIOTCS 00beMBI IOBTOPHOTO UCIIONh-
30BaHUs TPYHTA, YTO CHIIKAET Maccy nepepabaThiBaeMbIX OTXOO0B U KOJHMUYECTBO PEHCOB CAaMOCBAJIOB 110 YTH BABOE.
duHaHCOBas BBITOJa JOIMOJHAETCS BO3MOKHOCTHIO KOMMEPUECKON peanlu3allul BTOPUYHBIX PECYpCOB U BHEHpe-
HUEM NU(PPOBBIX HHCTPYMEHTOB KOHTPOJIS. Pe3yabTaThl MPECTaBICHBI B TAOIUIIAX, TEMOHCTPUPYIONIUX MTOMEC Y-
HYIO0 TMHAMUKY 00pa30BaHus OTXOJ0B. J[aHbl peKOMEHAAIMU 0 KOHTEHHUPOBAHUIO U OI[EHKE BIUSHHUS TOMYIIEHUN
Ha UTOTOBBIE IIOKA3aTEIH.

Oébcyscoenue u 3axniouenue. Pazpaborana METOMKA YIPABICHUS CTPOUTEIHHBIMHI OTXOJAMH, COKpaIIaromas o0seM
3aXOpPOHEHHS, TPAHCIIOPTHYIO HArpy3Ky U 00eCTICYHBAIOIIAs SKOHOMHUIO 32 CYET ONTHMHU3AINH TTepepaboTKH Ha MECTe.
O06ecriedeHo MOBHIIIIEHIE YPOBHS BTOPHYHOT'O UCIIONE30BaHMS U 3P PeKTUBHOM NepBUIHOI 00pabOTKH OTXOIOB.

KiaroueBble cioBa: CTPOUTCIIBHBIC OTXOJbI, YIIPABJICHUEC OTXOAaMU, COPTUPOBKA OTXOHOB, nepepa60TKa, I_[I/I(prBBIG
HJ'IaT(I)OpMBI, MOOUJIbHBIE COPTUPOBOYHBIC KOMIIICKCHI

Jasi uutupoBanus. Pozannesa H.B., CarutauaoB M.P. Oprann3aiinoHHO-TEXHOJIOTUYECKAst MOJEIb YIIPaBIEHUS CTPO-

UTEJBHBIMU OTXOJIaMHU B YCIIOBHAX IUIOTHOM ropojIcKoit 3actpoiiku. Cospemenivle meHoenyuu 6 Cmpoumenscmese, 2pa-
docmpoumenscmee u nianuposke meppumopuii. 2026;5(2):73-82. https://doi.org/10.23947/2949-1835-2026-5-2-73-82

Introduction. The relevance of the research is due to the scope of the problem of a significant amount of construc-
tion waste typical of modern urban construction, particularly in limited urban construction areas. The high intensity of
construction activity generates a large volume of construction debris, creating a considerable burden on the environ-
ment and urban infrastructure. Modern cities are faced with the urgent need of addressing issues of rational waste
management due to the lack of temporary waste storage, increased requirements for environmental protection and
sustainable development [4, 5].

Modern urban planning policy is aimed at developing a closed-loop economy, which provides for a significant increase
in the level of recycling of building materials (up to 40% by 2030) [4, 11]. This poses major challenges for new approaches
to waste management to be developed, including introducing innovative technologies and practices [5, 12].

Thus, this study addresses the problem of developing a comprehensive strategy for construction waste management
aimed at reducing the environmental burden, increasing resource conservation and improving organizational as well as
technological approaches to waste management in construction sites [2—4].

The object of the study is waste management organization in a construction site of a multi-storey residential building
in dense urban environment. The subject of the study are innovative methods of collection, classification, processing and
subsequent disposal of construction waste in specific construction sites.
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The aim of the study is to justify and develop efficient solutions for optimizing construction waste management in
construction of multi-storey residential buildings in dense urban environments, including modern sorting and recycling
technologies in compliance with the environmental standards and restrictions of an urban environment.

To this end, the following research tasks were formulated:

1. Investigating the laws and regulations governing waste management in urban construction sites.

2. Analyzing the types and volumes of waste generated at each stage of residential building construction.

3. Studying modern methods of collecting, sorting and recycling construction waste, including digital management
and mobile primary processing.

4. Developing practical recommendations for improving waste disposal during housing construction in dense urban
environments.

Urban development is characterized by a significant amount of construction waste generated in cramped conditions,
with strict restrictions on noise and traffic levels, as well as the lack of opportunities for their disposal [5, 8]. The tradi-
tional method of removing unsorted garbage leads to increased transportation costs, environmental risks, and downtime
in construction sites [5].

The main types of construction waste include:

— dismantling waste (brick, concrete, structural fragments);
excavation waste (excess soil, sand-gravel mixtures);
construction waste (concrete crumbs, pieces of reinforcement, packaging);

— finishing waste (tile clippings, drywall, paint and varnish remnants).

Managing these flows is complicated by the peculiarities of urban development: lack of space, strict transportation
rules and restrictions on the mode of work [5, 8]. In order to comply with the established standards, clear regulations for
cleaning, separate collection and prompt disposal of waste are needed to minimize the negative impact on the urban
environment and reducing the developer’s costs [2].

The digital waste accounting system helps automate monitoring and increase transparency of waste management [5, 12].
The example of the Moscow AIS OSSiG (Automated Information System Waste of Construction, Demolition and Soil)
demonstrates the effectiveness of automatic tracking of dump truck flights using GPS sensors and electronic document man-
agement [8]. The system records movement of goods and the point of delivery, preventing illegal dumping of garbage and
ensuring compliance with the environmental standards.

Commercial solutions expand functionality by offering loT technologies (container occupancy sensors, weight sensors
of equipment), increasing the accuracy of route planning and reducing logistics costs [10, 12]. Electronic marketplaces
enable exchange of recyclable materials between objects reducing the total amount of waste [11].

The environmental significance of the issue is emphasized by the statistics: construction waste accounts for roughly
30% of the total municipal solid waste, which indicates the importance of accounting for such a volume of garbage. Large-
scale urban reconstruction and new housing stock annually require solving the problem of recycling thousands of tons of
building materials [1, 4]. At the same time, recycled construction waste is a valuable source of recyclable materials needed
by industry [2, 9].

The increased state requirements are stipulated by Federal Law No. 89-FZ dated 24/06/1998 "On Production and
Consumption Waste" that provides for waste management standards, including control over movement of construction
debris. Regional authorities are actively introducing a system for monitoring movement of waste from the site to landfills,
combating illegal dumping and unauthorized landfills [5, 8].

Thus, creating a construction waste management model combining separate collection, on-site pretreatment and effi-
cient logistics becomes a prerequisite for compliance with modern environmental standards, reducing the burden on land-
fills and saving natural resources [2, 5, 9].

The research focuses on analyzing the compositions and volumes of construction waste at different stages of residen-
tial building construction in dense urban environments [3, 5]. Basic and improved waste management schemes are being
considered, organizational and technical procedures (containerization schedules, RACI responsibility allocation, key
KPIs) are being developed, and a feasibility study of each option is being conducted [2, 7, 12].

The practical value is a possibility of applying the developed model to similar projects of mass urban development [5, 8].

Materials and Methods. The calculations for the object were performed on a large scale due to the lack of detailed
logs of mass volumes of work. The volume of waste is estimated based on the specific area of the object (20,000 m?) and
types of work (monolith, finishing, etc.) followed by categorization (inert, metal, wood, polymers, mixed material, waste
of hazard class I11) [3, 5]. Logistics is organized taking into account limitations of a site (one-way entrance, wheel washing
complex, temporary entry windows for heavy equipment) [5, 8].

The basic option is the traditional mixed collection of all types of construction debris followed by shipment to landfills.
An innovative alternative involves introducing a separate waste collection system in a construction site, pretreatment and

Urban planning, planning of rural settlements

75



https://www.stsg-donstu.ru

76

Rozantseva NV, et al. An Organizational and Technological Model of Construction Waste Management in Dense Urban Development

priority transfer of suitable materials for recycling by means of digital technologies for controlling traffic flows and waste
mass accounting [12].

The calculations were carried out for a specific object (Building 5 at 11 Kantemirovskaya Str., Saint Petersburg) using
common initial values of V; differing only in the organization of the waste stream and proportion of their subsequent reuse.

The calculation method is universal: each type of work corresponds to its own specific waste generation index (coef-
ficient ki), which makes it possible to identify the total mass of waste:

Qi =k XV

that is further distributed into the main fractions (inert materials, metals, wood, polymers, a mixture of finishing materials,
hazardous waste).

The assumptions in the calculations are as follows:

— the excess soil makes up 25% of the total excavation (density 1.6 t/m?);

— residual concrete — 0.6 % of the volume to be poured (2.4 t/m?);

— rebar scrap — 1.5 % of the total weight;

— packaging of enclosing structures — 0.6 kg/m?;

— the excess of engineering supplies: packaging — 1.5%, technological trimmings — 2% by weight,

— finishing works: a mixed group — 3.5 kg/m?, hazardous waste (containers of paints and polishes) — 0.12 kg/m?;

— landscaping: other waste — 0.8 kg/m?.

The volume of work on the site: excavation — 12,000 m®, monolithic concrete — 10,000 m?, reinforcement — 1,500 tons,
facade fences — 14,000 m?, engineering networks — 300 tons, finishing works — 22,000 m?, landscaping — 5,000 m? (Table 1).

Table 1
Calculation of waste generation by stages and fractions
Stage — fraction Unit (V) Initial data / coefficient Mass (Qi), t

Ground — excess soil m?3 12,000 x 25 % x 1.6 t/m? 4,800.00
Monolith — inert (remnants of concrete/mortar) m? 10,000 x 0.6 % x 2.4 t/m? 144
Monolith — metal (rebar scrap) t 1,500 x 1.5% 22.5
Enclosing/mounting — packaging m? 14,000 x 0.6 kg/m? 8.4
Engineering systems — packaging t 300 x 1.5 % 4.5
Engineering systems — technological trimmings t 300 x 2.0 % 6
Finishing — mixed m? 22,000 x 3.5 kg/m? 77
Finishing — hazardous (LKM packaging, class I11) m? 22,000 x 0.12 kg/m? 2.64
Landscaping — other m? 5,000 x 0.8 kg/m? 4
Total 5,069.04

The bulk of construction waste is made up of soils formed during excavation. The total volume of extracted soil
reaches 5,069.04 tons, which corresponds to 253 kg per 1 m? of a building. The significant specific gravity of soils is
crucial to the strategy of their disposal and transportation, having a major impact on the key project performance indicators
(KPIs). An analysis of the accumulation dynamics shows an intensive increase in the volume of waste in the initial months
due to excavation work (“the ground peak™) followed by a smooth increase in volumes due to monolithic work, facade
operations and interior decoration of an object (Table 2). This determines the need for accurate planning of loading and
unloading operations and timely release of the site for further construction and installation.

In order to make it possible to reproduce the calculations and verify the validity of the accepted assumptions, the
coefficients and densities used in a separate table are summarized (Table 3).

The transition from waste mass calculations to logistics issues clearly illustrates the need for vehicles with the re-
quired body volume and number of flights (Table 4). As for the light fractions (such as packaging and mixed waste), the
key factor is not their mass rather the volume occupied. The use of presses to seal cartons, films, and other lightweight
materials significantly reduces container turnover, efficiently saving transportation resources and reducing the number of
trips required.
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Table 2
Monthly waste generation by stages (t/month)
Month Ground (inlzlr?rlorlggar) izzle(:s:;g/ Engineering | Finishing |[Landscaping Total
1 1,600 0 0 0 0 0 1,600.00
2 1,600 0 0 0 0 1,600.00
3 1,600 16.65 0 0 0 0 1,616.65
4 0 16.65 0 0 0 0 16.65
5 16.65 0 0 0 0 16.65
6 0 16.65 0 0 0 0 16.65
7 0 16.65 0 0 0 0 16.65
8 0 16.65 0 0 0 0 16.65
9 0 16.65 1.05 0 0 0 17.70
10 0 16.65 1.05 0.95 0 0 18.65
11 0 16.65 1.05 0.95 0 0 18.65
12 0 16.65 1.05 0.95 7.24 0 25.89
13 0 0 1.05 0.95 7.24 0 9.24
14 0 0 1.05 0.95 7.24 0 9.24
15 0 0 1.05 0.95 7.24 0 9.24
16 0 0 1.05 0.95 7.24 0 9.24
17 0 0 0 0.95 7.24 0 8.19
18 0 0 0.95 7.24 0 8.19
19 0 0 0 0.95 7.24 0 8.19
20 0 0 0 1 7.24 0 8.24
21 0 0 0 0 7.24 0 7.24
22 0 0 0 0 7.24 1.33 8.57
23 0 0 0 0 0 1.33 1.33
24 0 0 0 0 0 1.34 1.34
Hroro 4,800.00 166.5 8.4 10.5 79.64 4 5,069.04
Table 3
Accepted coefficients and densities
Parameter Accepted value Commentary
Excess soil 25 % from the excavation; Only the exported volume is considered
p=1.6tm?
Landscaping — other 0.8 kg/m? Cutting/packaging
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Table 4
Calculation of the number of trips for removing soil
. Estimated density Bunkers of 20 m? .
Fract Mass, t 1 3 D truck t
raction ass, (bulk) Volume, m (total) ump truck trips
Soil 4.800,0 - - - ~ 423 (12 t/trip)

The excess soil is removed from the site exclusively by road — directly by dump trucks to specialized landfills.
However, in order to make informed management decisions, it is critical to understand which assumptions have the great-
est impact on the outcome of the calculations. Thus a brief sensitivity analysis is carried out below, revealing the most

significant factor influencing the outcome of the study (Table 5).
Table 5

Sensitivity of the result to the major assumptions

Assumption change Previous New A mass, t Impact

Critical (=19 %

. - . 0 a0 N
Excess soil proportion £ 5 units 25 % 20-30 % 960 of the total)

The operational readiness of the construction site ensures a clear definition of the hazard classes of waste and the types
of containers in use (see Table 6 for an example). Such a measure is necessary for proper implementation of separate
collection and further coordination of contract-based waste transfer procedures to specialized organizations. A proper
classification and labeling of waste helps to avoid violations of sanitary and environmental standards, minimize the risks
of fines and litigation, and contribute to improving waste management quality and compliance with the requirements of
the state-run inspection bodies.

Table 6
Fractions, hazard classes and recommended packaging
Fraction Class Recommended packaging / area
Soil (non-polluted) V Direct export; temporary buffer < 1-2 days

These data provide a reliable basis for comparing the considered scenarios. The main source of uncertainty is the level
of reuse of excess soil. To take into account possible scenarios, the calculation is performed according to three reuse
scenarios: zero use (0%), partial use (25%) and moderate use (50%) (Table 7). This approach makes it possible to identify
the dependence of the volume of soil deposited, the number of trips and costs on the actual constraints existing in an urban
space (quality of the extracted soil, availability of reception points, allowed time of export).

Table 7
Distribution of flows by fractions (reuse / recycling and burial), t (option: 50% reuse of the soil)
. Base: reuse / . Innovations: reuse / . .
Fraction Total mass . Base: burial . Innovations: burial
recycling recycling
Soil (excess) 4,800.00 0 4,800.00 2,400.00 2,400.00

The final structure of waste streams heavily depends on the selected level of soil reuse. The indicators in Table 7 are
calculated according to an optimistic scenario with a reuse rate of 50%. This case reflects a situation where there is a
proven infrastructure for receiving soil, and favorable conditions for its use are provided.

However, in order to develop sustainable management solutions, it is suggested that an intermediate option with an
equity participation of 25% is considered, which seems more realistic for most urban sites. On top of that, a conservative
scenario with a complete absence of soil reuse (0%) is being considered.

Research Results. The results should be interpreted taking into account the above three levels: full utilization (0%),
partial utilization (25%) [6] and optimal utilization (50%). The specific numerical values will depend on the clarifying
calculations (Table 8).
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The major criteria for evaluating scenarios are presented in a concise form of a table-map reflecting the four key indica-
tors: proportion of waste involved in reuse, volume of disposal, logistical costs and unit costs per unit of the recycled area.

Table 8
Integral indicators (mass, logistics, specific ones)
Index Base Innovations Effect
Reuse / recycling, t 36.02 2,593.70 2,557.68
Recycling proportion, % 0.71 51.2 50.5
Burial, t 5,033.02 2,475.34 —2,557.68 (-50.8 %)
Mass for export, t 5,069.04 2,553.84 —-2,515.20 (-49.6 %)
Dump truck trips (12 t/trip), items ~ 423 =213 —210 (-49.6 %)
Specific burial, t/m? 0.252 0.124 -0.128
Specific reuse / recycling, kg/m? 1.8 129.7 127.9

For a fuller picture a cost comparison based on approximate tariffs is provided: transport — 9,000 rubles/trip (12 tons),
soil placement — 900 rubles/ton (Table 9).

Table 9
Direct cost scenarios (a design example)
Expense item Unit Tariff, Base Base. rub Innovations | Innovations,
rub (volume) ’ (volume) rub
Transport (dump trucks, 12 t) trip 9,000 ~ 423 3,807,000 ~213 1,917,000
Soil placement t 900 4,800 4,320,000 2400 2,160,000
Total direct costs 8,127,000 4,077,000

The financial result ranges from 8.13 million to 4.08 million rubles (approximately a 50% reduction), depending on
the proportion of soil reuse (0, 25 or 50%). The example is focused on an optimistic level of 50%; for a basic urban
practice (25%) and a conservative scenario (0%), the cost is additionally adjusted using sensitivity analysis (see below
for more information) [7]. The actual operating results should be considered in the specified range, rather than relying on
a single value.

Operational advantages (non-financial ones):

— reduction in the number of car trips by almost a half (about 210 trips fewer), which facilitates the traffic situation
and unloading of departure "slots";

— reduction in peak waste accumulations on site, thereby improving sanitary and hygienic conditions;

— increased transparency of operations: electronic transportation accounting, simplified control, and electronic re-
porting reduce the likelihood of administrative sanctions and penalties;

— effective handling of pollution (dust, noise) due to short cycles of pre-crushing and pressing of waste.

The sensitivity of the final result. The soil management strategy has the most significant impact on the overall
project economy: a change in the share of reuse by only 5 percentage points (e.g., from 25 to 30%) involves those in
the order of 960 tons of cargo and about 1 million rubles in savings. The other coefficients (concrete residues, rate of
formation of finishing waste) have a less pronounced effect [7].

Thus while clarifying the initial data, it is recommended that the exact amount of excavation and the actual proportion
of returned soil is recorded, availability of a mobile crusher is assessed and tariffs for waste transportation and reception
at landfills are inspected [8].

The advantages of an innovative scenario. The implementation of an innovative strategy in an urban environment
yields significant benefits:

— reduction in the burial volumes by 51 %;

— reduction in the traffic load by almost a half (-50% of trips);

— direct financial savings amount to almost a half of the initial cost of waste management.
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Additional measures to enhance the effect include commercial sales of secondary resources (metal, secondary crushed
stone) and mandatory digitalization of reporting, which contributes to transparency and reduces risks of errors [9].

The aim of the innovation scenario. In the construction site, it is necessary to organize the online work (Table 10) in
such a way that:

— to maintain cleanliness and environmental friendliness: carry out regular cleaning of contaminated areas, cover
bunkers and wash wheels at departure;

— to organize the weighing of goods at departure (if there is a weighing unit) or calculate the mass by volume and
density with mandatory documentation (photo fixation);

— to carry out logistics planning between peak hours or at night, taking into account the established time "slots";

— to create a margin of flexibility in the departure schedule (+15% trip reserve);

— to use machinery: dump trucks with a lifting capacity of 12 tons for soil and bunkering trucks with a capacity of 20 m®
for the remaining waste fractions.

Table 10

Weekly operation cycle (an example)

Day 07:00-11:00 11:00-15:00 15:00-19:00 22:00-06:00

Collection / fraction . . . . . .
Mon Packaging pressing | Loading the inert materials Soil export (slots)

replacement

Loading of secondary

A Mix waste export
limestone

Tue |Crushing the inert materials| Screen / magnet

The main driver of positive changes is effective management of the largest mass of waste — of land and inert mate-
rials. Their local reuse has a direct impact on the total mass of waste and the amount of required transport. The accepted
proportion of soil reuse (0, 25 or 50%) determines the extent of the positive effect: with an increase in the percentage of
reuse, the volume of burial decreases and that of transported material decreases (Table 11).

Table 11
Total KPIs according to the scenarios (mass, logistics, specific ones)

Index Base Innovations Effect
Accumulated waste mass, t 5,069 5,069 -
Reuse / recycling, t 36 2,593.7 2557.7t
Proportion of reuse / recycling, % 0.71 51.2 50.5 units
Burial, t 5,033 24753 -2 557.7 1 (-50.8 %)
Mass for export, t 5,069 2553.8 —2515.2 1t (-49.6 %)
Dump truck trips (12 t/trip), items ~ 423 ~213 —210 trips (-49.6 %)
Specific burial, t/m? 0.252 0.124 —0.128 t/m?
Specific reuse / recycling, kg/m? 1.8 129.7 127.9 kg/m?

E.g., with a 50% reuse rate, approximately 2.5 thousand tons of recycled soil and recycled crushed stone remain on
site [6], whereas as the proportion drops, this positive effect naturally subsides.

Economic assessment. The estimated tariffs have been accepted (replaced by the actual ones): transportation — 9,000
rubles/trip (12 tons), soil placement — 900 rubles/ton, trip (Table 12).



Modern Trends in Construction, Urban and Territorial Planning. 2026;5(2):73—82. eISSN 2949-1835

Table 12
Direct costs according to the scenarios (a design example)
Expense item Unit | Tariff, rub Base Base, rub Innovations Innovations, rub
(volume) (volume)
Transport (dump trucks, 12 t) [ trip 9,000 ~423 3,807,000 ~213 1,917,000
Soil placement t 900 4,800 4,320,000 2,400 2,160,000

Discussion and Conclusion. As a result of the study, an effective construction waste management technique has been
set forth that makes it possible to reduce the volume of landfills by 51% as well as the transport impact on the urban
environment by 50% and achieve an economic effect: the total savings of about 4.1-4.2 million rubles (= 50% of the
base), or = 200210 rub/m? of the total area, i.e. 50% relative to the traditional waste management model.

The resulting savings are achieved due to the three main factors:

— reducing the number of trips by almost a half due to localization of some of the processing directly in the construc-
tion site;

— reducing the fees for waste disposal at specialized landfills by increasing the share of reuse of raw materials;

— effectiveness of low-cost pre-treatment operations (crushing, pressing) providing additional benefits within the
framework of an integrated approach.

At the same time, separate waste collection, mobile primary processing and digitalization of logistics have a major
role to play [13]. The factor of reuse of excess soil turned out to be particularly significant: changing its proportion by
only 5% can yield additional millions of rubles in savings. The implementation of the suggested concept provides for
development of an integrated action program combining environmentally friendly methods, digital registration and com-
petent logistics. The results will enable the construction of residential facilities with less damage to nature and significant
savings in financial resources.
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Abstract

Introduction. The article examines the development of urban irrigation in Central Asia as regards the evolution of the
urban environment structure. Agricultural irrigation and the history of Central Asian urban planning have been extensively
investigated, while urban irrigation has not been sufficiently studied. There are barely any studies looking at landscape
irrigation in the chronological context of urban development for the region. Therefore the aim of the study is to identify
the stages of development of urban irrigation and irrigated elements of the urban environment as well as the boundaries
and characteristic features of each stage in the historical context.

Materials and Methods. The stages of urban irrigation development were identified by analyzing historical and archaeo-
logical materials as well as studies on landscape architecture, urban planning, and hydraulic engineering throughout a
variety of historical periods.

Research Results. As a result, the stages of development of irrigation and the irrigated urban environment have been
identified and described; a chronographic line of irrigation development has been designed; irrigation schemes of cities
throughout various historical periods have been designed.

Discussion and Conclusion. The results can be used in order to substantiate the cultural and historical value of the open-
channel irrigation in modern cities of Central Asia, as well as to design adaptation measures for cities whose climates are
becoming arid.

Keywords: urban irrigation, Central Asia, history of urban planning, irrigation ditch, open-channel irrigation, arid cities
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B cBs13u ¢ 3TUM 1Iesb HacTOsIIIEH PadOThl — OINpPEEICHHE ITATIOB PAa3BUTHS FOPOJICKOH HPPHUTaIlK U OPOIIAEMBIX JIEMEH-
TOB TOPOJICKO CpelibI U BBISBIICHHE TPAHUIL M XapaKTEPHBIX 0COOCHHOCTEN KaXKJOTO 3Tana B HICTOPHYECKOM KOHTEKCTE.
Mamepuansl u menoost. Tl PA3BUTHS TOPOACKON UPPUTAINH BBISBISUINCH ITyTEM aHAIN3a HCTOPHIECKUX U apXeo-
JIOTHYECKUX MaTepHaJIOB, aHAJIN3a UCCJIEIOBAaHNN, NOCBIMEHHBIX JIAaHIIAQTHONW apXUTEKType, TPalOCTPOUTENBCTBY U
THAPOTEXHUIECKOMY CTPOUTEIBCTBY B PA3JINUHBIC HCTOPUIECKHE TIEPHOIBI.

Pesynomamur uccnedoganus. B pezynprate paboThI BBIACICHB! U OMMCAHbI 3Talbl Pa3BUTHS HPPUTALIMN M OPOIIacMON
TOPOJICKOH CpeAbl; HOCTpOeHa XpOoHOrpaduuecKas mpsMasi pa3BUTHsI UPPUTallii; HOCTPOSHBI CXEMBI OPOLICHHS TOPOI0B
B Pa3JIMUHbIE HCTOPUYECKHE TIEPUOIBI.

Oécyacoenue u 3axniouenue. Pe3ynbraTel pabOTEl MOTYT OBITh NCIIONB30BAaHBI B 0OOCHOBAHUM KYJIbTYypPHO-HCTOpHYE-
CKOM LIEHHOCTH apbIYHOTO OPOILIEHUS B COBPEMEHHBIX ropojax LleHTpanbHON A3uH, a TaKkkKe MpU IPOEKTUPOBAHUU MEP

aJlafnTaliui ropoaoB, MOABEPIKCHHBIX UBMCHCHHUIO KJIMMAaTa B CTOPOHY 3aCYyIIJIMBOCTH.

KaroueBble cioBa: ropoackas uppuranus, LleHTpansHas A3usi, HCTOPUS TPaJOCTPOUTEIHCTBA, APIYHOE OPOIICHHUE,

apuIHBIE TOPOa

Jas nuruposanus. Crnuposa A 1O., Kapenun /I.B. OBosmtonns ropoickoil HppUraiu 1 opoIiaeMoii ropoackoil cpeas
B Llentpanbuoit Azuu. Cogpemennvie meHOeHyuy 6 CMpoumenscmee, 2padoCmpoumenbcmee U niaHUposKe meppumo-
puti. 2026;5(2):83-96. https://doi.org/10.23947/2949-1835-2026-5-2-83-96

Introduction. The area under study covers the northeast of modern Iran (the eastern Caspian Sea, from Tehran to
Kashmir), modern Uzbekistan, Turkmenistan, Tajikistan, Kyrgyzstan, northern Afghanistan (including Kabul), southern
Kazakhstan, and the western borderlands of China. The geographical boundaries of the study with the designated main
river basins are shown in Fig. 1.
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Fig. 1. Geographical boundaries of the study

Urban irrigation in the region is underrepresented in the literature as an independent study. The history of agricultural
irrigation has been investigated in great detail [1-4]. Questions pertaining to the history of Central Asian urban planning
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are time and time again raised by scholars around the world. At the same time, urban irrigation is only mentioned in
passing, in spite of the fact that life with no irrigation in many regions of Central Asia is inconceivable even in an urban
environment [5]. It was M.I. Ismailov who had considered it in most detail and devoted a few publications to landscape
irrigation of the cities of Tajikistan [6, 7]. V.I. Kochedamov described the architecture of sardobes and houses of Samar-
kand and Bukhara, but with no explicit reference to the historical periods [8]. G.A. Pugachenkova paid a great deal of
attention to irrigation in her studies of the architecture during the Timurid dynasty [9, 10]. The history of hydraulic engi-
neering inventions in Central Asia was reviewed by S.M. Mamadzhanova, however, her publications fail to relate to the
periods of development of the urban environment [11]. R.K. Mukhiddinova's dissertation was devoted to irrigation of
gardens and parks since the 9th century, including in the urban area [12].

The aim of the study is to identify the process of emergence and development of centralized urban irrigation and
irrigated urban areas in Central Asia.

The objectives of the study are to identify the historical boundaries of the stages of development of urban irrigation
and irrigated urban spaces from ancient times to the present day; to identify the characteristic features and draw up a
scheme of the city’s irrigation of for each stage.

Materials and Methods. The object of the study is urban irrigation. The subject is the mutual influence of urban
irrigation development and formation of public space in Central Asia.

The description of the stages of development of urban irrigation and irrigated urban spaces was designed using the
historical and logical method. In order to identify the boundaries and characteristic features of each stage, the results of
archaeological research of the ancient settlements of Central Asia, historical materials (traveler diaries, documents), aca-
demic publications by modern and Soviet authors (since historical and archaeological research of some Central Asian
regions was mostly ceased in the 1980s) were searched for and analyzed. All references to irrigated urban areas and
irrigation facilities that could be related to urban irrigation were collected from these sources. Information on urban plan-
ning practices for the corresponding period was searched for in the same manner. Information on irrigation practices was
converged with that on urban planning practices.

For each stage, based on the identified characteristic features, the city’s irrigation scheme was designed.

Research Results. Urban irrigation originated simultaneously with Asian cities and responded to each and every
change in structure. The stages of formation of urban irrigation are inextricably linked with the evolution of the city itself.
The analysis of historical evidence, archaeological reports and related scientific publications allows us to identify six
stages in the development of urban irrigation. It is to be noted that the boundaries of each stage are blurred. Thus the
scenarios of the 1%t and 2™ stages, or the 2" and 3", could exist simultaneously in different places. The chronographic
line of urban irrigation development is shown in Fig. 2.
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Fig. 2. Chronological line of irrigation development

Stage 1: how the irrigated city originated.
The first stage (late 2nd millenium BC — 1st century BC) is the stage of origination when the "city" were irrigated
farmlands located at a short distance.
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Artificial irrigation structures (canals and ponds) in Central Asia have been known since the 5th millennium BC. At roughly
the same time, the first agricultural oases appeared in the south of Central Asia [3]. In the 3rd millennium BC, farmers living in
the territory of modern Tajikistan and northern Afghanistan built dams, water distributors and aqueducts [13].

In late 2nd and early 1st millennium BC, complex irrigation structures and large-scale irrigation systems started
appearing in Central Asia where large fortified oasis settlements were emerging (Yaz Tepe, Aravali Tepe, Yelken
Tepe, etc. — modern Turkmenistan and northern Afghanistan) [14]. Initially the oasis was a collection of agricultural
lands sometimes surrounded by a common fortress wall [2, 15]. The emergence of such settlements on the main irri-
gation ditches is due both to the convenience of irrigation and the need to protect the key hydraulic structures [15].
Thus, from the onset, the oases were soaked with water. However, in the 11-4 century BC, it was still too early to call
them cities in the modern sense [15].

The characteristic features of the period were

— water supply in each area;

—no division of the water supply systems according to the water use methods;

—homogeneity of irrigated elements;

—homogeneity of water use ways;

— invention of the simplest hydraulic structures that would later be used in urban irrigation: dam, canal, aqueduct.

The scheme of the irrigated oasis settlement is shown in Fig. 3.

Fig. 3. Scheme of the irrigated strengthened oasis

Stage 2: a city becomes the city.

The second stage is the stage of formation of the urban environment (mid-1st millenium BC — 11th century AD).

In the middle of the 1st millennium BC, Central Asia was swept by a wave of formation of nation states. They brought
about a real urban structure to the settlements: streets, crafts, division of labor. From then on, not all residents were
engaged in agriculture. Residential areas with no agricultural land appeared in the oases [2].

That was how the oasis city appeared and took a dominant place in Asian urban planning for a period of more than a
thousand years until roughly the 8th century [16].

Irrigation technologies in the city and beyond did not differ much at that stage. Surface waters were supplied by canals
with intakes upstream of the city, if this is not possible, chigirs were used to raise water to the higher bank [3]. Ground-
water is supplied by means of karizes. Various methods of conducting water supply had been mastered and applied: in
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some cities open-channel irrigation sufficed, in others a clay or even a lead water supply was being laid. Thus, that was
when most of the technologies broadly used in urban irrigation these days were invented.

Throughout almost two millennia, there were no fundamental changes in irrigation technologies. The structure of the
urban environment was slowly changing. In the 5th-8th centuries AD, a typical Central Asian city consisted of the fol-
lowing basic elements [16]:

1) acitadel, i.e., a fortification inside which palaces were typically located;

2) ashahristan, i.e., an administrative and handicraft part;

3) arabad, i.e., acommercial and artisanal suburb with farmland.

A shahristan is closest to what is called the city these days [17]. It normally had a regular layout and was built in a
planned manner: a grid of blocks was broken up, the main buildings (religious, public ones) were erected, houses were
dug out, and then blocks were built up, and administrative offices were moved. There was no constructive division of
drinking and irrigation water supply, but the water in Shahristan was mainly used for drinking purposes. Clay culverts or
ditches ran from the water intake structures on the rivers, largely in unpolished canals. The network branched off from
the main channels or pipes into the residential areas. Archaeological evidence does not show that canals ran along every
street, as they do these days, but the main streets of shahristans typically ran along the canals. The houses in Shakhristan
were primarily built for drinking water supplies [16].

Here, in the 5th century shakhristan, i.e., in the city of Penjikent, archaeologists witnessed the first landscaping of
public space — the remains of vines and stumps along the open-channel irrigation in the territory of a temple [18]. Gardens
attached to religious buildings were also found in hillforts of the 6th—10th centuries in the territory of modern Kyrgyzstan,
in the Chuy Valley [19].

Lots of cities in the period already had specialized sewage structures. However, e.g., in the cities of Khorezm and in
Bukhara, the open-channel irrigation network also became a waste disposal site making the water in the canals not suitable
for drinking. Therefore, clean drinking water was sold or provided free of charge in special pavilions [17]. Presumably,
the result of the pollution of the open-channel irrigation was the growth of cities upstream of irrigation canals as people
sought to settle as upstream as possible. This trend was noted by A.M. Belenitsky and I.B. Bentovich in Termez, Bukhara
and Samarkand.

A rabad was a more agricultural area at that stage. Water was mostly used for irrigation. Although the building density
of a rabad was significantly lower than that of a shahristan, a canal network of a rabad could be denser due to a greater need
for water. Water was also required for artisans, including conversion into mechanical energy: e.g., it set mills in motion.

Characteristic features of the stage were

— specificity of water use depending on the city’s area;

— gradual withdrawal of large farmlands from the urban environment;

— invention of almost all major hydra ulic engineering devices and structures that would be used in urban irrigation
before the beginning of the 20th century.

The scheme of the irrigated three-part city is shown in Fig. 4.

Stage 3: public and private.

The third stage (the 7th — early 19th century) started with the flourishing of public space — a park, a public garden.

Since the 8th-9th century, a typical feudal city had been forming in Central Asia. A rabad was evolving as the eco-
nomic life of the city was concentrated there [6, 20]. A rabad gradually absorbs a shahristan, and agricultural lands form
satellite villages, i.e., rustaks [17, 19].

Muslim culture spurred the development of the concept of a public building and space. The territory of a mosque was
one of such critical spaces: the peculiarities of Muslim worship services made it the most frequently visited public space.
Houses were typically set up in the courtyards of mosques, and the courtyards themselves were well landscaped and
irrigated [21].
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Fig. 4. Scheme of a three-part irrigated city: a citadel, a shahristan, a rabad (based on the materials [16])

In the Golden Horde period, fountains and houses appeared which were reservoirs for accumulation of water. In some
cities, drinking water was extracted from underground sources using wells and karizes, while technical (irrigation) water
was supplied via open-channel irrigation [22]. Excess water could be collected in reservoirs in the lower part of the city.
For sewerage, structures isolated from the water sources were being built.

The Central Asian city witnessed a real boom in the development of landscaping and irrigation during the Timurid era
from the 14th to the 16th centuries [7, 9]. Contrary to the legends, the Timurid troops did not destroy all the cities in their
path. Lots of captured cities were supposed to serve as evidence of the dynasty's glory, with gardens, open-channel irri-
gation, public houses and sardobes, i.e., closed large reservoirs for the accumulation of water!. Houses were also designed
to provide coolness [9]. Their shores were lined with trees [8].

The city of the Timurid era was already completely artisanal and commercial [9]. Even the suburbs performed a
recreational rather than an agricultural function [6, 10]. There were lush country gardens for relaxing holidays and walks,
with trees chosen rather for decorative purposes; ponds and abundant irrigation were organized [10]. The gardens laid out
by Timur and his descendants in Samarkand, Turkestan, and Kabul went down in history?; the latter was renovated in
2007. It is worth clarifying that the Timurid country gardens could barely be called public space as the entrance was
normally closed to ordinary citizens [3]. The economic function of the gardens has been somewhat retained as along with
ornamental crops, fruit crops are also grown, fish are bred in ponds [23]. However, the main agricultural lands got sepa-
rated from the city.

Technologies for designing parks, squares, irrigation systems, and landscaping methods were transferred from city to
city and applied throughout the territory developed by the Timurids. Masters of the art of irrigation, gardening, architec-
ture, and construction were forcibly gathered from all of the conquered territories in order for their knowledge and expe-
rience to be exploited [9].

Since the late 17th century, as the Timurid dynasty was facing demise, the time of troubles and Uzbek conquests came.
The cities were falling into decline, and the confrontation between the Beks and the khans in matters of water ownership
resulted in the disruption of the irrigation systems [7]. Some large cities were completely abandoned, and farmland was
abandoned. Even Samarkand, which had no inhabitants for 7 years in the early 18th century [24], failed to escape that
fate. There is no need to talk about the development or even maintenance of the irrigation structures during that period as
the literature that has survived to these days only mentions the stagnation of those times. It was only by the late 18th

! De Clavijo RG Diary of a Trip to Samarkand to the Court of Timur (1403-1406). Moscow: Nauka; 1990. (In Russ.).https://www.klex.ru/z5g (accessed:
19.03.2026)
2 Babur ZDM Babur-Nameh. Notes of Babur (1483-1530). Tashkent: Central Committee of the Communist Party of Uzbekistan; 1958.
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]
century that the relatively strong power of the Uzbek conquerors was established in the Khiva, Bukhara and Kokand
khanates [7]. Cities were starting flourishing and reviving.

The characteristic features of the stage are:

—a variety of irrigated elements: their areas, irrigated crops, their irrigation methods;
— almost complete separation of the farmland from the city;

— emerging separation of drinking and irrigation water supply;

— organization of water accumulation;

— recreational function of reservoirs.

The irrigation scheme of the Timurid-era city is shown in Fig. 5.

Fig. 5. Irrigation scheme of a Timurid city with houses and a reservoir for excess water

Stage 4: The Russian Empire: a city next to a city.

The 4th stage got underway thanks to Russian engineers. In the 19th century, the Russian Empire was actively devel-
oping Turkestan. Russian cities would sprawl in place of rather next to indigenous ones to bear a strong resemblance to
Russian county towns [25]. Such a phenomenon could be noted in Tashkent, Samarkand, Namangan, Katta Kurgan [26].
Russian planners brought the European style to the structure of urban landscaping and increased the diversity of land-
scaped areas with boulevards, squares, alleys [23]. Gardens and parks became public domain [26].

Russian settlers were experimenting with plant species looking for drought-resistant ones; poplar, birch, and lilac were
imported from afar. Irrigation technologies were adopted from local residents: irrigation ditches were laid along alleys
and boulevards [25], chigirs were used to raise water to a steep bank [27]. Irrigation networks and landscaping were
integrated into the city at the stage of the master plan [26].

By adapting technologies, Russian county officials adopted an important trend: getting rid of stagnant water dis-
eases [26]. Lots of cities of Turkestan were plagued by typhus, fever, and parasitic diseases [8], and, according to
travelers' accounts, each city boasted a local pathogen. That was why the improvement of networks and the revision
of the slopes of open-channel irrigation started, but most importantly, in some cities centralized drinking water supply
were being arranged separately from irrigation. According to M.I. Ismailov, that was what exarcebated the sanitary
condition of the irrigation water supply with less priority given to cleaning it [7].

Reconciliation of the open-channel irrigation network and the roadway was also a critical step for the Russian administra-
tions of some cities; the problem of building bridges over urban ditches was highlighted by archaeologist A. Mirbabaev [28].

Thus, the stage was marked by:

— the division of the urban environment into a "displaced" and an "indigenous" one;
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— an increase in the diversity of types of irrigated territories in the "resettled" part, while the landscape organization
of the "indigenous" part remained unchanged,;

— the development of new landscaped public spaces on the European model irrigated using Asian technologies due to
the aridity of the climate;

— activation of the separation of drinking and irrigation water supply.

The irrigation scheme of the two-part city of Imperial Turkestan is shown in Fig. 6.

Fig. 6. "The City Next to the City" in the mid-19th century

Stage 5. The Soviet stage: the city was irrigated according to the plan.

The 5th stage saw a combination of Soviet planned urban planning and automation. Soviet urban planners took over
the street irrigation and landscaping. A regular grid of streets was being actively used again, which was conducive to the
construction of an irrigation network. The ditch network was being laid out along with the new streets to become an
essential part of them.

However, Soviet urban planners did not take note of all the traditional elements. Thus, in spite of the effort of historian
M.E. Masson to investigate and popularize sardobes [29], they were no longer used. Soon they were completely discarded
as an element of engineering infrastructure. Mining operations were no longer relevant as new technologies for ground-
water extraction were emerging.

Earlier in the article, the "typical" cities of each era could could only be referred to as such with reservations, since there
were lots planning options in parallel, Soviet standardization allows us to talk about a full-fledged typical situation. Within
the Soviet part of Central Asia, cities were on purpose being made to become more and more similar to one another.

The Soviet city was absorbing the union of indigeneous and county towns. Living conditions were being made to be
more equal. The sanitary struggle was ongoing, and even became radicalized as houses were being demolished as "breed-
ing grounds of infection." Thus, 114 houses were dismantled in Bukhara as part of the fight against parasitic diseases,
and only three were restored; a similar situation was in Samarkand [7, 8]. As a result of the liquidation of the reservoirs,
the irrigation network that fed from them had also suffered a damage [7].

The separation of irrigation and drinking systems was occurring in more and more settlements, and closed pipelines
were being used for drinking water, while the open-channel network for the irrigation was preferred. The division was
also occurring at the level of city services: the Gorvodokanal was now engaged in drinking water supply, and the irrigation
network was carried out by enterprises tasked with landscaping the city. Drinking and domestic water use received a
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centralized domestic sewerage system, while the irrigation irrigation network itself remained a sewer for stormwater and
other surface wastewater.

In the 1960s residential development got underway. Neighborhoods had become the most urban green areas. A ditch
network was being laid along all the passageways. Here, in the neighborhoods, in the 1970s a certain semblance of houses
was revived as they were now small pools in courtyards. There was no drinking function in such pools: they were designed
for bathing in hot weather and improving the microclimate of courtyard areas [30].

In cities that were in need of accumulating water, pools of daily and decadal regulation started being built. These were
large unpolished reservoirs that could also have a recreational function. The pools were included in the irrigation network
and regularly cleaned [5].

In the second half of the 20th century (1970 — early 1990s), there was an interest in integrated landscaping and
irrigation projects, and in the 1980s, the "urban natural framework™ was included in the territorial planning documents
[31]. The Central Asian states sought to preserve the idea later; the Bishkek master plan of 2005 inherited the "urban
natural framework" from the Frunze master plan of 1970.

In the late 80s, automation of the urban irrigation systems got underway in large cities. Centralized dispatching was
assumed to occur. The dampers on the canals were equipped with electric drives. Technical innovations were introduced
in Alma Ata and Frunze.

By the late 20th century, cities looked familiar to modern residents: there were open-channel irrigation in every street,
drinking water from the central water supply in every apartment, a dedicated underground sewer network, a variety of
green spaces and extensive landscaping.

Let us summarize the characteristic features of the fifth stage:

—a normative and constructive isolation of urban irrigation from the other types of water use;

— irrigation network coverage of the entire city area;

— application of dispatching and automation technologies in irrigation management.

—an almost complete loss of sardobes and houses.

The irrigation scheme of the Soviet city is shown in Fig. 7.

il g

Fig. 7. Orthogonal canal network with pools of daily and decadal regulation and swimming pools

Stage 6. The modern stage.
The latest stage was gaining momentum as the Central Asian countries were gaining independence. It combineds the
influence of the modern urban planning trends and the economic realities of the newly formed republics.
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In the large cities of Kyrgyzstan and Tajikistan, the process of moving estate development zones beyond the city limits
was occurring at an increasing pace under the influence of two factors: demolition for multi-storey buildings within the city
and self-occupation of the outskirts due to internal migration [32]. Thus, the modern city was gradually regaining a kind of
a "rabad" with a homogeneous type of water consumer — a household plot, a vegetable garden. At the same time, the share
of public territories irrigated by the urban centralized irrigation system in the urban area was continuing growing. As most
public spaces were accountable to the municipality, a possibility of rationalizing water consumption was on the rise.

Meanwhile, rationalization of water consumption was becoming more relevant with climate change. An increase in
the number of heat waves is observed throughout Central Asia these days [33], as well as an intraannual redistribution of
precipitation and river flow [34, 35]. These factors are going to inevitably affect the methods of water use [5].

At the same time, modern irrigation methods are barely being used in urban irrigation. Although agricultural irrigation
in all Central Asian countries is making use of a wide range of irrigation methods, including sprinkler and drip irrigation,
cities are still employing mostly open-channel irrigation. Drip irrigation can only be found at experimental urban sites. In
Almaty and Bishkek, centralized sprinkler irrigation is used in some parts of the city, but its share in total irrigation water
consumption is small [5].

At the same time, the young republics of Central Asia are increasingly paying attention to their identity and searching
for their own cultural path. They are seeking out their own history, develop self-identification and striving to reflect this
in their architectural and planning decisions [36, 37]. Therefore the traditional irrigation methods are becoming an element
of the urban identity. Irrigation is considered as an element of cultural and historical heritage in Samarkand [38, 39]. In
Navoi, sardobes restoration has been set forth as an object of cultural and historical heritage [40], and in Bukhara, canals,
reservoirs and sardobes have already been registered and maintained as cultural heritage objects [41]. In Osh, chigir
irrigation is being restored to preserve the historical environment of the Sulaiman-Too World Heritage Site [42].

The characteristic features of the current stage are:

— gradual withdrawal of household farms from the urban area and, as a result, the tendency to exclude household
irrigation from the urban irrigation system;

— attempts to rationalize water consumption, search for new irrigation methods;

— a trend towards rollback in automation and dispatching technologies in the management of the urban irrigation
network;

—search for a new identity in open-channel irrigation.

The latest stage cannot be considered completed — its characteristic features are being shaped, and therefore its cur-
rent scheme is still close to that of the fifth stage (Fig. 7).

As a result, the historical boundaries of the stages of development of urban irrigation and irrigated urban spaces have
been identified since the onset of agricultural settlements in Central Asia. Specific features have been defined for each
stage. Irrigation schemes have been drawn up for all the stages except the modern one.

Discussion and Conclusion. Although modern irrigation methods for green spaces in Central Asian cities are very
similar to those used two thousand years ago, the scope of their application has undergone a dramatic change. The tech-
nologies of grid breeding, water distribution and irrigation have not changed significantly for centuries, but the structure
of the urban fabric as well as main users of irrigation have changed. As a result, the basis where urban irrigation developed
can be identified:

1) from irrigation for harvesting to irrigation for landscaping purposes;

2) from the multifunctionality of urban water supply systems to the division into separate monofunctional systems;

3) from irrigation for personal purposes to irrigation for public needs.

The latest process is ongoing, so is the evolution of the urban environment.

Following the centuries-old path of development in conjunction with the urban environment, ditch networks are still
an integral part of the image of the city and claim the right to be called the cultural and historical heritage of the settled
peoples of Central Asia.



Modern Trends in Construction, Urban and Territorial Planning. 2026;5(2):83—96. eISSN 2949-1835

However, in order to maintain their functionality taking into account the changing climate, there must be significant
adaptation taken to account for the change in river flow and its consequences. Therefore it is recommended that technol-
ogies for accumulating and conserving water in open and closed urban reservoirs (houses and sardobes) using modern
methods to prevent excessive filtration and development of pathogens are employed again.

The most active development of urban irrigated spaces occurred during the periods of strong intercultural interactions:
the Arab conquests (13th century), the Timurid era (14th-16th centuries) and the period of the Russian Empire (the second
half of the 19th century), which is indicative of the importance of cultural exchange for the spread of technology. Proba-
bly, while developing adaptation measures, it is necessary to refer to the experience of the territories with historically
similar climates: the Arabian Peninsula, California, northern India, and the central China. The experience of Central Asia
can be used by cities in the regions where the climate is becoming arid. Centralized urban irrigation might become an
adaptation measure where it has not been used before.
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Abstract

Introduction. An urgent task facing the field of road maintenance is an objective assessment of their residual resource.
The existing methods are typically subjective or require that complex procedures are carried out. The aim of the study is
to develop a new approach to such an assessment based on instrumental measurements.

Materials and Methods. The object of the study is road surfacing of highways. The method is based on a model that
relates the amount of elastic deflection of the coating to the estimated number of loading cycles until the strength has
been exhausted. Deflection was measured using a Falling Weight Deflectometer. The technique allows one to adapt the
model to a variety of conditions by calibrating the coefficients.

Research Results. Based on the suggested model, a four-level scale of the condition of the road surface has been designed
according to the size of the residual resource: a normative, satisfactory, pre-maintenance and critical one. In order to
increase the reliability of the estimate, the median value of the resource is used as the calculated value for the measuring
point, and its weighted average value is used to characterize the entire site.

Discussion and Conclusion. The developed approach makes it possible to quantify the residual resource based on instru-
mental data. Implementing this technique would increase the objectivity of diagnostics and assist optimal repair planning.
The prospects of the study are related to the further adaptation of the model for a variety of road and weather conditions.
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Keywords: elastic deflection, residual resource, FWD, weighted average estimate, non-rigid road surfacing, road sur-
facing condition category, coating defects
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OpMZMHa]leOE amnupudeckoe uccieoosamnue

OcTaTo4HbIii pecypc A0POKHBIX 0/1€K] HA AaBTOMOOMJIBHBIX I0POrax ¢ BBICOKOM
WHTEHCHBHOCTBIO IBHKCHHUS

A.H. Tuparypsin - D<, M.D.P. Aonenaan
JloHcKol rocynapcTBeHHBII TeXHUUECKHH YHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanms

DA tiraturjan@list.ru

AHHOTAIIA

Beeoenue. AxtyanbHo# 3a51aueii B 007aCTH COACpKaHMI aBTOMOOMIIBHBIX JTIOPOT SIBIISIETCSI 00bEKTHBHASI OLIEHKA UX OCTa-
TOYHOTO pecypca. CyImecTBYIOINE METOBI 9aCTO HOCIT CYOBEKTUBHBIN XapaKTep WIN TPEOYIOT CIOXKHBIX MPOLETYP.
enpro manHO# paboTHI sABIsETCS pa3paboTka HOBOTO MOAXOAa K TaKOHM OIEHKE, OCHOBAHHOTO Ha WHCTPYMEHTAIbHBIX
U3MEpPEHUSX.

Mamepuanvt u memoosvt. OOBEKTOM HCCIIEAOBAHUS BHICTYTAIOT TIOPOKHBIE OJICXK]IbI aBTOMOOMIBLHBIX JJOpOT. B ocHOBe
METO/Ia JISKUT MOJICIIb, CBSA3BIBAOIIAS BEIMYUHY YIIPYTOTO MPOrHOa MOKPHITHS C PACUCTHBIM YUCIOM IIUKJIOB HArpyKe-
HUSI IO UCUYEPIaHUs MPOYHOCTU. [Iporud m3Mepsuics ¢ MOMOIIBIO YCTAaHOBKHU yaapHoro Harpysxkenus (Falling Weight
Deflectometer). Merouka mo3Bosisietr ajanTUpoBaTh MO/IEb K PA3HBIM YCIOBHUSIM IyTeM KaTHOpOBKH KO HHUIIMEHTOB.
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Pezynomamut uccnedoganua. Ha ocHOBe NpeasoxKEeHHON MOJAENH CO3/laHa YETHIPEXYPOBHEBAsI LIKaNa COCTOSIHUS JO-
POXHON OZEXIBI IO BEINYNHE OCTATOYHOTO peCypca: HOPMATHBHOE, yJIOBIETBOPUTEIBHOE, TPEAOTKA3HOE U KPUTHYC-
ckoe. J{y1 MOBBIIICHUS] HAZIEKHOCTH OLEHKH B Ka4eCTBE PACYECTHOTO 3HAYCHUS JUIA TOUKH 3aMepa HUCIIOIb3YeTCsl MEIH-
aHHOE 3HAYCHUE PECYPCa, a ATl XapaKTEPHUCTHKU BCETO yUacTKa — €T0 CPEIHEB3BEIICHHAS BEINYNHA.

Oécyrcoenue u 3axkniouenue. Pa3paboTaHHBIN ITOIXO MO3BOJISIET 1aBaTh KOJIMIECTBEHHYIO OLICHKY OCTATOYHOTO pe-
cypca Ha OCHOBE MHCTPYMEHTAJIbHBIX JaHHBIX. BHEepeHne 1aHHOM METOIUKH MOBBICUT OOBEKTUBHOCT IUArHOCTHKU H
MIOMO>KET ONTUMAJIBHO TUIAHUPOBATh PEMOHTHBIE PabOThI. [lepCreKTHBEI UCCIIeI0OBaHUS CBSI3aHbI ¢ AajbHENIIel aganTa-
ue MoJieNnu A7 pa3NuYHbIX JOPOXKHO-KIMMATHYECKUX YCIOBHH.

KaloueBnle cioBa: ynpyruii nporu0, ocrarounsiii pecype, FWD, cpenHeB3BenieHHas OLEHKA, HE)KECTKHE TOPOKHBIE
OJICK/IbI, KATErOpHsl COCTOSTHUS JIOPOKHOM OB, 1ePEKThI HOKPHITUS

st murupoBanusi. Tupatyps A.H., Aonenaan M.D.P. Ocrarounslii pecypc TOpOKHBIX OAEX] Ha aBTOMOOMIBHBIX

JOpPOrax ¢ BBICOKOI HHTEHCHBHOCTBIO NBIKCHUS. Cospemenible meHOeHYUY 6 CIMpoumensCmee, 2padoCcmpoumensCmee
u naanuposke meppumopuiti. 2026;5(2):97-106. https://doi.org/10.23947/2949-1835-2026-5-2-97-106

Introduction. Managing road structures is one of the most critical and demanding areas of road management. It
requires that clearly defined criteria and rules for assigning the types and timing of repairs, as well as their annual
planning are specified. Considering the high economic costs of maintaining road networks in the condition needed,
this issue is commonly resolved by means of a preliminary instrumental assessment. However, the approaches to in-
terpreting results of the instrumental assessment in different countries and sources vary broadly depending on the
historical experience of designing and constructing road surfaces, as well as the instrumental base conventionally used
in particular countries and regions.

All types of management activities in road surfacing management can be geenrally divided into two types: a network
and project one. The network layer involves a general assessment of road surfacing, forecasting changes during their
service as well as their remaining life, forming maintenance, repairs and overhaul plans, as well as calculating costs during
the life cycle under various operating conditions while choosing the most optimal ones. At the design level, the tasks of
calculating and constructing road surfacing are solved within the framework of a decision made on major repairs or
reconstruction, and economic estimates are provided for a detailed design solution [1, 2].

The main tasks solved at each level of road surfacing management determine the types of models underlying them.
Thus, for the network level of state management, largely phenomenological models based on the concepts of reliability
theory, probability theory and mathematical statistics are employed. The design level typically involves use of structural
models based on the principles of deformable solid mechanics, fracture mechanics, and mesomechanics [3-5].

The assessment of the condition of highways at the network level is based on a large number of different indicators
employed in a variety of pavement serviceability ratings (PSR). A detailed description of these indicators is found in [6, 7].
In particular, in [6] all indicators of the condition of road surfacing are divided into operational, structural and combined
ones. Performance indicators are focused on the actual longitudinal evenness of the pavement. The most well-known of them
worldwide used ones are the IRI (International Roughness Index); the RCI (ride comfort index) indicator; the RN (ride
number) indicator; the PSR (pavement serviceability rating) indicator; in some cases an analog of IRI called Pl (profile
index) is used to assess a roughness index.

The most common structural indicator used at the network level is the structural number calculated based on the
modulus of elasticity of the soil and the equivalent single axle load (ESAL). The dependency for identifying the actual
structural number has the form:

Sn.eff — O.4-728(D0 _ D1.5Hp)_0'4810Hp0'7581,
where D, is the elastic deflection in the center of loading; Dy su, is the elastic deflection recorded at a distance equal to 1,5H,;

Hp is the thickness of the road surfacing.
The minimum required total modulus of elasticity identified in the Russian Federation at the design stage can be used
as an analogue of the structural number E'F :

min*

Ex = %zg(zwm) —3.55,
where p is the design pressure on the pavement surface (800 kPa); ). N, is the total number of the design loadings.
The combined indicators combine several indices characterizing the roughness index of the pavement and defects on
the surfacing. In some cases, indicators characterizing the operational condition and structural indicators are combined.
An example is the Pavement Quality Index (PQI). It includes the Structural Adequacy Index (SAl), the Surface Destruc-
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tion Index (SDI), and the Ride Comfort Index (RCI). The key point in designing a combined index is a structured tech-
nique for collecting expert opinions. In fact, this is a calibration with its result should be statistically reliable and free
from systematic errors. The dependencies for identifying this indicator might vary in different regions. E.g., the calcula-
tion of the PQI indicator using the MnDOT [8, 9] (Minnesota Department of Transportation) method is calculated using

the formula:
PQI = \/RQI - SR,
where RQI is the ride quality index; SR is the surface rating.

As the index RQI is estimated in the range of 0-5, and SR is in the range of 0—4, the final PQI score can take values
in the range of 0-4.5.

In general, it is to be said that all of the above indicators make it possible to effectively characterize the current
condition of the road surface, but linking them to the service life is a rather daunting task typically solved subjectively.

The key concept in managing road surfacing at the network level is the concept of the residual resource/service life of
road surfacing (in a more modern formulation - the remaining service life). The remaining resource is defined as the
number of load application cycles or the number of years until the failure of the pavement according to any criterion
occurs. Since 2014 when the document [10] was released, instead of the term residual resource, the concept of residual
service life (RSL) has come into practice [11-15] that characterizes the remaining time until a certain type of work has
been completed, which can be both preventive maintenance as well as repairs and overhaul of highways.

The main methods and models for RSL forecasting are models based on design practices, or empirical models. As
regards models based on design practice, the models provided in the document Mechanical Empirical Pavement Design
Guide (MEPDG) are prioritized. These models allow us to identify the residual value of ESAL based on the model of the
fatigue failure capacity of asphalt concrete and the model for predicting track accumulation?® [16-18].

The permissible number of load applications for a specified mode of deformation of asphalt concrete pavement is
calculated using the formula:

Nyi(e) = CrKpi 8 r2E"r3,
where Ng;(g;) is the number of application cycles of the design load calculated based on the tensile strain at the lower
boundary of a set of asphalt concrete layers ¢;; Cy is the calibration factor identified based on the results of field and
laboratory measurements; K¢, is an empirical parameter in the standard model, K¢, = 1.2; K, is an empirical parameter
in the standard model, Ky, = -3.291; K¢ is an empirical parameter in the standard model, K3 = -0.854.

The model for forecasting the residual life of track accumulation on the surface of asphalt concrete is presented as
i_i = K, 103448815606 \0.479244
where ¢, is the plastic component of compression deformation in asphalt concrete layers; &, is the elastic compression
deformation in asphalt concrete layers calculated using the elastic layered half-space model; T is the temperature in de-
grees Fahrenheit; N is the total load for the period of operation in the ESAL.

The advantage of these models is their good calibration and their capacity to flexibly adjust to the conditions of the
design region due to a large number of empirical coefficients. Their disadvantage is that the implementation of the
MEPDG methodology requires a large number of source data typically missing during the operation phase of the highway.
As arule, this significantly disrupts accuracy and efficiency of these models.

Empirical approaches to RSL forecasting include design of survival curves, use of the Failure Cox Proportional
Hazard method, probabilistic and statistical models such as Bayesian models, Markov chains, as well as linear and
nonlinear regression models [19-22]. More modern approaches include use of artificial neural networks and genetic
algorithms [23-25].

In general, it is to be noted that in spite of a variety of approaches, forecasting the residual resource is currently a fairly
urgent task. On the one hand, forecasting methods should be based on measurable condition parameters found in the
highway diagnostic system of each region and country. On the other hand, the model for forecasting the residual resource
must be sufficiently versatile and well-calibrated for various conditions. On top of that, it is important to note that as a
linearly extended object, a highway is characterized by significant heterogeneity and thereby a continuous change in the
values of the residual resource for each characteristic section. In this case, it is of paramount importance to develop an
approach to identifying the value of the residual resource that effectively and informatively characterizes the section of
the overall highway.

1 Mechanistic Empirical Pavement Design Guide. Washington, DC: AASHTO; 2020. 600 p. URL: https://www.fhwa.dot.gov/pavement/materi-
als/hmec/pubs/module_e/participant workbook.pdf (accessed: 01.03.2026).
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Materials and Methods. It is recommended that the resource of a highway is expressed in the form of the number of

applications of the design load over its service life. The estimated resource of a highway is defined as

Z Ncalc = 0-7flane %TNcalckn:
where fi.ne IS the band ratio that characterizes the percentage of traffic moving in the busiest lane; Ksum is the summation
coefficient; T; is the service life; T is the number of design days per yea6/24/2026r; N, is the traffic intensity in the
design axes during the first year of service life; k,, is a coefficient taking account the deviation of the actual flow from
the forecast one; g is the coefficient of an increase in the traffic intensity.

Negie = X Nik;,

where N; is the traffic intensity of the i-th group of vehicles; k; is the coefficient of reduction in the vehicle to the design
axial load of 115 kN.

Considering that this dependence is based on the idea of increasing traffic intensity according to the law of geometric
progression, the number of loading cycles actually experienced by the road structure can be identified for any year of
operation of the highway in the form of the value of the actual running time of the road surfacing ), N,.. In this case its
residual resource can be calculated as ), Nyesiq:

% Nresia. = X Neaie — X Nace-

The disadvantage of this approach is the lack of a relationship between the actual residual resource expressed as the
number of cycles of the calculated load and the actual structural condition of the pavement. This drawback can be bridged
by reformulating the dependency in the form of

_ 2
PO = [ 98.65(19(E Nacr) = 3.55),

_ pD(1-p%)
113.91(lg(¥ Ngct)-3.55)’

pD(1-p?)
ZNact = 10 113911 +3'55_

Due to the fact that dependence (1) describes the design change in the actual total number of applications of the design
load from the initial to some maximum permissible condition of the road structure, a similar change is associated with an
increase in the elastic deflection on the surface of the structure. Thus, based on the actual elastic deflection recorded on
the surface of the pavement, it is possible to directly identify the value of the actual running time of the pavement, and
thereby the residual resource. However, the main issue is that as an extended object a highway cannot be characterized
by a single value of elastic deflection, modulus of elasticity, or any other characteristic. A number of the results of elastic
deflection recording in public roads belonging to the federal and regional road network are shown below (Fig. 1).

As can be seen in the figures, the elastic deflection is characterized by a sufficiently large spread over the linear extent
of the site. E.g., the coefficient of variation is Cy = 0.16 (Fig. 1a), Cy = 0.55 (Fig. 1b), C, = 0.47 for the third area.

In the framework of the study, it is suggested that a weighted average estimate is used based on the value of the actual
elastic deflection recorded on the surface, as an indicator based on which the residual resource of an extended section is
identified such as

7 = Lo
Yo'

a; taken as a weighed parameter and the length of the site is assumed to be in a normative, satisfactory, unsatisfactory
condition in terms of the residual resource and instead of w; the value of the actual operating time of the road structure is
taken directly:

i,
% Nogr = 252

Thus, the main task for applying this approach is to rank sites on four levels depending on the amount of actual
operating time. In order to address this issue, it is recommended that a regression model between the values of the actual
operating time and the operational condition of the pavement is designed. This relationship was designed based on tests
on 60 sections of the highways (Fig. 2). A FWD Primax 1500 falling load deflectometer was used to record the deflection
bowl, and a diagnostic laboratory with a panoramic camera unit was used to record defects on the pavement surfacing.

According to the visual assessment, the average score of 1-2.5 corresponds to the presence of defects such as crack
grids covering from 30 to 90% of the length of the rolling strip, frequent potholes, single crack grids, a track depth of
more than 4 cm. The average score of 2.5-3.5 corresponds to the surfacing defects in the form of longitudinal lateral
cracks, frequent transverse cracks, and tracks 2-3 cm deep. Defects rated with an average score of 3.5-4.5 include defects
in the form of rare transverse cracks, and defects rated above 4.5 include minor defects in the form of single transverse
cracks, a longitudinal central technological crack.
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Fig. 1. Actual measurements of elastic deflection on sections of operated highways: a is a federal category | highway, b is a federal
category Il highway, and c is a regional category IV highway
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Fig. 2. Dependence of the residual resource on the condition of the surfacing

The final table of the relationship between the value of the residual resource and the corresponding category of con-
dition of the pavement on the site has the following form (Table 1).

Table 1
Classification of the condition of the road surfacing according to the size of the residual resource
Residual resource Condition category
<20% Critical
20-45 % Pre-maintenance
45-80 % Satisfactory
>80 % Normative

The median of each range of values of the residual resource is substituted directly into the formula for calculating the
weighted average estimate as a value that is not subject to outliers and extreme values.

Depending on the weighted average assessment of the condition of the site, a decision is made on control actions to
extend the service life or ensure a standard maintenance service life. Such measures might include road maintenance with
a choice of the type of wear layers and protective layers applied to the pavement; repairs with local reinforcement of the
base layers or only with replacement of worn coating layers; major repairs involving complete or partial disassembly of
the pavement structure.

Research Results. The approach set forth in the research to the operational assessment of the residual life of road
pavements based on instrumental measurements of elastic deflection on their surface has been implemented on a number
of sections of highways with high traffic intensity. In all of these areas, the values of elastic deflection were characterized
by great heterogeneity, which made it challenging to select and assigh management decisions on the timing and types of
repairs. The results of instrumental studies are indicated below, and the weighted average values of the remaining resource
for the surveyed sections of federal highways with high traffic intensity are calculated (Table 2).

Thus, the condition of the surveyed sites can be classified as:

—km 492 + 000-517 + 000 in the straight and reverse direction — a normative one;

—km 877 + 000-892 + 000 in the straight and reverse direction — a satisfactory one;

—km 892 + 000-907 + 000 in the straight and reverse direction — a satisfactory one;

—km 354 + 000-365 + 000 in the straight direction — a satisfactory one, in the reverse direction — a pre-maintenance one;

— km 548 + 000-556 + 000 in the straight and reverse direction — a satisfactory one

—km 1138 + 000-1146 + 000 in the straight and reverse direction — a critical one.

Based on the results, recommendations were formulated to restore the condition in the surveyed areas. Thus, in the
areas where the regulatory status has been fixed, the main type of control actions on road pavements is installation and
subsequent renewal of wear layers made of crushed stone-mastic asphalt concrete with a frequency of 4-5 years. In the
areas in a satisfactory condition, this measure can also be implemented, but taking into account the reduced renewal time

https://www.stsg-donstu.ru
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of the wear layers, i.e., in the range of 2-3 years. In the areas in a pre-maintenance condition, repairs are underway on the
surfacing with local reinforcement of the base layers. Major repairs of the road structure are required in the areas in a
critical condition. The specific volumes and forks of work to restore the condition of the pavement to the required opera-
tional level are identified during engineering surveys at the design level, involving identifying the modulus of elasticity
of the structural layers of the pavement as well as of the most weakened elements and corresponding calculations of the
strength of the road structures.

Table 2

Assessment of the residual resource on a section of highway on various sections of the M4 DON highway

Residual resource based on the actual condition of a road structure

Area
km 492 + 000-517 + 000
Direction Straight Reverse
Residual resource <20 % 4250% 81)5% >80% | <20% 4250% 81')5% >80 %
% of the length of the section
corresponding to the values 0 2 5 93 2 0 0 98
of the residual resource
Median — 26 67 88 10 — — 90
Total 85.71 88.4
km 877 + 000-892 + 000
% of the length of the section
corresponding to the values 16 16 6 61 6 10 0 84
of the residual resource
Median 11 31 59 83 15 25 — 83
Total residual resource 63.05 73.12

km 892 + 000-907 + 000

% of the length of the section

corresponding to the values 6 10 0 84 13 16 6 65
of the residual resource

Median 17 24 — 91 7 24 55 83
Total residual resource 79.86 62.00

km 354 + 000-365 + 000

% of the length of the section

corresponding to the values 8 18 2 71 42 28 10 20
of the residual resource

Median 15 26 63 85 7 20 60 81
Total residual resource 68.17 30.74

km 548 + 000-556 + 000

% of the length of the section

corresponding to the values 0 23 4 71 22 18 2 58
of the residual resource

Median — 33 72 84 9 31 53 83
Total residual resource 71.54 56.76

km 1138 + 000-1146 + 000

% of the length of the section

corresponding to the values 46 54 0 0 55 37 8 0
of the residual resource

Median 4 24 — — 6 22 47 —
Total residual resource 14.80 15.20
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Discussion and Conclusion. Based on the results, the suggested approach is appropriate for large organizations that
are tasked with managing the condition of the road network assigned. The current system for assigning repairs based on
strength, evenness and adhesion coefficients is excessively rigid, as it calls for major repairs to be performed when the
condition is met:

Kstr = lact / Ireq <l
where Ky is the strength coefficient of the road surfacing; lac is the actual elastic deformation recorded under shock
loading; lreq is the required elastic deformation for a corresponding road category.

Residual life forecasting systems conventionally used in the software of FWD shock loading setups such as PRIMAX,
ELMOD, etc., can be effectively used at the design level while selecting the road surfacing design. However, in this case
the system of collecting pavement structures should be focused on calculating and forecasting fatigue damage in asphalt
concrete layers and plastic deformations along the rolling strips. In all other cases, the direct application of these ap-
proaches also requires adaptation to the conditions of each state or region.

It is to be noted that this approach is relatively effective in the case of adoption and adjustment of planned decisions
on the types and timing of repairs. Hence, e.g., in the cases of the section "km 354 + 000-365 + 000" instead of the
decision initially considered by the owner of this road to carry out mandatory major repairs in both directions, it was
decided to restore the layers of wear in the straight direction and repair the reverse direction of the highway. Also, unlike
the method of forecasting the residual service life based on survival curves, this approach requires less statistical data and
model refinement based on the results of a set of statistics.

The study presents a new concept for estimating the residual life of non-rigid road surfacing based on data from field
measurements of elastic deflection in the center of the deflection bowl by the FWD shock loading unit. The advantage of
this model is its versatility and capacity to adapt to any diagnostic tool base involving use of FWD shock loading units.

A scale of road surfacing conditions has been developed depending on the actual residual resource identified based
on field measurements. In this scale, for the first time, the concept of a pre-maintenance condition for road surfacing has
been introduced, which corresponds to the values of a residual resource of 20-45%. Depending on the condition, recom-
mendations are formulated on the types of control actions that is capable of ensuring the safety of a road structure.

The defects observed on the surface of the surfacing of non-rigid pavement and the values of the residual resource
identified by means of instrumental measurements have been found to correspond. It has been found that the critical
defects on the surfacing correspond to the values of the residual resource of 0—-20%.
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Abstract

Introduction. The relevance of using applying air-source heat pumps (ASHPs) in Russia’s moderately cold climate con-
ditions is restrained by a sharp decline in their efficiency at low outdoor air temperatures. The aim of this study is to
present a digital approach to lifecycle management of low-rise capital construction facilities based on a combined heat
pump system with optimized heat and air exchange.

Materials and Methods. A technical solution is set forth incorporating a patented mixing chamber installed in the boiler
room to supply an air mixture with a calculated temperature gradient to the ASHP evaporator. The system is integrated
with a cross-stream supply and exhaust ventilation (efficiency of 40-60%) and controlled by a digital module based on a
microprocessor and PWM regulator. Mathematical modeling of streams was performed using the Bernoulli and continuity
equations. For monitoring and automatic control, a set of temperature and pressure sensors was employed to ensure adap-
tive operation of the compressor, fans, and backup electric boiler.

Research Results. Experimental data have confirmed that the joint operation of the ASHPs with a heat recuperator and mixing
chamber allows maintaining a high coefficient of performance (COP) of the system. It was found that the threshold of economic
feasibility remains at an outdoor air temperature of down to —15°C and heat carrier temperatures of +30...+45 °C. The devel-
oped digital control algorithm optimizes the ratio of outdoor to recirculating air minimizing heat losses and electrical loads.
Discussion and Conclusion. Implementation of the suggested digital modular and functional control scheme ensures
rational heat and air exchange, reduces the size and cost of engineering utilities, and enhances the energy efficiency of
low-rise buildings. The developed solution can be scaled for a broad range of climatic conditions nationwide contributing
to resource conservation and extension of the lifecycle of capital construction facilities.

Keywords: lifecycle management; capital construction facilities; heat pump systems; digital twin; simulation modeling
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OPMZMH(IJle()e amnupudeckoe uccnedosamnue

HH(])pOBOﬁ nmoaxoa K yﬂpaBﬂeHHl{) AKU3HCHHBIM INUKJIOM MAJO03TA’XKHOI'0 Oﬁ'beKTa KalluTAJbHOI'O
CTPOI/ITeJIBCTBa C TCILIO- U BO3}IyX006MeHOM
C.B. ®enocon’ D4, B.H. ®egocees’ ', B.A. Boponos?

! HanpoHanbHbIH HeCIeN0BaTeNbCKuit MOCKOBCKUI rOCY 1apCTBEHHBIN CTPOUTENBHBIN yHUBEPCHTET, T. MockBa, Poccuiickas ®enepanys
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AHHOTALUA

Beeoenue. AKTyarbHOCTh IPUMEHEHHUS BO3IYIIHBIX TEIUIOBHIX HacocoB (BTH) B yCloBHAX yMEpPEeHHO XOJIOJHOTO KIIH-
Mmara Poccun orpaHHYeHa pe3KUM CHIDKCHHEM UX 3()(DEKTUBHOCTH ITPH HU3KHUX TEMIIEpaTypax Hapy KHOTo Bo3ayxa. Llens
CTaThH — IMPEACTaBUTH HUPPOBO MTOIXO/ K YIPABICHUIO )KU3HEHHBIM [TUKJIOM MaJO3TaKHBIX OOBEKTOB KAITUTAIEHOTO
CTPOUTENBCTBA HA OCHOBE KOMOMHUPOBAHHOH TEMJIOHACOCHON CUCTEMBI C ONTUMH3HPOBAHHBIM TEIJIOBO3LyX000OMEHOM.
Mamepuanvt u memoowt. 1IpeI0oXKeHO TEXHUYECKOE PEIICHHE, BKIIOYAIOIIee 3allaTeHTOBAHHYIO KaMepy CMeIIeHHs,
yCTaHaBJIMBAEMYIO B IOMEIIEHUH KOTEIbHOM, KOTOpas odecreunBaet noaauy Ha ucnapuresns BTH Bo3aymHo# cmecu ¢
PaCYCTHBIM TEMIICPATYPHBIM I'DAJUCHTOM. Cucrema HWHTETrpUpoOBaHa C HpI/ITO’-IHO-BLITH)KHOﬁ BeHTI/LHHHI/IeI‘/’I TNIEPEKPECT-
Horo tuna (KITJ] 40-60 %) u ynpasnsercs mudpoBsIM MoayeM Ha 6a3e Mukponpoueccopa u LLIMM-perynsatopa. Ma-
TEMaTHYECKOEe MOJIETIMPOBaHNE ITOTOKOB BHIITOJIHEHO C MPUMEHEHNEM ypaBHeHHH bepHym n HepaspsiBHOCTH. {71t MO-
HUTOPHHTA W aBTOMAaTHYECKOTO PEryJIMPOBAaHHS MCIOIB30BaH KOMIUIEKC JaTYNKOB TEMIIEpaTypsl U AaBJIeHH, oOecrie-
YUBAIOIIUH aalITHBHYIO pab0Ty KOMIIPECCOpPa, BEHTUIATOPOB M PE3EPBHOTO JIEKTPOKOTIA.

Pesynvmamur uccnedosanus. JKCIIEPIMEHTAIBHBIE TaHHBIE TIOATBEPAMIN, 94TO coBMecTHas pabota BTH ¢ pexymneparo-
POM M CMECHTENBHOI KaMepoi MO3BOJISET ITOJIeP)KUBATh BBICOKHI K03 puireHT a¢dekriusHoctr (COP) cucremsl. Ycra-
HOBJICHO, YTO MOPOT SKOHOMUYECKOH 11e71eCO00pa3sHOCTH COXPAHACTCS MPH TEMIIepaType Hapy>KHOTo Bo3ayxa j0 —15 °C u
Temmnepatype temionocutess +30...+45 °C. Pa3paboTaHHbIil aroput™ EPOBOrO YIPABICHUS ONTUMH3UPYET COOTHO-
IIEHUEC YJINIHOTO U PCHUPKYAIUOHHOTO BO31yXa, MUHUMHU3UPYS TCIUIOMOTEPU U DJICKTPHUICCKUEC HAI'PY3KHU.
Oécyancoenue u 3axniouenue. Buenpenne npeioxXeHHON 1UpoBOH MOAYIBHO-(QYHKIMOHATBHOM CXEMBI yIIPaBICHUS
obecrieunBaeT palMoHaIbHBINA TEIJIOBO3yX000MEH, CHI)KAeT rabapuThl M CTOMMOCTh MHXEHEPHBIX KOMMYHHUKAINH, a
TaKKe MOBBIMIAET YHEProdPEKTUBHOCTH MAIOSTAXKHBIX 3/1aHnH. PaspaboranHoe pemieHne MoxeT ObITh MaclITadbupo-
BaHO JUISl NIMPOKOTO JHana3oHa KINMaTHIeCKHX yciaoBui P®, ciocoOCcTBYs pecypcocOepekeHUIO U IPOUICHHIO K3~
HEHHOT'O IMKJIa OOBEKTOB KallUTaJIbHOTO CTPOUTEIILCTBA.

KiroueBble ciaoBa: yrpaBlieHHE KU3HEHHBIM LUKIOM; OOBEKTHl KAIIMTAILHOTO CTPOUTEIBCTBA; TEIUIOHACOCHBIC CH-
cteMbl; NU(GPOBOI JBOWHHIK; HMMUATAIIMOHHOE MOJICIINPOBAHHE

BaarogapHocTu. ABTOPBI BRIPAXKAIOT 0JIar0apHOCTh PEAAKITUH U PEIIEH3eHTaM 32 BHUMATEIbHOE OTHOIIICHHE K CTaThe
Y yKa3aHHBIE 3aMEUYaHusl, KOTOPbIE TIO3BOJIMIN MOBBICUTH €€ Ka4eCTBO.

Joas muruposanus. ®enocor C.B., Denocees B.H., Bopornos B.A. [TudpoBoii moaxo/1 K yrpaBIeHHIO )KU3HEHHBIM [TUKIJIOM Ma-
JIO3TAKHOTO 00BEKTA KAaIITAIBHOTO CTPOUTENBCTBA C TEIIO- M BO3AyX000MeHOM. CogpemerHble meHOeH YU 8 CIPOUMEeTbCse,
gpadocmpoumenvcmee u nianuposke meppumoputi. 2026;5(2):107-116. https://doi.org/10.23947/2949-1835-2026-5-2-107-116

Introduction. Over the recent years, the proportion of demand in the market of air-source heat pumps (ASHPSs) has
risen tenfold in European and Scandinavian countries that can be called moderately cold. Russia is at the top of the official
ranking of the relatively cold countries. Thus possible and effective use of air-source heat pumps of most of the country’s
climatic conditions remains relevant [1].

It is to be noted that well-known scientists from Russia [2—7] and the West [8-14] have dealt with the issues pertaining
to the life cycle of capital construction facilities.

In the modern conditions, continuing on the tradition of resource and energy conservation, development and practical
solutions for using (ASHPs) based on digital computer control are becoming increasingly important.

Materials and Methods. A distinct feature of application of ASHPs is that ambient air is used as a source of low-
potential heat. If installed outdoors, it might be not effective, particularly at low outdoor temperatures. The authors set
forth using a mixing chamber device built into a boiler room [15] to supply the pressure of the air mixture to a heat
exchanger evaporator with a calculated temperature gradient (Fig. 1).
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Fig. 1. Device for mixing gas streams

It is to be noted that the operation of the ASHPs mixing chamber is an essential link for recycled air mixing in the
evaporator.

The air-stream mixing device itself contains an inlet pipe of an air duct, a pipe for supplying additional stream, and a
section of a mixed stream. The nozzle for supplying additional stream 2 is located at an angle within 0 ° < o <90 ° to the
vertical (Fig. 1).

The inlet pipe of the duct is connected to a chamber made in the form of a capsule shaped like a hemisphere connected
to a large base of a truncated cone. The diameters of the inlet pipe of the duct and the pipe for supplying additional air
stream are equal, with each referring to the diameter of the outlet pipe of the duct directed to the evaporator of the ASHPs
(dinter1 = doxz = 0.7doytter)-

This technology of air mixing organization enables an increase in the intensity of equilibrium mixing thus improving
the heat exchange conditions. The greatest mixing intensity of the mixed stream occurs once it enters the zone of the
truncated cone and chamber, and once it enters the cylindrical part of the outlet pipe of the duct 3, the homogenized stream
transitions into a laminar stream. The velocity of the homogenized stream before it enters the cylindrical part of the outlet
pipe of the duct 3 increases to the initial velocity of the main stream of the duct 1, equal to the stream velocity before it

enters the hemisphere 4 according to the Bernoulli equation:
2

pu
> + pgh + p = const,

2
where % is the dynamic pressure; pgh is the hydrostatic pressure; p is the static pressure.

Given the cross section of the inlet pipe of the duct 1, the branch pipe for supplying additional stream 2 and the outlet
pipe of the flue 3 using the Bernoulli equation, let us write:

2 2
(pvinletl DPViniet2

2
PUoutiet
2 + Pintet19Ninter1 + pinletl) + < 2 + Pintet29Ninter2 + pinletZ) ==

2

As the pressure pu1, Pexz@nd pg,, at the cross-sectional levels of the inlet pipe of the duct 1, the branch pipe for
supplying additional stream 2 and the outlet pipe of the duct 3 are equal to the atmospheric one, i.e., Pay1 = Dox2 = Pruixs
the equation takes the form:

2 2 2
PVintet1 PViniet2 PUoutiet
( 12 + pinletlghinleﬂ) + < 12 + pinletzghinletz) = 2 + poutletghoutlet

+ poutletghoutlet + Poutlet

Based on the continuity equation:

Viniet _ Sintet1 T Sintet2

)

Uoutlet Soutlet
WhEre Siniet1, Sintet2r Soutier are the areas of the transverse sections and v er = Voutiet-

”dzzjutlet we get:
4 '

H 7""diznletl+”di2nlet2
Then Sinier1 + Sintetz = Soutier- EXPressing the parameters Z =

2 2 — q2
dinletl + dinletl - doutlet
According to the specified conditions, d;;,;.+1 and d;p .- are equal, as an example let us denote: djper1 = dinter2 = 0,2m.
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Then:

doutter = |dinters + Anteez = V0.2% +0.2% = 0.28m.

Then we get the ratio —inet = 22 — o7,
outlet 0.28

Then
dintet1 = dinterz = 0.7doutier-
The suggested tool enables an increase in the equilibrium mixing intensity improving the heat exchange conditions.
In the studies of the air exchange process, the authors have developed a combined heat pump heat supply system
including a mixing chamber, an air exchange circuit with a recuperation element and an additional tubular heating ex-
changer (THE) controlled by a pulse width modulation regulator (PWM regulator) (Fig. 2).

Inlet-outlet ventilation with recuperation effect
ASHP with a mixing chamber |
| | $
-10°C | - Pexynepauus +20°C from outdoors
‘ outdoors ‘—
N
N -
N +5°C indoors
\ —
y . 2
- \} \\ kb +5°C o 8 T
A e onASHP 23 8
) \ -— - |38 =
- % & §
\
N g B
& slzf| &
\ Outlet 3|85
LS — £133
= ¢ - o D
g8 € 2
Evaporator, ™, - ) = S o
1 " Outdoor air 83 2R
[ M = £ .g 17}
33 o <
I S > =
Inlet * 7
ASHP Mixing chamber Boiler room
— e > .
Heat Such a form of a mixing cham- ' Performs a function of hydraulic unloading
generator ber enhances intensity of air of the heat carrier stream from the source
stream mixing and boosts to the heating communica-tions
the heat exchange conditions |

Fig. 2. Combined heat pump heat supply system with mixing chamber, air exchange circuit with recuperation elements

In this case, the ASHP operating mode in a moderately cold climate tends to consistently retain a sufficiently high coef-
ficient of performance (COP) receiving a signal from the digital heat exchange control model of the heat supply system.

Given the specifics of the ASHP air exchange mode with a recovery element, the functionality of the heat exchange
system operating through the boiler room and the air ducts of the facility is identified. The existing traditional natural
exhaust ventilation found in private homes, apartments, and modern buildings these days is not effective, as while in-
stalling sealed plastic double-glazed windows and using highly insulating materials, the air supply is considerably re-
duced, resulting in an inefficient exhaust system.

Research Results. The central idea of the study is to propose that supply and exhaust ventilation system should be used
that employs the principle of heat recuperation, i.e., a process where some of the heat is returned from the exhaust air.

Leaving the facility, the warm air partially heats the counter-cold air stream in the heat exchange system and, accord-
ing to the configuration, becomes an exhaust at the outlet through the duct guides into the mixing chamber to the evapo-
rator and then through the exhaust air outlet outdoors, and partially heated recuperated air enters the facility.

In such conditions, based on the main goal of creating energy-efficient heating, an air exchange system is obtained
that is economically advantageous for the ASHP heat generator.
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l.e., as an example, selecting a heat exchanger with an efficiency of » =50%, the temperature of the mixed air stream
supplied to the evaporator is obtained (Fig. 3).

For practical calculation of the effective temperature of the supplied mixed air to the heat pump evaporator, an engi-
neering calculation method based on the influence of the percentage of temperatures according to the "outdoor-indoor"
formula is employed. Let us make use of the solution for a special case from the heat balance conservation equation to
identify the temperature relative to the warm air stream removed from the facility and supplied to the ASHP evaporator
(Fig. 3).

Entering information to the mixing chamber operation control module, the microprocessor programmatically provides
the appropriate current solution.

noty+n-t, 50°24°C+50-(=10°C) (1200 —500)°C _

100 100 100
where t; = 24 °C is the temperature in the facility, t, = 10 °C is the outdoor temperature.

7°C

into the facility +5°C

A from the facility

from outdoors —10°C

on the heat carrier +5°C

Fig. 3. Change in the temperature of air streams in air ducts with recuperation

In Finland, e.g., prior to commissioning an air duct with recuperation following testing, an annual regeneration coef-
ficient is employed that is retained for Helsinki and Lapland.

When ASHPs and supply and exhaust ventilation work jointly with integrated heat recovery elements, the technical
parameters of the system must comply with the following:

1. The diameter of the connected duct used for the above conditions is 125 mm.

2. The number of connected air ducts with ASHP is 4.

3. The heat recuperation efficiency (n) ranges from 40 % to 60 %.

4. Cross type recuperation.

5. The recuperation plate material is polymerized cellulose.

Structurally, the recuperator is located in a confined facility of a thermal unit (boiler room) with air ducts connected
on one side to the exhaust air supply to the evaporator, on the other, it provides a facility with slightly heated fresh air
through the air ducts (Fig. 4).

The technology of employing such a configuration of air ducts with recuperation allows for an effective increase in
the heating capacity of high-pressure vessels in the heating mode of facilities with a moderately cold climate.

According to the tests, the graph (Fig. 5) shows how much more efficiently a recirculating heat pump with a recuper-
ation element and an integrated mixing chamber operates. The "threshold" of savings (losses) is not attained until the
outdoor air temperature reaches —15° C at a temperature of the coolant (water) from +30° C to +45° C.
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Fig. 5. Graph of the result of the operation of the heat exchange heat pump system of the experimental facility
at the outdoor temperatures: 1 — 30 °C; 2 —35°C; 3—40°C; 4 —45°C

The buffer storage tank in such a combined heating system performs the function of hydraulic decoupling of the
volumetric streams of the heat source and heating, equalizes the moment of the electric energy on/off switch, compensat-
ing for the heating capacity of the heat generator and heat consumer, and at the same time partially covers the tariff periods
of electricity.
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In the actual experimental conditions (Fig. 6), long-term extensive studies were performed on digital processing of
this technological process. The resulting data made it possible to develop an experimental circuit solution (algorithm) for
a broad range of various climatic conditions.

A
(X

Fig. 6. Air mixing chamber [15] and an ASHP installed in a low-rise residential building in the lvanovo region

It is suggested that a digital technological model is developed for controlling heat exchange through an air heat pump
for low-rise and cottage buildings (Fig. 7). This scheme is detailed in Table 1.
Table 1
Regulator sensor description
Installed in a buffer tank. The signal is sent to the a pulse width modulation regulator
Sensor 1 — D/ty (PWM) when the boundary values of the set temperature and the output heat output
are changed. ASHP is on or off.
Installed on the evaporator. The signal is sent to the PWM when the set parameter
Sensor 2 — D/t; values change. The fan blowing the evaporator changes the rotation speed according
to the parameters.

Compressor protection sensors. In normal operation, the contacts are closed. When
P1, Py, P3 the set parameters are exceeded or lowered, the sensor contacts open, which causes
the compressor to stop.

Installed outdoors and gives a temperature status signal to the PWM controller mod-
Sensor 2 — Dtz ule of the electric boiler. The PWM controller module has its own program — setting
the electric boiler control.

Installed in a volumetric mixing chamber and sends a signal to the mixing chamber
operation control module. A software setting that is wired for 10°C by reacting to
Sensor 2 — Dits temperature changes inside the mixing chamber. The aim of the damper mechanism
is to respond to changes in the proportion of the incoming air from outdoors and from
the facility, ensuring that the desired temperature is obtained on the evaporator.

The power modules provide the necessary electrical power to loads. Loads include: PWS compressor, evaporator fan,
defrost solenoid, circulation pump, electric boiler heating elements, damper drive mechanism. The module of power (MP)
ensures the operation of the entire circuit.
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Digital technological model of regulating heat exchange through the air-source heat pump in a low-rise building
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Fig. 7. Digital combined ASHP regulator module (computer controller)

Discussion and Conclusion. The use of information and digital solutions opens up a broad range of functionality for
technological control and regulation of the temperature and humidity state in a facility, outdoor temperature gradient
along with the collector module of the Dt; — Dty sensors. The digital module for recognizing the parameters of this
technological process enables ASHPs to regulate an alternating stream of warm and cold air, implementing this process
through a computer controller on the operating mechanisms of the an exchange system. Such digitalization allows for a
reduction in excessive heat and electrical load, as well as minimization of the volume, area of the boiler room and air
exchange communications. As a result of using these solutions, costs and sizes of facilities are cut down.

Having set forth a digital modular functional structural scheme of heat generation from the environment, i.e., relying
on the energy efficiency of a circuit solution with an electric boiler, buffer tank and a patented mixing chamber [15], we
have attained a rationally controlled heat and air exchange of a combined heat pump system.

References

1. Fedosov SV, Fedoseev VN, Voronov VA Functional and Structural Analysis of the Freon Circuit of an Air Heat
Pump. Construction Materials. 2025;12:65-72. (In Russ.) http://doi.org/10.31659/0585-430X-2025-842-12-65-72

2. Skolubovich YuL, Anpilov SM, Dobrovolsky DA, Erofeev VT, Leonovich SN, Mailyan LR, Rimshin VI, Soro-
chaykin AN Ways to Extend the Life Cycle of Buildings with Wooden Floors. News of Higher Educational Institutions.
Construction. 2024;789:88-103. (In Russ.) http://doi.org/10.32683/0536-1052-2024-789-9-88-103

3. Rimshin VI, Ketso ES, Esipov SM, Merkulov Sl Factors Determination Influencing the Commercial Building Life
Cycle. The Eurasian Scientific Journal. 2023;15(6):56SAVN623. (In  Russ.)) URL: https:/esj.to-
day/PDF/56SAVNG623.pdf (accessed: 17.05.2026)

4. Lapidus AA, Krasnovsky BM, Murtazaev SAYu, Aliev SA Methodology for Organizing Construction of Compre-
hensive Territorial Development to Ensure Resource and Logistical Coordination. Construction Production. 2025;1:3-7.
(In Russ.) http://doi.org/10.54950/26585340 _2025_1 3



http://doi.org/10.31659/0585-430X-2025-842-12-65-72
http://doi.org/10.32683/0536-1052-2024-789-9-88-103
https://esj.today/PDF/56SAVN623.pdf
https://esj.today/PDF/56SAVN623.pdf
http://doi.org/10.54950/26585340_2025_1_3

Modern Trends in Construction, Urban and Territorial Planning. 2026;5(2):107-116. eISSN 2949-1835

5. Telichenko VI, Lapidus AA, Slesarev MYu, Ali MM Methods for Managing the Life Cycle of Capital Construction
Objects Considering the Impact of Environmental and Other Types of Risks. Construction: Science and Education.
2024;14(2):166-177. (In Russ.)_http://doi.org/10.22227/][-5502.2024.2.166-177

6. Mailyan LR, Shilov PA Technology of Making Fiber Concrete with Aggregated Oriented Fiber Reinforcement and
the Analysis of its Characteristics. Expert: Theory and Practice. 2023;(2):53-59. (In Russ.)
http://doi.org/10.51608/26867818 2023 2 53

7. Manzilevskaya SE, Evtushenko Al, Mailyan DR Green Roofs in Infill Development to Improve the Environmental
Safety of Urban Areas. Safety of Technogenic and Natural Systems. 2025;(2):136-145. (In Russ.)
http://doi.org/10.23947/2541-9129-2025-9-2-136-145

8. Dai B, Liu C, Liu S, Dabiao W, Wang Q, Zou T et al. Life Cycle Techno-Enviro-Economic Assessment of Dual-
Temperature Evaporation Transcritical CO, High-Temperature Heat Pump Systems for Industrial Waste Heat Recovery.
Applied Thermal Engineering. 2023;219:119570. http://doi.org/10.1016/j.applthermaleng.2022.119570

9. Wang B, Geng L, Dang P, Zhang L Developing a Framework for Dynamic Organizational Resilience Analysis in
Prefabricated Construction Projects: A Project Life Cycle Perspective. Journal of Construction Engineering and Man-
agement. 2022;148(10):04022111. http://doi.org/10.1061/(ASCE)C0.1943-7862.0002381

10. Wagar A, Othman I, Hayat S, Radu D, Khan M, Galatanu T et al. Building Information Modeling-Empowering
Construction  Projects  with  End-to-End  Life  Cycle  Management.  Buildings.  2023;13(8):2041.
http://doi.org/10.3390/buildings13082041

11. Gamage I, Senaratne S, Perera S, Xiaohua J Implementing Circular Economy throughout the Construction Project
Life Cycle: A Review on Potential Practices and Relationships. Buildings. 2024;14(3):653. http://doi.org/10.3390/build-
ings14030653

12. Homthong S, Moungnoi W, Charoenngam C Whole Life Critical Factors Influencing Construction Project Per-
formance for Different Objectives: Evidence from Thailand. Buildings. 2024;14(4):999. http://doi.org/10.3390/build-
ings14040999

13. Famiglietti J, Acconito L, Arpagaus C, Toppi T Environmental Life Cycle Assessment of Industrial High-Tem-
perature to Residential Small-Size Heat Pumps: A Critical Review. Energy Conversion and Management: X.
2025;26:100947. http://doi.org/10.1016/j.ecmx.2025.100947

14. Zhang S, Liu S, Shen Y, Shukla A, Mazhar A, Chen T Critical Review of Solar-Assisted Air Source Heat Pump
in China. Renewable and Sustainable Energy Reviews. 2024;193:114291. http://doi.org/10.1016/j.rser.2024.114291

15. Fedosov SV, Fedoseev VN, Emelin VA, Voronov VA, Sviridov IA Mixing Chamber. Patent RF, No. 2024109295. 2024.

About the Authors:

Sergey V. Fedosov, D.Sc. (Eng.), Academician of the Russian Academy of Natural Sciences, Professor of the
Department of Technology and Organization of Construction Production at the National Research Moscow State Uni-
versity of Civil Engineering (26 Yaroslavskoe Highway, Moscow, 129337 _Russian Federation), ScopusiD, ORCID,
fedosovsv@magsu.ru

Vadim N. Fedoseev, D.Sc. (Eng.), Professor of the Department of Industrial Management and Urban Management
of lvanovo State Polytechnic University (21 Sheremetyevo Avenue, lvanovo, 153000, Russian Federation), ScopusiD,
ORCID, 4932421318@mail.ru

Vladimir A. Voronov, Cand.Sci. (Eng.), Associate Professor of the Department of Industrial Management and Urban
Management of lvanovo State Polytechnic University (21 Sheremetyevo Avenue, Ivanovo, 153000, Russian Federation),
ScopusID, ORCID, amenamiiii@gmail.com

Claimed contributorship:

SV Fedosov: scientific supervision, formation of the basic concept, aims of the study.

VN Fedoseev: formation of the basic concept, revision of the manuscript, correction of the conclusions.

VA Voronov: carrying out the calculations, analysis of the research results, preparation of the manuscript, formation
of the conclusions.

Building constructions, buildings and engineering structures

115


http://doi.org/10.22227/2305-5502.2024.2.166-177
http://doi.org/10.51608/26867818_2023_2_53
http://doi.org/10.23947/2541-9129-2025-9-2-136-145
http://doi.org/10.1016/j.applthermaleng.2022.119570
http://doi.org/10.1061/(ASCE)CO.1943-7862.0002381
http://doi.org/10.3390/buildings13082041
http://doi.org/10.3390/buildings14030653
http://doi.org/10.3390/buildings14030653
http://doi.org/10.3390/buildings14040999
http://doi.org/10.3390/buildings14040999
http://doi.org/10.1016/j.ecmx.2025.100947
http://doi.org/10.1016/j.rser.2024.114291
https://www.scopus.com/authid/detail.uri?authorId=7005670404
https://orcid.org/0000-0001-6117-7529
mailto:fedosovsv@mgsu.ru
https://www.scopus.com/authid/detail.uri?authorId=56763729700
https://orcid.org/0000-0002-2225-0962
mailto:4932421318@mail.ru
https://www.scopus.com/authid/detail.uri?authorId=57193557894
https://orcid.org/0000-0003-4046-2130
mailto:amenamiiii@gmail.com

Fedosov SV, et al. Digital Approach to Life Cycle Management of a Low-rise Capital Con-struction Facility with Heat and Air Exchange

Conflict of interest statement: the authors do not have any conflict of interest.
All authors have read and approved the final version of manuscript.

06 asmopax:
®enocoB Cepreii BukTopoBuY, 10KTOp TEXHUUECKHUX HayK, akageMuk PAACH, npodeccop kadeapsl TexXHOIOT i

1 OpraHu3any CTPOUTEIBHOTO IIPONU3BOACTBA HammmonanpHOTO HCCaea0BaTeIbckKoro MocKoBCKOTO TOCYTapCTBEHHOT'O

crpoutenbHoro yausepcuteta (129337, Poccniickas ®enepanus, Mocksa, SIpociasckoe mocce, 26), ScopusiD, ORCID,

fedosovsv@mgsu.ru
®enoceeB Bagum HukosnaeBu4, TOKTOp TEXHUYECKHX HayK, podeccop Kadeapbl opraHusaliy Npou3BOJCTBA U

TOPOZCKOTO0 X03scTBa IBaHOBCKOTO TOCYJapCTBEHHOTO oA TeXHUIeckoro yHuBepcutera (153000, Poccuiickas Dexe-
partust, iBanoso, Illepemererckuii mpocrmekr, 21), ScopusiD, ORCID, 4932421318@mail.ru

BOpOHOB Bﬂaanan AHupeeBnq, KaHAUOAaT TEXHUYCCKUX HayK, HOLCHT Ka(bez[pm OpraHu3anuu MmMpou3BOACTBA U

TOPOZCKOTO X03scTBa IBaHOBCKOTO TOCYJapCTBEHHOTO oA TeXHUIeckoro yHuBepcutera (153000, Poccuiickas Dexe-
pauwusi, BanoBo, lllepemereBckuii mpocmekT, 21), ScopusiD, ORCID, amenamiiii@gmail.com

3asneneHHbLIl 6K1A0 COABMOPOB:
C.B. ®enocoB: HayuHOE PYKOBOJCTBO, (OPMUPOBaHHE OCHOBHOI KOHLIEILINHY, IEIH U 3aJa4H UCCIICAOBAHMUSI.
B.H. ®epnoceeB: hopMupoBaHHEe OCHOBHOW KOHIICTIIMH, JOPA0OTKA TEKCTA, KOPPEKTHPOBKA BBHIBOIOB.

B.A. BopoHoB: npoBezieHHE pacyeToB, aHATIN3 Pe3yIbTaTOB HCCIIENOBAHMUM, TOATOTOBKA TEKCTA, ()OPMHUPOBAHHE BHIBOJIOB.
Kongpnukm unmepecog: aBTopsbl 3asiBJASAIOT 00 0TCYTCTBHH KOH(INKTA HHTEPeCcoB.
Bce asmopui npouyumanu u 00006puiu 0KOHUAMENbHBLIL 6APUANRN DYKORUCH.

Received / loctynuia B pexakuuio 17.05.2026
Reviewed / [TocTynuiia mocJie penensupoanns 31.05.2026
Accepted / llpunsaTa k nyosaukanuu 14.06.2026

https://www.stsg-donstu.ru

116


https://www.scopus.com/authid/detail.uri?authorId=7005670404
https://orcid.org/0000-0001-6117-7529
mailto:fedosovsv@mgsu.ru
https://www.scopus.com/authid/detail.uri?authorId=56763729700
https://orcid.org/0000-0002-2225-0962
mailto:4932421318@mail.ru
https://www.scopus.com/authid/detail.uri?authorId=57193557894
https://orcid.org/0000-0003-4046-2130
mailto:amenamiiii@gmail.com

