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Analysis of Control of Construction Timing Taking into Account the Early :
Warning System of Missed Deadlines F
Nadezhda V. Rozantseva <", Nikita A. Baburin E

Saint Petersburg State University of Architecture and Civil Engineering, St. Petersburg, Russian Federation

< nrozanceva@lan.spbgasu.ru EDN: CHIXIH

Abstract

Introduction. The study is dedicated to evaluating the existing methods for monitoring the construction time of residential
buildings and substantiating the advantages of the early warning system (EWS). Traditional tools such as schedules and
monitoring are insufficiently effective due to their reactivity and inability to identify risks ahead of time. The aim is to
demonstrate the transition from reactive management to proactive predicting likely problems [1]. Modernization of tra-
ditional methods by integrating digital tools, introducing predictive analytics and using hybrid management methodolo-
gies transforms time control from simple tracking into proactive projection becoming an important competitive edge,
allowing the construction industry to effectively deal with challenges and achieve goals with a maximum accuracy.
Materials and Methods. The object of the study is a construction time management system that includes planning, monitor-
ing, and response methods. The major drawbacks of the traditional approach are delayed identification of problems as these
methods mainly record problems as they emerge. Assessments are biased and holistic information environment is lacking.
Research Results. As part of the study, the author is expected to design a unique system of EWS indicators adapted to
the realities of the Russian construction conditions, a methodology for integrating predicative analytics into the BIM
environment, as well as an economic and mathematical model for calculating the effect of EWS implementation. These
solutions will reduce the number of missed deadlines by 20-30%, automatically detect risks a week or a week and a half
before they emerge, and achieve up to a 95% accuracy in predicting project completion.

Discussion and Conclusion. The proposed measures have a high practical value as they contribute to reducing developers’
financial and reputational costs, implementing legislative norms and increasing amount of trust among those involved in the
market. Integration of modern technologies, use of predictive models and flexible management approaches transform timing
control from passive monitoring into active prevention of possible disruptions. It is assumed that the implemented method
will provide a reduction in the number of cases of missed deadline by 20-30%, and will allow early detection of possible
threats prior to the impact of negative consequences improving the quality of project time frame assessment.

Keywords: construction timing control, project management, missed deadlines, early warning, calendar and network
planning, Earned Value Management, BIM predictive analytics
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

AHAJIN3 KOHTPOJISI CPOKOB CTPOHUTEIbCTBA € Y4€TOM METO/I0B PAHHET0 MPeAyNpesKIeHusI
CpPbIBa CPOKOB

H.B. Po3anuesa D<=, H.A. Badypun
Cankr-IlerepOyprekuii rocyJapcTBEHHBIH apXUTEKTYPHO-CTPOUTENBHBIN YHUBEpCUTET, T. CaHkT-IleTepOypr, Poccuiickas deneparms

< nrozanceva@Ilan.spbgasu.ru

AHHOTaUA

Beeodenue. ViccnenoBanne IOCBSIIEHO OIEHKE CYIIECTBYIOMINX METOANK KOHTPOJISI CPOKOB BO3BEICHNUS JKIIIBIX 31aHUN
1 000CHOBaHHIO TPEUMYIIECTB Moaxoaa panHero npeaynpexaeaus (EWS). TpagunnoHHEIe HHCTPYMEHTHI, TaKue Kak
KaJIeHIapHbIC IUTAaHBl 1 MOHUTOPHHT, HEJJOCTaTOYHO 3(h(h)eKTHBHBI BBUAY CBOCH PEAaKTUBHOCTH M HECIIOCOOHOCTH 3apaHee
BBISIBUTH PUCKHU.

Llenbro siBIIAETCS IEMOHCTpALMS IEPEX0/1a OT PEAKTUBHOT'O YIPABJICHUs K IPOAKTHBHOMY, NPEJBOCXHUIIAIONIEMY TIOTEH-
uasbpHble pobuiemsl [ 1]. MoaepHU3auus TpaIuiMOHHBIX METOI0B IIyTEM HHTETPaLliK LU(PPOBBIX UHCTPYMEHTOB, BHEI-
PEHUS IpeTMKaTUBHOM aHAINTHKH U UCIIOJIb30BaHMsI THOPUIAHBIX METO/IOJIOTHIA YIIpaBiIeHUs TpaHC(HOPMHUPYET KOHTPOIIb
CPOKOB M3 IPOCTOTO OTCJIC)KUBAHMS B MPOAKTUBHOE IPEIBUICHHUE, YTO CTAHOBUTCS BXHEHIIUM KOHKYPEHTHBIM Ipe-
HUMYILIECTBOM, ITO3BOJISISI CTPOUTENBHOM 0Tpaciu 3 PEKTUBHO ITPEOI0IEBATh BHI30BBI M JOCTHTaTh MOCTABICHHBIX IIEIeH
C MaKCUMaJIbHOH TOYHOCTBIO.

Mamepuanst u memoodst. OObEKT N3yUCHUS] — CUCTEMa YIPABICHUS CPOKAMHU CTPOUTEIHCTBA, BKIIOYAIOIIAS METOJIBI
IUTAHUPOBAHNUS, MOHUTOPHHTA U pearupoBanust. OCHOBHbBIE HEAOCTATKH TPAJUIMOHHOTO TOAX0/1a 3aKITF0YAFOTCS B 321103~
JIaJIOM BBISBIICHUH TPOOJIEM, 3TH METOIBI NMPEUMYIIECTBEHHO (HUKCHUPYIOT NMPOOIEeMBI 10 (aKTy WX BO3SHHKHOBCHHS,
CyOBEKTHBH3ME OLIEHKH U OTCYTCTBHH LIEIOCTHOI HHPOPMAMOHHOI Cpeabl.

Pesynvmamur uccnedoganus. B pamkax paGoThl oXuIaeTcs co3JaHue aBTOpckoii cuctemsl EWS-unaukatopos, agan-
TUPOBaHHBIX M0J] PEATUH YCIOBUI POCCUIICKOTO CTPOMUTENBCTBA, METOJMKHA MHTETPALUU IPEIUKATUBHON aHAIUTHKH B
BIM-cpeny, a Takke 5KOHOMUKO-MaTeMaTHYeCKO Mo ienu aiist pacueta addekra ot BHeapeHus EWS. JlaHHbIe perueHus
MIO3BOJISIT CHU3UTH KOJIMYECTBO CPbIBOB cpokoB Ha 20—30 %, aBToMaTH4YeCKH 00HAPYKUBATh PUCKH 32 HEJEII0—TI0ITOPHI
JI0 X HACTYIIJICHUS U JOCTHYb TOYHOCTH ITPOTHO3UPOBAHUS CPOKOB ciaud 10 95 %.

Oécyacoenue u 3axniovenue. IIpenoxReHHbIE MEPHl UMEIOT BBICOKYIO IPHKJIAJHYIO IEHHOCTh: COKpamaT (PUHAHCO-
BBIC U PEMYTallMOHHbIC U3EPKKH 3aCTPONUIINKOB, CIOCOOCTBYIOT BBIIIOJHCHHIO 3aKOHOIATENbHBIX HOPM H TTOBBIIIAIOT
JIOBEpUE YYACTHUKOB PhIHKA. IHTETpaIst COBpEMEHHBIX TEXHOJIOTHH, HCIIOIB30BaHUE NTPEIUKTUBHBIX MOAEIEH 1 rio-
KHX YIPaBJICHYECKHX TI0X0/10B MPEBPAIAIOT KOHTPOJIb CPOKOB N3 TACCHBHOTO HAOJIIOZICHUS B aKTUBHOE TIPEIyPEexXIe-
HHE BO3MOXHBIX HapyuieHui. [Ipenmnonaraercsi, 4To BHEIPEHHbIH METO/ OOECIEUHUT CHIKEHHE KOJIMYECTBa CIIyyacB
HapymieHus aeiaiinoB Ha 20—-30 %, 1 mo3BoJMT 3a0s1aroBpeMeHHOEe 00HAPYKEHHE BO3MOKHBIX YIPO3 10 HACTYIUICHHUS
HEraTHBHBIX TOCIIE/ICTBUI, YTO YJIYUIIAT KAYECTBO OLCHKH BPEMEHHBIX PaMOK MCIIOJIHEHHS! ITPOEKTOB.

Ki1roueBble c10Ba: KOHTPOJIb CPOKOB CTPOUTEIHCTBA, YIPABJICHUE IPOCKTAMH, CPBIB CPOKOB, PaHHEE IPEAYIPEKICHHE,
KaJIeH/1apHO-ceTeBoe IuiaHupoBanue, Earned Value Management, BIM. npenukTuBHas aHannTHKa

s nurupoBanus. Pozannesa H.B., baOypur H.A. AHamm3 KOHTPOJISI CPOKOB CTPOUTENECTBA C YIYETOM METOJIOB paH-
HETro NpeayNnpexXIeHuUs CpeiBa cpokoB. Cospementble meHOeHYul @ Cmpoumenscmse, epadocmpoumenbCmee u nidHu-
poske meppumopuil. 2025;4(4):7-18. https://doi.org/10.23947/2949-1835-2025-4-4-7-18

Introduction. Construction delays do not merely result in additional financial costs, but they actually undermine
customers’ trust, affect contractors’ reputation, entail legal disputes and might eventually cause a project to terminate
altogether.

The aim of the study is to develop a practice-oriented algorithm for preventive control of missed deadlines in con-
struction based on integrating the early warning system.

The development tasks are as follows:

1. Critical analysis of current timing control systems.

2. Structuring the EWS (Early Warning System) for the construction industry, identifying the key risk indicators.

Materials and Methods. The object of the study is a system aimed at monitoring construction timing of residential
facilities in its current state, including:

— planning procedures (calendar schedules, CPM analysis, resource allocation);

— progress monitoring methods (reporting, data collection tools);
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— deviation response mechanisms;

— interaction of project participants (customer, contractor, subcontractors).

Traditional control methods such as calendar planning, Gantt charts (Fig. 1), use of the critical path method (CPM)
(Fig. 2), recording and stage-by-stage inspections have certainly been the foundation for systematic planning and tracking
progress and have dominated the industry over decades.
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Fig. 1. Example of a Gantt chart
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Fig. 2. Critical path method in construction management based on a network graph

Let us analyze the major traditional approaches to timing control [2]:

1. Calendar (mostly linear) planning:

The essence of the method, its main mechanism: development of step-by-step plans with fixed dates for the start and
end of work.

Main tools: Gantt charts, network graphs (PERT).

Application methods: typical for any projects with preliminarily predictable construction stages, e.g., foundation —
frame — finishing— quality control (particularly hidden work) — commissioning.

2. Journal recording and reporting:

The main mechanism is recording of completed works in paper or electronic journals, e.g., in the "Work Production
Journal®.

! Bovteev SV Methods and Forms of Organizing Construction Production: a Study Guide. Saint Petersburg: Saint Petersburg State University of
Architecture and Civil Engineering; 2022. 221 p.

Technology and organization of construction



https://www.stsg-donstu.ru

10

Rozantseva NV, et al. Analysis of Control of Construction Timing Taking into Account the Early Warning System of Missed Deadlines

Application methods by means of data recording: incoming daily reports from foremen on the time spent, amount of
work completed over a period of time, and problems that occur in the process.

3. Stage-by-stage inspections [3]:

The essence of stage-by-stage inspections is quality control at the key construction stages in order to prevent defects
and ensure that the project adheres to the standards.

Ways and forms of control (see Fig. 3):

Input control

Acceptance

of the
materials
Yes
l No
A 4
Operational control Batch
replacement

Technology
compliance

Acceptance -
control Fixing defects

Technology

compliance
Yes No
{ v
Start of a new series Redoing
of works

Fig. 3. Current scheme of stage-by-stage inspections

— input control: inspection of materials and equipment, including machinery and mechanisms, prior to the start of a
work phase: certificates, passports, compliance with the GOST, possible defects ranging from packaging to more signif-
icant ones. E.g., at the construction site of the Lakhta-2 residential complex in St. Petersburg, a batch of fittings was
rejected due to a diameter discrepancy of 12 mm instead of 14 mm according to the project;

— operational control: monitoring of technological processes through the course of work (technology, geometry, tem-
perature during concreting) can be very highly efficient provided that modern technical tools are properly utilized. E.g.,
during the construction of monolithic ramps from the Bolshoy Smolensky Bridge across the Neva River, temperature
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sensors detected concrete overheating up to + 40 °C instead of + 25 °C, and the work was stopped for cooling to be held.
The use of Concrete DNA sensors with a strength prediction for 72 hours in advance contributed to the high-quality
performance with zero defects and a time reduction of 18 days;

— acceptance control: as the final stage prior to the start of the next series of work, checking compliance with the
drawings, strength of materials, documentation, signing acts after the stage completion (e.g., "Certificate of Inspection of
Hidden Works"), fairly commonly implies the need for defect elimination. E.g., in the Etalon residential complex in
Yuzhny Butovo in Moscow (2021), the acceptance of the frame of the last object was delayed due to some cracks detected
in the columns by means of ultrasound, which called for reinforcement of the column structures.

A critical analysis of current timing control systems enables one to identify the main strengths and weaknesses of
traditional methods (Table 1).

Table 1
Comparative analysis of the methods and their flaws
Method Strengths Weaknesses Example of consequences / assessment
of economic losses
Rigidity,
Calendar Visual, easy to use Operational A 3-month delay in a residential complex
graphs ’ adjustments are not | completion (Moscow)
possible

Budget overruns:

— Residential complex "Severnaya Dolina™,

St. Petersburg: cracks in the walls were identified
Journal Subjectivity following the commissioning, i.e., demoulding

. Legal significance e . 0] with insufficient concrete strength due to lack of

recording falsification .

thermometers;

— Residential complex "Etalon”, Moscow, 2021:

adding water to the concrete - mixer drivers diluted

the mix to facilitate the unloading.
Stage-by-stage Compliance with Narrow _ focus, | Slab col_lap_se in K_irovsky shopping cent(_ar — spot
inspections the standards overlooking ultrasonic inspection overlooked the voids in the

(SP 48.13330) defects concrete

The key results are specified in Table 2.

It can thus be concluded that the efficiency of the traditional methods is constrained by some hidden disadvantages, the
main one is that they are more commonly employed in order to identify missed deadlines rather than prevent them [4].

To put it in another way, most traditional approaches are inherently reactive that turn active after the timing problem
has become obvious.

The need to move from reactive to proactive construction time management has become the fundamental aim of the study.

The modern approach calls for early warning methods to be introduced that are capable of identifying potential threats
to deadlines long before they become critical. This enables the project management team to develop and implement cor-
rective actions in a timely manner keeping negative impacts to a minimum [5]. The key to effective early warning is
integrated use of data, technology, and well-established communication processes. The major ways of enhancing the
verification stages include digitalization, monitoring sensors, blockchain, and indispensable construction control records.

Technology and organization of construction
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Table 2
Specifying the key focus. Impact of delays [4]
Criterion Study object/ Subject matter
Problem statement/Consequences in decision making

The timing control system is flawed — a low level of accuracy — unreliable
source data

Human factor: control subjectivity (visual assessment of the formwork);
Essence reporting falsification (overestimation of the volume of work by 15-20%).
Technical limitations: narrow focus control allows hidden defects (plate
collapses in Kirovsky shopping center in 2020, Hollywood shopping center
in December 2021).

Transformation with the
EWS methods

The problems of the current system:
— reactivity: deviations from the schedule are detected late, oftentimes only

Problem in the weekly reporting; Proactivity, predicting
focus — delays: impossibility of surgical intervention causes delays to accumu- | risks at early stages
late;

— financial losses: error correction takes up to 30% of the project budget.

Weakness of the traditional system: Digital technologies
— disparate databases (graphs, journal records, geodata is stored sepa- | (BIM, Al), automated
rately); KPlIs, prediction

Tools — manual input of information slows down the process; The result: delays | algorithms.

in approvals, loss of documents, discrepancies between plans and facts for | ,,Stroykontrol
up to 7-10 days. blockchain platform

Developing an
integrated EWS control
model for residential
buildings

Study aim | Diagnostics of the deficiencies in the current system

Methods for predicting schedule deviation risk? [6] are to include:

1. Early detection and digital management of possible risk factors by analyzing a timing performance monitoring system.

2. An integrated approach with delay warning monitoring, including a delay analysis strategy.

3. Prevention of missed deadlines in construction based on analytical approaches in time parameter management.

One of the fundamental methods of early warning is the Earned Value Management (EVM) system. EVM integrates
cost, schedule, and work volume data, providing valuable metrics such as cost value (CV) and scope value (SV) [7]. A
negative SV value indicates running behind the schedule, and the SPI index reflects the efficiency of the project in relation
to the schedule. Monitoring these metrics helps one toidentify a problem in a timely manner, predict its impact, and take
action before there are some irreversible delays occurring. The analysis of SPI dynamics allows for an accurate assessment
of the work progress and prediction of the completion dates. Apart from EVM, detailed risk analysis and management
have a major role to play [8]. Early identification of risks and their systematic assessment at the early stages of a project
(e.g., risks associated with materials supply, lack of qualified professionals, changes in weather conditions, obtaining
permits), allow preventive measures to be developed. The formation of a risk register with the calculation of a likelihood
and impact lays a foundation for foreseeing threats. Scenario analysis and modeling (Monte Carlo method) help to more
accurately predict timelines and plan time resources.

Integration of BIM and network planning (4D BIM) provides a visual representation of construction progress, allow-
ing for future conflict resolution and proactive problem solving (Fig. 3). The use of IT (Internet of Things) sensors on
equipment and in key areas of a construction site ensures real-time data collection on work progress, equipment perfor-
mance and resource location [9].

2 QOleinik PP, Brodsky VI, Kuzmina TK, Cherednichenko ND Theory, Methods and Forms of Organizing Construction Production: a coursebook in
the study area 08.04.01 Construction. Part 1. Moscow: National University of Science and Technology MISiS — Moscow State University of Civil
Engineering; 2019. pp. 174-244.
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Fig. 4. Example of using BIM technology

Artificial intelligence and machine learning analyzing huge amounts of data (Fig. 4) from past projects, current met-
rics, and external factors (weather, economic indicators), are capable of identifying hidden patterns and predict likely
delays with a high degree of accuracy offering optimal corrective actions to be taken [10]. Project management systems
(PMS) with automatic alerts and dashboards (Fig. 5) displaying the key indicators in real time also significantly improve
the early warning efficiency.

Fig. 5. Example of a dashboard

In this case, all incoming user requests are arranged in sequence and are visible. Based on the priority, a request or
incoming information is ranked, tasks are assigned to the relevant services and a schedule for their completion is gener-
ated, the algorithm then reduces the integrated tasks. Effective communication helps to address early warning problems.
The open exchange of data on current tasks, difficulties encountered, and resources needed helps to respond to deviations
in a timely manner [11]. Regular meetings of all of the project participants ensure prompt discussion of progress and
emerging difficulties. It is also critical to implement clear change management procedures: clear design of changes (de-
sign, scope of work, materials) and analysis of their impact on timing and cost reduce schedule disruption risks. Uncon-
trolled changes are one of the major causes of missing deadlines.

Constant monitoring of the critical path [12] identified at the planning stage is vital for early warning. Dynamic path
updates are regularly recalculated and analyzed to account for actual execution rates. A change in the critical path or new
critical tasks signal potential timing issues. The assessment of time reserves (float) allows one to identify potentially
dangerous stages, where even minor delays might affect the overall completion time.
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Research Results.

Structuring the EWS methodology for the construction industry:

1. Identifying the key risk indicators:

— consumption rate of temporary buffers;

— labor productivity dynamics (deviation of > 15 % from the standard);

— delays in delivering the critical materials.

2. Development of a predictive analytics algorithm based on historical data (ML-models).

Managerial innovations:

— a system of triggers for rapid response;

— adaptation of risk management processes to a preventive model.

A trigger example: when the IT sensors detect an 18 % drop in the installation speed of ferroconcrete structures, the
system automatically:

— recalculates the timing of the critical path;

— initiates the order of additional equipment;

— notifies the general contractor of a stage delay risk.

It was proposed that the technological architecture of a system is structured taking into account the optimization of
the critical path [15].

Table 3
Tool integration
Technology Functional
BIM 4D/5D Graph visualization + automatic progress update
IT-sensors Monitoring the pace of work (e.g., the volume of concrete laid per shift)
Cloud-platforms Data aggregation — warning generation (SMS/e-mail)
Process model of risk management
1. Introducing a three-level trigger system (Fig.6):
L Operation
Risk indicator threshold
1%t level
/ eve 3%t level
" 2% level
Automatically Correcting the graph
notifying the foreman
'

Creating a working
group

Fig. 6. Algorithm for implementing a three-level system

2. Operational response regulations (time period: 1-24 hours).
3. Case study of the model testing.
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Pilot implementation of EWS at the residential complex "Lakhta-2" (2022—2024 data).

Parameters: 24 floors, 356 apartments, construction time — 28 months.

Results:

— a delay reduction of 27 %;

— 11 min roubles saved due to downtime reduction.

4. Designing the recommendations:

— for developers: EWS implementation algorithm (stages, budget, ROI);

— for regulators: proposals for updating the SNiP/GOST accounting for preventive control.

The subject focuses on designing an algorithm for proactive timing management that:

— Reduces the frequency of delays. The algorithm continuously monitors the key indicators of the project. Deviations
(a 15 % drop in productivity, delayed deliveries) trigger an early warning. An early reaction prevents negativity accumu-
lation and reduces the costs of correcting the schedule.

— Integrates EWS-indicators into routine processes. The central element of the algorithm is the Early Warning System
(EWS). The indicators reflect changes in the project and warn of impending problems. An example: the consumption rate
of the critical path reserve. A rapid depletion of reserves signals impending deadlines and calls for urgent action. EWS
integration provides access to up-to-date information and real-time decision support.

— Formalizes the response. In order to ensure a prompt and uniform response to identified risks, the algorithm provides
for the formalization of the response. This means that for each potential scenario deviation or when certain threshold
values of the EWS indicators have been reached, specific corrective measures are identified ahead of time. E.g., setting a
trigger: "if the time reserve is reduced by 50% — initiate a review of the logistics." This approach reduces decision-
making time, eliminates subjectivity, and ensures instant implementation of pre-approved response protocols.

In order to get some understanding of the algorithm mechanics, let us consider the following scenario: introduction of
IT sensors designed to continuously monitor the rate of concrete hardening on monolithic structures. The collected data,
including temperature, humidity, and other environmental parameters, are subjected to machine learning (ML analysis).
Based on historical data and current indicators, the ML model is capable of predicting a potential delay in completing
monolithic work, e.g., 10 days prior to this delay becoming obvious and causing disruption. Upon receiving such a pro-
jection, the system initiates automatic or manual adjustments to the overall construction schedule, which might include
reallocating the resources, changing the sequence of related works, or activating alternative plans to compensate for the
delay identified. This example is indicative of how the algorithm transitions from data collection to data analysis, predic-
tion, and ultimately to proactive control.

Anticipated Research Novelty.

1. The system of EWS-indicators we have developed for the construction industry (adapted to the realities of the Rus-
sian Federation). The first specialized Early warning Indicator System (EWS) has been designed for the Russian con-
struction sector. Apart from the consideration of the local factors (climate, legislation, prices, workers’ qualifications), a
unique methodology for measuring, prioritizing and combining indicators has been set forth.

2. Method of integrating of predictive analytics in the BIM environment.

The scientific novelty of the research lies in the design of an original method for algorithmizing a two-way data
exchange between predicative models (machine learning, neural networks) and a BIM platform transforming it into a
BIM model. The method allows one to predict deviations in terms of time, resources, and costs using historical and current
project data. A two-way, automatically updated data exchange between analytical models and BIM transforms the latter
from a diagnostic tool that displays the current state of a project into a tool of predicting and optimizing the construction
processes.

3. Economic and mathematical model of calculating the impact of the EWS implementation.

The novelty of the model is in its capacity to account for both direct financial benefits (e.g., reducing penalties for
failure to meet the deadlines, optimizing resource costs, minimizing the risks of budget overruns) and indirect, albeit no
less significant advantages (such as increasing a developer’s reputational value, reducing legal costs, and increasing the

degree of shareholders and investors’ trust). The model will include algorithms for calculating return on investment (ROI),
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net present value (NPV) and the other key performance indicators, as well as enable a scenario analysis and sensitivity
assessment to a wide array of parameters providing reliable justification for management decisions.

The practical significance of the study lies in radically improving the reliability and stability of the construction pro-
cess by means of introducing a proactive timing control system based on the deep integration of early warning systems
(EWS). The model reduces developers’ financial and reputational risks, improves compliance with the requirements of
Federal Law No. 214-FZ from 31.12.2004 "On Participating in the Shared-Equity Construction of Apartment Buildings
and Other Real Estate Objects and on Amendments to Certain Legislative Acts of the Russian Federation", increases
shareholders and investors’ confidence in construction companies — transparency, predictability and timeliness of project
implementation considerably reduce the number of potential lawsuits and claims, which creates a favorable investment
climate and bolsters a developer’s competitive position in the residential construction market.

The model provides:

—a 20-30 % reduction of missed deadlines due to continuous monitoring of the key indicators;

— automatic identification of risks 7—14 days prior, which provides project managers with an invaluable window of oppor-
tunity to take timely corrective action, reallocate the resources, or activate alternative plans, minimizing a negative impact;

—an increase in the accuracy of timing prediction of up to 95 %.

As a result, projects are implemented on time, legal claims and administrative sanctions are reduced, and companies’
investment attractiveness and competitiveness are boosted.

Prospects of modernization of traditional methods. Digital tool integration:

— BIM (Building Information Modeling): One of the key areas is the use of BIM for 4D planning. This technology
enables one to dynamically link detailed work schedules with 3D project models, which automatically identifies potential
collisions, conflicts and inaccuracies in the sequence of operations as early as at the starting stages of planning. This
contributes significantly to a reduction in the risk of errors and alterations on the construction site.

— IT-sensors: The widespread adoption of IT sensors ensures continuous monitoring of the key construction parame-
ters in real time. E.g., tracking the pace of concreting, vibration levels, or temperature conditions on the construction site.
The successful experience of projects such as the Lakhta-2 residential complex in St. Petersburg is a clear indication of a
high efficiency of such systems in increasing control and predictability of work progress.

Implementation of predictive analytics: early risk warning. The active use of predictive analytics is the second major
aspect of modernization. Modern algorithms based on analysis of extensive historical data and machine learning methods
are capable of predicting potential delays and risks with a high level of accuracy. E.g., when a 15% drop in productivity
is detected in a segment of work, the system automatically generates an alert, allowing managers to respond swiftly and
adjust plans before a problem has become critical.

Hybrid management methodology: Waterfall + Agile: Modernization of management methods also involves develop-
ment of hybrid methodologies combining elements of the traditional Waterfall and Agile approaches. This involves inte-
grating rigid planning and consistent execution of the key project milestones (typical for Waterfall) with flexible, adaptive
sprints for rapid adjustments and response to changes and risks identified (typical for Agile). The advantages of this blend
have been practically proved, e.g., during the construction of the bridge over the Neva River, the use of digital twins
within the framework of a hybrid methodology allow a 18-day reduction in the total work time indicating the potential
for synergy of a wide array of approaches in improving management efficiency of large and complex projects.

Discussion and Conclusion. Traditional methods of monitoring construction deadlines suffer from reactivity, sub-
jectivity, and fragmented data. In order to address these flaws, an integrated approach is essential combining digitalization
(BIM, Al), management flexibility (Waterfall + Agile) and a shift towards proactive management. The experience of the
construction of the Lakhta-2 residential complex is a proof that digital integration provides a 20—30% delay reduction.

The new approach changes the paradigm of time management transforming passive observation into active projection.
Integrated risk management, data analytics, technology and communications are called for. The implementation of such
methods reduces a likelihood of disruptions, optimizes costs, enhances quality and reputation.

The suggested proactive monitoring algorithm is based on the early warning (EWS) system adapted to the Russian
conditions. The system provides EWS indicators, predictive analytics, and effect assessment. The results: a 20-30% re-
duction in missed deadlines, automatic risk detection in 7—-14 days, and prediction accuracy of up to 95%. This approach
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keeps financial and reputational risks to a minimum, adheres to the requirements of Federal Law No. 214 and enhances
market participants’ trust. Digital tools and predictive analytics transform time control into strategic projection that war-
rants sustainability and growth of the construction industry.
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Abstract

Introduction. The study is aimed at solving the problem of non-systematic use of coastal areas of small rivers in Russian
cities. The relevance is due to the existing fragmentary approach to their urban planning and design, while global experi-
ence has been displaying complex solutions. The aim of the study is to develop a methodology for decision-making in
urban planning and design of coastal areas of small rivers in large cities based on a multi-criteria analysis.

Materials and Methods. The object of the study are coastal areas of small rivers of large cities. The authors propose
making use of a systemic approach that accounts for adjacent functional zones, their mutual influence and expert assess-
ment of significance.

Research Results. A methodology for decision-making in urban planning and  design of coastal areas of small rivers
has been developed, allowing for the analysis of the functional purposes of individual sections and their interaction at the
pre-design stage. In addition, an algorithm for identifying synergetic effects between different development zones has
been designed.

Discussion and Conclusion. The approach proposed by the authors allows one to overcome the fragmentation of urban
planning solutions regarding coastal areas of small rivers. The prospects of the study include expansion of the methodol-
ogy due to incorporating environmental, economic, social and functional factors, as well as the application of the approach
to a larger number of types of functional zones.

Keywords: urban development, small rivers, improvement, urban planning, urban design, multi-criteria analysis
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JIOCTPOUTEIBHOMY IUIAHUPOBAHHUIO M MPOCKTUPOBAHUIO, B TO BPEMsI KAK MHPOBOH OIBIT MOKA3bIBACT KOMILICKCHBIC Pe-
reHust. Llenp paboTsl — pa3paboTka METOMKK NPUHSATHUS PELICHHUIT [TPU TPaJOCTPOUTENLHOM TUIAHUPOBAHUH U TIPOEK-
TUPOBAHUH OEPETOBBIX TEPPUTOPHUI MANBIX PEK B KPYITHBIX TOPOAaX HA OCHOBAaHHUH MHOTOKPUTEPHATIHHOTO aHAIN3A.
Mamepuanst u memoowvt. OGBHEKTOM HCCIIEAOBAHUS BBICTYIAIOT OEPEroBbIE TEPPUTOPUU MANIBIX PEK KPYIHBIX FOPOJIOB.
ABTOpBI MpeIararoT UCIOIb30BATH CUCTEMHBIN MOJIXO0T, YYUTHIBAIOIIU I MPUIICTArOIHe ()YHKIMOHAIBLHBIC 30HBI, UX B3a-
HUMOBJIUSIHHAE M SKCIIEPTHYIO OLIEHKY 3HAYMMOCTH.

Pe3ynomamut uccnedosanusn. Pazpaborana METOIUKA MPUHSATUS PEIICHUA TIPU TPAJOCTPOUTEIHHOM TUIAHUPOBAHUU H
MPOCKTUPOBAHNH OEPETrOBBIX TEPPUTOPHUIT MAJIBIX PEK, TTO3BOJISIIONIAS AHATU3UPOBATh (DYHKI[MOHATIbHBIC HA3HAYCHUSI OT-
JIEJIbHBIX YYaCTKOB M MX B3aMOJCHUCTBIE HA TPEANIPOSKTHOM cTaauu. KpoMe Toro, co3aH aqropuT™ BBISIBICHUS CHUHEP-
reTHYecKux 3PPEeKTOB MEKAY Pa3TUIHBIMUA 30HAMH OCBOCHHSI.

Obcyscoenue u 3axnouenue. IIpeayioxKeHHBIH aBTOPAMH MOIXO] MO3BOJISIET MPEO0NETh PParMeHTapHOCTh TPAOCTPO-
UTEJIbHBIX PEIICHUH OTHOCHTENHLHO OEpEeroBhIX TEPPUTOPHUI MajbiX pek. [1epCreKTUBBI HCCIeIOBAHMS BKIIIOYAIOT Pac-
IIMPCHUE METOJIUKY 32 CYCT BKIFOUCHUS IKOJOTUICCKUX, IKOHOMHUICCKHX, CONUAITBHBIX U ()yHKIIMOHATIBHBIX (PAKTOPOB,
a TaK)Ke MPUMEHEHHUE MOAX0a Al OOJBIIEr0 KOJMYECTBA TUTIOB (PYHKIIMOHAIBHBIX 30H.

KiaroueBble ciioBa: TrpagoCTPOUTCIBCTBO, MAJIBIC PCKU, 6J'Ial"0yCTp0ﬁCTBO, TpagoCTPOUTECIILHOC INIAaHUPOBAHUEC, I'pago-
CTPOUTCIILHOC IMIPOCKTUPOBAHUC, MHOFOKpI/ITepI/IaJ'IBHHﬁ aHaJIu3

Baarogapuoctu. CtaThs OMyOJMKOBaHA B paMKax cyOCHauU U3 (eepaabHOro O1pkeTa 00pa3oBaTeIbHBIM OpraHu3a-
LUSIM BBICIIIETO 00pPAa30BaHUs HA PEaM3al[ii0 MEPONPHUSITHI, HAMPABICHHBIX HA MOJJICPXKKY CTYJICHUYECKUX HAYYHBIX CO-
o01ecTs.

s nutupoBanus. Jarnmmmaa H.B., Kotsiposa E.B., I'marones B.O. Pa3paboTka MEeTOANKH MPUHATHS PEIICHUN TIpU
I'PafOCTPOUTENFHOM IIJIAHUPOBAHHU U NPOEKTUPOBAHUU OEPEroBBIX TEPPUTOPHH MaJbIX pek B roponax. Cospemennvie
meHOeHyuu 8  cmpoumeinbcmee,  2padocmpoumenbcmee U nianuposke — meppumopui.  2025;4(4):19-26.
https://doi.org/10.23947/2949-1835-2025-4-4-19-26

Introduction. Small rivers are the most common elements of the hydrographic network of the Russian Federation
occupying vast territories with 30% of the country's population living in their drainage area [1]. In almost every major
city there is at least one small river that passes through densely populated and promising areas. At the same time, there is
still a problem of competent scientific and sensible use of their coastal areas with no urban planning mechanism in place
for their planning and design. Hence creating an urban planning model for integrated planning and design of coastal areas
of small rivers in large cities is becoming an essential element of the scientific and methodological foundations of urban
planning and design of coastal areas of small rivers [2]. To this end, it is imperative that a decision-making methodology
is developed for urban planning and design of coastal areas of small rivers with a multi-criteria analysis an indispensable
part of this.

Materials and Methods. The decision-making process in urban planning and design is presently discrete, with gaps
between its stages [3—4]. This is an obstacle to the integrated development of the urban environment accounting for the
previously identified groups of factors. Any choice in urban planning practice should be justified and made comprehen-
sive to various population groups, as well as account for a host of criteria and uncertainties, including temporary ones due
to ongoing scientific and technological progress, as well as disaster risks (accidents at nuclear power plants, dams, earth-
quakes, flooding, etc.) and various interest groups.

At the same time, it is seldom that problems in the construction and urban planning spheres are one-dimensional (those
with simple values). These are mostly multidimensional problems with complex values [5-8], where the consequences
cannot be objectively and adequately assessed by means of one criterion (e.g., using monetary expressions). A systematic
approach would cause changes to the practice.

It is to be noted that there have already been some examples of solving problems in urban planning, transport planning,
and administrative and economic activities of territorial entities using multi-criteria selection described in a few papers
(Table 1) making it possible to make use of this method in order to select and justify urban development scenarios for
specific urban areas.
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Table 1

Theory of decision-making with lots of criteria: practical examples based on the studies by R.L. Kini and H. Rife [9-11]

Name . . Conclusions based on the results of using
No. Brief description . i
of an example multi-criteria selection tools
Systematization of the initial data,
Air pollution pollution problems with the release of | Using the results of the analysis and using
1 robplems individual substances, final results and | them in forming and implementing air
P control measures into a common model for | pollution control programs in New York
assessing air pollution control programs
Analysis of the work organization of the . . . . o
. . Obtaining a utility function for five criteria
L department using the example of a fire o .
Activities ) ) . . — response periods identifying the relative
. station, including the use of the utility ) .
2 of individual de- ) . value of each minute of the response period,
function for response periods as the . . .
partments . . . .| which generated a utility structure in the
foundation  for  decision-making in
. . area
operational activities
. . . Probabilistic distributions were designed in
Disposal Four major goals (minimizing costs/water .
. . . ) four directions and work stages on the
3 of wastewater pollution/air ~ pollution/land  pollution) |
. ) o disposal of wastewater treatment products
treatment products | caused the issue of possible substitutions
were chosen.
. Reducing the proposals to alternatives with
The peculiarity is a profound personal ) L
L. o . a hierarchy of goals and criteria,
. . decision, but a possiblity of a formalized . . .
Choosing a job . W ., | systematizing choices based on Miller's
4 procedure for assessing the "advantages , .
or a place of work . L . goals and using the Tevels gradation of
of various situations with a large number of . . .
L goals (security, confidence, independence,
criteria.
etc.)
. L L Choosing an option (equivalent options) of
Choosing Generalization and formalization of data ) g p. (eq .p )
. . . .. | technical solutions for environmental
technical solutions | and sequence of multi-criteria selection in ) . . .
5 . . . . protection system that is in compliance with
for environmental | choosing  technical  solutions  for i
. . . the requirements of not absolutely all, but
protection environmental protection L
the largest number of the criteria involved
Analyzing  alternatives  from  the . .
. . L Making a decision based on a
Analysis of the perspective of each group of decision o ) . i
. . o . multidimensional utility function and
airport makers and citizens, designing a decision- . . .
. . o . considering ~ scenarios  for  possible
6 development making model identifying possible . .
L . developments showing the implications of
problem implications of the alternatives and

for Mexico City

conducting design experiments, assessing
for a year and introducing time dependence

alternatives for subsequent changes to a
city's development strategy.

Coastal territories of urban (small) rivers were chosen as the object of the study for structuring the methodology

interacting simultaneously with the transport planning and natural and ecological frameworks, as well as with the adjacent

functional zones and the engineering support system (Fig. 1).

For the basic scheme of multi-criteria selection (Fig. 2), a special mathematical apparatus was developed in order to
simplify the calculation compared to the general case of decision theory including a preliminary analysis, structural anal-
ysis, a decision tree with two types of vertices, uncertainty analysis, and then utility and value followed by optimization
procedures [9].

Urban planning, planning of rural settlements
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[ Coastal areas of small rivers in the urban environment ]
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Fig. 1. Small rivers as part of an urban environment

Basic scheme of multi-criteria selection

Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion N

Scenario 1 Scenario 2 Scenario 3 Scenario N

CHOOSING THE BEST SCENARIO

Fig. 2. Generalized structure of a multi-criteria selection scheme
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Urban planning decisions include, among other things, the allocation of land in view of a range of restrictions, includ-
ing environmental or cultural heritage-related ones. It is to be noted that an area in a city is valuable primarily from the
perspective of making use of what is located in it. If it is assumed that this value can be formalized by means of a function
that can be expressed numerically at the current level of the forecasting period and development of various interests, the
task is to design an area distribution that would maximize the value of this function and thereby the value of land use.
While designing such a function, it is to be noted that its variables are the criteria characterizing various factors in their
measurement scales. Further formalization is associated with defining the options that cannot be improved based on at
least one criterion without making it worse according to another one (“'a Pareto set").

There are mathematically justified "value substitutions" of the selected criteria both in conditions of certainty and
uncertainty. Within the framework of the process it is possible to assume the results of the transition of certain types of
actions into implications by using multidimensional value functions [9-11]. Researching choices that require no formal-
ization of the structure of preferences has led us to make some conclusions regarding their structuring for urban planning
and the capacities of the suggested scientific approach.

Research Results. As a result of the study, it was found that in urban planning, the task of allocating areas in a
particular territory depends on the replacement coefficient, i.e., which area of destination A we are willing to give
away for incrementing the area of destination B by one unit. What is challenging is that the replacement coefficient is
not constant, but varies depending on the ratio of areas: if the area of destination A is very small, the area of destination
B is large. The replacement coefficient will thus differ from the opposite option or with equal-sized areas of assign-
ments A and B.

It is considered possible to apply the general theory of multicriteria selection to a specific urban planning task, i.e.,
the distribution of coastal areas.

Two types of area distribution on the same site with a variety of distribution options were chosen, which simplifies
the selection of the area from the boundary of the coastline to that of a specific functional area.

In order to form a systematic approach based on a multi-criteria analysis, let us assume that:

a) restrictions have already been taken into account while selecting options for possible area allocation;

b) specific features of a certain territory (relief, prospects for developing the neighboring areas, etc.) are not accounted
for in order to design a basic model of the area.

Based on this, it is assumed that only the impact of different territorial assignments on each other is being assessed.
Having accounted for the impact, the location of the selected areas is specified considering the functional features of
the areas.

Hence the basic version of the system approach includes two purposes of areas: S is for the placement of a recreational
area, Sy is for residential buildings (Fig. 3), and only the mutual influence of S1 and S; is analyzed rather than their specific
location and configuration to be considered at the next stage of the study.

52 52 :

51
51

Fig. 3. Systematic approach by means of the allocation of two types of areas

Next, the substitution coefficient for various ratios needs to be used and a value function W(V1, V) where V1(S;) and
V1(S2) needs to be designed. The values of S; and S; can be identified using it when W reaches its maximum value.

At the second level of the system approach, there might be a case with three types of area assignment (S, Sz and S3).
In this case, the ratio becomes three-dimensional and the substitution coefficient changes between each two area values
that are also affected by the area of the third destination.
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]

The third and further levels of the system approach are working with diagrams (areas) for 4, 5 or more purposes.

One of the tasks is thus to examine the possibility of mutual compensation of criteria values relative to each other
(substitution by value). This is possible with their systematic structuring and use of an appropriate coefficient that might
be influenced by the environment (the already built-up area around) and other factors.

The next stage might be to interview an expert or a decision maker (within the framework of a list of proposals) on
changing the value of the areas, as well as accounting for the environmental, economic, social and functional factors
characterizing the area as well as their combined groups (Fig. 4).

[ Selection of a scenario for urban planning and design of coastal areas of small rivers ]
[ Group ol‘:entvlronmental ] [ Group of functional factors ] { Group of social factors J { Group of economic factors J
actors
Functional zones
Natural and ecological framework Transport and planning frame
upport system
Ecological criteria Functional criteria Ecological criteria Functional criteria
Kel ... Ken K1 ... Kfn Ket ... Ken Kr1 ... K

Fig. 4. Multi-criteria analysis while choosing a scenario for urban planning and design of coastal areas of small rivers

The decision-making methodology in urban planning and design of coastal areas of small rivers in large cities should
also account for the interests of various population groups, including business communities and local as well as federal
governments experiencing considerable changes over time. The results of the research will become part of the solution to
the scientific problem of contradictions between the modern discrete approach to urban planning and design of coastal
areas of small rivers and the need to move to an integrated step-by-step approach for planning and designing them ac-
counting for socio-economic and environmental-functional factors.

Discussion and Conclusion. The study has thus confirmed the need to move from the existing discrete system of
urban planning and design to a systematic approach in developing coastal areas of small rivers. The suggested method of
multi-criteria analysis would help to address the fragmentation of decision-making and provide a scientifically sensible
approach to the distribution of functional areas.

The major result of the work has been the development of a theoretical model based on the principles of multidimen-
sional optimization and decision theory accounting for the mutual influence of various functional purposes of areas by
means of a system of substitution coefficients allowing one to maximize the overall value of the selected area with no
reference to a specific configuration at the initial stage.

The practical significance of the study is the formation of tools for comparing alternative scenarios for developing
areas accounting for the relevant groups of factors, as well as increasing the validity of urban planning decisions.

The prospects for further research are to expand the number of functional purposes to be considered, to integrate the
factor of the dynamics of changes in criteria over time into the model, to develop mechanisms for accounting for the
interests of various stakeholders, and to test the methodology on real sections of the coastal areas of small rivers in a city.

It is our belief that the implementation of the suggested decision-making methodology in urban planning and design
of coastal areas of small rivers in cities will contribute to designing a balanced and sustainable urban environment that
makes an effective use of their potential considering the principles of biospheric compatibility.
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Abstract

Introduction. Due to the latest wide-scale adoption of advanced technologies in the construction sector and the pressure
to complete projects in the shortest time and at minimal cost, the principle of achieving a high-quality level in project
implementation is a daunting task for those working in construction. In this context digital image analysis technology has
served as a viable solution to meet the requirements for improving project management efficiency at different stages. This
literature review examines the role of digital image processing technologies in monitoring construction materials and
structures throughout the project lifecycle in order to improve their quality and efficiency. The aim of the study is to
evaluate the efficiency of this technology compared to traditional methods, review the latest developments in digital image
processing for monitoring building structures, and identify performance indicators such as time and cost, as well as men-
tion obstacles preventing its wide-scale adoption in engineering.

Materials and Methods. More than 30 publications (2015-2024) covering Al algorithms (CNN, YOLOv4), 3D modeling
(LiDAR, Structure from Motion) and BIM integration were systematically reviewed. Their applicability, scalability, and
impact on structural condition monitoring were evaluated.

Research Results. According to the results, the use of digital image analysis technology as a tool for monitoring structures
and quality control of construction materials at different stages of a project lifecycle caused improved project quality,
reduced time and costs, and boosted decision-making at different stages of a project cycle. The integration of image
processing with artificial intelligence and building information modeling systems proved to be accurate in detecting de-
fects in buildings and building materials with a 25% increase in the project management efficiency.

Discussion and Conclusion. Digital image processing (DIP) holds a transformational potential, but it is facing some
obstacles such as environmental influences, data heterogeneity and lack of standardization. LiDAR integration, develop-
ment of sustainable machine learning models for multimodal data analysis, and strengthening interdisciplinary collabo-
ration are set forth. In order to overcome the restraints, further research is required to optimize technologies for real-world
operating conditions. DIP is revolutionizing design monitoring, but mass adoption is possible only by means of sustaina-
ble innovation, industry-wide partnerships, and adaptation to external factors.

Keywords: digital image analysis, project lifecycle, quality control, monitoring
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

KpI/ITI/I‘leCKI/Iﬁ AHAJIN3 UCIT0Jb30BaHUS TEXHOJOI'MH aHAJ/JIn3a III/I(l)pOBBIX n306pameﬂm‘71
IPU MOHUTOPHUHI'€ CTPOUTEJIbHBIX KOHCprKHHﬁ H MaTepuajioB

JI.C. Caburos DX, JI. Ann
HanmonansHslil uccnenopatenbckuii MOCKOBCKUI roCyJapCTBEHHBIN CTPOUTEIBHBIN yHUBEpCUTET, I'. Mocksa, Poccuiickas ®deneparus

X< sabitovLS@mgsu.ru

AHHOTALUA

Beeoenue. B cBsi3u ¢ HeJaBHUM IMPOKUM BHEJPEHUEM NIEPENOBBIX TEXHOIOTHI B CTPOUTEIBHOM CEKTOPE U HEOTIOKHOM
HEOOXOANMOCTBIO 3aBEPIIATh IPOSKTHI B KpAaTUaHIINE CPOKH ¥ C MUHUMAJIbHBIMU 3aTPaTaMH MIPUHINI JOCTHKECHHS BbI-
COKOTO yPOBHSI Ka4eCTBa MPH peaTH3allK IPOEKTOB MPEICTABISAET COO00H CIOXKHYIO 3aqady A TeX, KTO paboTaeT B
o0yacTu CTpOUTENbCTBA. B 3THX YCIIOBHSAX TEXHOJOTHS LU(PPOBOTo aHAIN3a N300paKEHUH CTaja MEepCHEKTUBHBIM pe-
LIEHHEM JyIsl oOecrieueHus TpeOOBaHHUH 10 OBBIIEHHIO 3()()EKTHBHOCTH YIPABJICHHS MPOSKTaMH Ha Pa3IMYHBIX ATAalax
MX J)KU3HEHHOTO LIMKJIa. B 1aHHOM 0030pe uTeparypsl aHaIU3UPYETCs POJIb TEXHOJIOTHH 1M(POBOI 00paboTKK H300pa-
KEHUI B MOHUTOPUHIE CTPOUTENBHBIX MaTEPHUATIOB U KOHCTPYKIMH Ha MPOTAKEHUU BCETO KU3HEHHOT'O LIUKJIA IPOEKTa
C LIENTBIO TIOBBIICHHS KauecTBa 1 3 dextuBHOCTH. McciaenoBanne HanpaBieHO Ha OIIEHKY 3P (EKTHBHOCTH 3TOH TEXHO-
JIOTHH TI0 CPAaBHEHHIO C TPAAWUIIMOHHBIMU METOJaMH, 0030p MOCIIEAHNX Pa3paboTOK B 00JIaCTH NPUMEHEHUS IU(POBOI
00paboTKM n300pakeHNH 1151 MOHUTOPHHTA CTPOUTEIBHBIX KOHCTPYKIMH U OIIPEEIIeHHE MToKa3aTenel 3 QeKTHBHOCTH,
TaKUX KaK BPeMs ¥ CTOUMOCTD, a TAK)KE YIIOMUHAHUE NPETATCTBHH, MEIIAIONINX €€ IUPOKOMY BHEAPEHUIO B HHKCHEP-
HOM MpakTuke.

Mamepuanst u memoowt. IlpoBenén cucreMusiii 0630p 6onee 30 myonukanuit (2015-2024 rr.), 0XBaTHIBAIONIMX AJIr0-
putmbl U (CNN, YOLOv4), 3D-moxnenupoBanue (LiDAR, Structure from Motion) u unterpauuto BIM. Onenens nx
MPUMEHUMOCTD, MaCIlITa6I/IpyeMOCTI) 1 BJIIMAHUEC HA MOHUTOPUHI COCTOSAHUA KOHCprKHHﬁ.

Peszynomamut uccnedosanus. IlonyueHHble pe3ysnbTaThl OKA3alH, YTO HCIOJIB30BAHUE TEXHOJIOTHH IHM(POBOTO aHa-
T13a H300paKEHUH KaK HHCTPYMEHTA AJIsI MOHUTOPHHTA KOHCTPYKINI M KOHTPOJISI KA4eCTBA CTPOUTEIHHBIX MaTepHaioB
Ha pa3HBIX 3Tallax XU3HEHHOTO IIMKJIA ITPOEKTa MPUBEJIO K MOBBIMICHUIO KAYECTBA IIPOEKTOB, COKPAIIEHHIO BPEMEHH H
3aTpart, a TaKKe YIydIICHHUIO ponecca MPUHATHA PEIICHUH Ha Pa3HBIX CTAIHUAX MIPOEKTHOTO IMKIA. MHTerpanms obpa-
60TKM N300pa)KEHUH ¢ UCKYCCTBEHHBIM MHTEIJICKTOM M CHCTEMaMH MH(POPMAIIIOHHOTO MOJEIMPOBaHUS 3[aHuil obec-
Neymsia TOYHOCTh B OOHAPYKCHNH e(DEeKTOB B 31aHHUAX U CTPOUTEIBHBIX MaTepuanax, MoBbICUB 3((PEKTUBHOCTD yIpaB-
JieHHs IpoekTaMu Ha 25 %.

Oobcyycoenue u 3akniouenue. LIOU nemoHcTpupyeT TpaHCHOPMAIIMOHHBIN MOTEHIMAI, HO CTATKUBAETCS C OaphepaMu:
BJIMSIHME BHELIHEH CpeJibl, FeTepOreHHOCTh JaHHBIX U OTCYTCTBHE cTaHnapruzauuu. [Ipemnioxkenst naterpanus LiDAR,
pa3pa60TKa ycTOfI‘IPIBI)IX Mo;[eneﬁ MAaIIuHHOTO O6y‘-IeHI/I$[ JJIA aHaJIn3a MYJIbTUMOAAJIBHBIX JAaHHBIX U YCUJICHUC MEXK-
JUCIHUTUITAHAPHOT O B3aHMOZ[eﬁCTBHSI. IIJ'ISI MpCO0JICHUA OFpaHI/I‘-IeHI/Iﬁ Tpe6yIOTCH ,uaaneI?Iume nuccie10BaHus, HalIpaB-
JICHHBIC Ha ONITUMM3AIMIO TEXHOJIOTHH 1T0]] peabHbIe YCIoBuUs dKCIuTyaTarun. [JOU peBotonnoHN3NpyeT MOHUTOPHHT
KOHCTPYKIMH, 0JTHAKO MacCcOBOE BHEPEHHE BO3MOXKHO JIMIIb Yepe3 YCTOHUMBbIE HHHOBAIMH, TAPTHEPCTBO MEXKILY OT-

paciiiMu 1 aJalTaluio K BHCIITHUM (I)aKTopaM.
KaroueBble cj1ioBa: aHaau3 LII/I(I)pOBOFO I/I306pa)i(€HI/IH, JKU3HCHHBIN HUKJ MIPOCKTA, KOHTPOJIb Ka4€CTBA, MOHUTOPUHT

Jas nurupoBanusi. Caduros JI.C., Anu JI. Kputnueckuii aHaIu3 KCIOIb30BAHMS TEXHOJIOTHH aHATU3a TU(PPOBIX H300-
paKeHUH NPU MOHUTOPHMHIE CTPOUTENBHBIX KOHCTPYKIUHA U MaTepuasioB. CospemenHbie meHOeHyuy 8 Cmpoumenscmse,
2padocmpoumenscmee u naanuposke meppumopuil. 2025;4(4):27-36. https://doi.org/10.23947/2949-1835-2025-4-4-27-36

Introduction. Due to the rapid development of the construction design sector, quality control of materials and infra-
structure is a major task for engineers and designers. For decades, the industry has relied on traditional methods such as
manual visual inspection or manual measurements that have proved to be up to 30—40% susceptible to human error, in
particular in high-risk areas or in hard-to-reach locations. These methods typically fail to detect early signs of degradation
in a timely manner, such as fading or peeling of the protective coating, which might signal the inception of corrosion or
moisture penetration into a structure. In combination with microcracks, such defects might eventually result in a decrease
in the bearing capacity of the elements and thus jeopardize the safety of an object [1].
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In contrast, digital image processing methods have served as a viable solution for improving observation accuracy and
reducing costs. In [2] the combination of the Otsu algorithm and the YOLOv4 network enabled classification of cracks
in concrete with an accuracy of 99.75%, while there was a 40% drop in interference due to surface inclusions. The use of
unmanned aerial vehicles (UAVs) with thermal imaging systems has shown the possibility of examining reinforced struc-
tures in record time reducing the survey period by 30% compared to traditional methods [3].

However, these methods are being faced with environmental and operational conditions. According to [4], in low light
or random vibrations, detection accuracy decreases to 75% highlighting the need for noise-resistant algorithms. On the
other hand, [5] emphasizes the complexity of analyzing asphalt mixes using two-dimensional images, which caused the
authors to develop the IPAP index using a color segmentation algorithm in order to improve the accuracy of evaluating
the distribution of aggregates. Moreover, the integration of computer vision and BIM methods is a major factor in im-
proving efficiency. In [6] the integration of LIDAR data with BIM models provided a comparison of a geometric design
with an actual structure with a spatial clarity of + 2 mm improving proactive maintenance. Digital image correlation (DIC)
has proven to be efficient in measuring dynamic deformations of bridges under load, where the measurement sensitivity
reaches 0.1 mm outperforming manual methods with no more than 0.5 mm [7].

Despite these achievements, the results of [8] indicate that the efficiency of monitoring systems mostly depends on
the quality of input data, in particular while using spectral imaging and electromagnetic detection in order to identify
corrosion risks of reinforcing steel and concrete coating properties allowing a 90% accuracy in combination with labora-
tory data. In [9, 10] there are discussions of the need to develop machine learning models capable of processing hetero-
geneous data, e.g., combining LiDAR images with thermal imaging, in order to increase the reliability of outdoor projects.

The aim of this study is to review the latest advances in digital image processing for structural monitoring, with an
emphasis on the following:

1. Innovative technological approaches.

2. Integration between systems, e.g.: integration of UAVs with BIM to improve inspection efficiency.

3. Practical problems, e.g.: the effect of poor lighting or vibrations on the accuracy of the results.

Having analyzed more than 30 studies published between 2015 and 2024, we are going to provide a comprehensive
view of the role of these technologies in achieving sustainability and reducing costs to improve project management
efficiency. Some solutions have also been set forth to eliminate the limitations hindering the use of these technologies in
future projects.

Materials and Methods. The research examines digital image processing technologies in the field of monitoring
buildings and construction materials.

Digital image processing technology in building monitoring:

Digital image processing methods are becoming the foundation for developing monitoring systems for structures, with
accurate and safe solutions for early damage detection. In [11], an integrated system was developed based on combining
the developed Otsu algorithm with morphological filters (Fig. 1), such as a median filter and a Gaussian filter, for detect-
ing cracks in reinforced concrete, where the detection accuracy was as high as 98.75% while classifying damage types
(surface, capillary, longitudinal/transverse cracks) [12] with a 40% reduction in the impact of interference caused by
contamination. In [2] the YOLOvV4 network based on artificial intelligence was also employed to increase the classifica-
tion speed, allowing 120 image sections per second to be examined. To compare manual examination takes a few minutes
for each site.

During field observations, unmanned aerial vehicles have proven to be useful for evaluating dangerous or hard-to-
reach areas. In [1] UAVs equipped with high-resolution cameras used an image processing mechanism (heuristic pro-
cessing) based on a combination of a few types of algorithms (hat transformation, HSV threshold processing, grayscale
threshold processing) in order to inspect reinforced concrete structures and detect cracks and surface destruction in a
university campus project, and proved to contribute to qualitative performance improvement compared with traditional
methods. At the same time, minimizing errors (such as the confusion between the cracks and the other edges) and im-
proving the clarity of detection results were given prominence, the algorithm presented was found to yield 35% more
accurate results than traditional algorithms, while [3] showcases a more advanced mechanism for identifying the state of
an object based on algorithms Canny & Prewitt Edge Detectors (for crack identification, algorithm Color Thresholding
(for detecting any living organisms on the concrete surface and the reinforcement condition (Fig. 1).
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Fig. 1. Digital image analysis for monitoring cracks in concrete elements [2, 7]

The methodology was applied to a 177-meter-high concrete telecommunication tower in Portugal. According to the
study, the system was able to detect corrosion and cracks in concrete with a 92% accuracy, as well as bio-leaks and
corrosion of reinforcement with a 90% accuracy, while reducing the inspection time by 30% compared to traditional
methods using scaffolding and manual tools [3]. The results of using digital image processing technology captured by
drones and their processing by means of algorithms (Rich Feature Hierarchies) and (Fast R-CNN) in order to detect
surface damage to culverts and bridges (cracks and corrosion), as well as the use of methods (t-SNE) to reduce the size
and visualization of complex data, yielded a 95% accuracy of detecting surface cracks, while reducing the inspection time
by 70% compared to traditional manual methods. This resulted in an increase in the inspection accuracy and efficiency
as well as monitoring of facilities while reducing the number of risks individuals are exposed to [7].

Methods and algorithms based on the use of fractal analysis to digital images have also been employed in order to
identify changes in concrete bridge defects (cracks) by calculating the fractal dimension by means of the box counting
algorithm [13]. All of these methods rely on those for detecting defects and monitoring structures with images. On top of
that, the digital image correlation (DIC) method in [13, 7] displayed an excellent capacity to measure bridge deformations
under dynamic loads by detecting a 0.1 mm sensitivity on a bridge subjected to repeated vibrations. The data (DIC) were
combined with the results of finite element modeling (FEM), which confirmed a 95% agreement of the results, indicating
that they can be used in order to evaluate the integrity of a structure in real time (Fig. 2).

In the context of combining technologies, the integration of 3D LiDAR scanning and digital image processing with
BIM (Building Information Modeling) has contributed to an increase in the accuracy and flexibility of monitoring facili-
ties throughout their whole lifecycle. At the design stage, a study was conducted [14] that showed the efficiency of laser
scanning in designing precise 3D models of historical structures, such as the Santa Marina Church in Spain, where data
was collected using a digital single-lens reflex camera to obtain multispectral images of the church structure, and com-
bined with 3D laser scanning data to design a precise digital model of the church structure. The images were then trans-
formed in two stages: firstly, segmentation by color and texture characteristics, and secondly, classification using an
objective classification methodology to identify the material (biocarentine limestone) and types of destruction (cracks,
biocorrosion, salting). The data was analyzed, the model was then combined with the preprocessed images, and using a
laser scanner, metric maps were designed to identify the locations of damage on the stone with a higher accuracy than by
means of traditional methods. The crack detection accuracy was 100%, and the salinity detection accuracy was 80%, with
detailed measurements of surface tolerances of + 3 mm. Integration (LiDAR and BIM) has improved quality evaluation
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of the material and restoration planning, as well as reduced the costs by 20% by means of integration (ReCap Pro and
AutoCAD) in order to convert 3D models into detailed restoration drawings (Fig. 3).
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Fig. 2. Digital image analysis for monitoring the condition of an object [7]
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Marina Church, Cordoba

Fig. 3. Integration of digital image analysis with laser scanning and BIM [14]

In [12] the role of digital image technology at the construction stage to monitor work progress is also described, where
the indicators obtained using the suggested model were integrated with BIM models in order to update information about
the schedule and predict structural risks, which reduced the dependence on manual visual control (Fig. 4).
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Fig. 4. Digital image analysis for quality control during the construction phase [12]

At the stages of operation and repair, neural networks (CNNs) trained on LiDAR survey data enabled concrete surface
defects to be identified with a 95% accuracy, as in [9] where DenseNet-12 showed the top performance in automatic
classification and sizing of damage (cracks and efflorescences) using smartphone cameras. Fractal analysis by means of
the box counting algorithm also facilitated the measurement of changes in structural defects with no need for accurate
image registration, as the fractal dimension rose from 1.13 (main crack) to 1.28 (extended crack) in simulated images,
while the rate of change was 13.26% compared with exaggerated changes (up to 184%) in traditional methods such as
image subtraction. The Poisson surface reconstruction algorithm transformed the point cloud into a closed and smooth
grid model that supports digital reconstruction of complex structures (Fig. 5).
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Fig. 5. Image analysis method for predicting multiple structural defects [7]
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The concept of integrating digital imaging technology into object monitoring and information modeling was not re-
stricted to the 3D field, but developed to integration with 4D CAD models, making it possible to visualize the actual
progress of projects and identify the problems related to design and planning, as well as reduce the time, human effort
and costs to collect and update project data. The digital image processing technique was applied during the construction
of a suspension bridge in Korea, where cameras on the construction site were used to capture images and link them to a
precise temporal context, and after processing these images using the filters (Hue-, Saturation- and Median) — to remove
noise and identify unnecessary equipment. The processing results were combined with the project schedule using Jet
Stream software, which helped to update the 4D model, and they showed a rate of 92% for the accuracy factor and correct
installation of elements, and 38% of errors were corrected during the design phase, reducing the costs by 44% and con-
struction time by 25% [15].

However, the accuracy of the results was found to be strongly influenced by environmental conditions, such as poor
lighting and vibrations, as while using digital image processing technology in an underground tunnel, the detection accu-
racy dropped to 75% due to the high humidity and fog. On top of that, the integration of 3D images with the data (LiDAR)
has increased the complexity of the required processing technology by 15%.

2. Digital image processing technology in the field of construction material monitoring:

In the field of evaluation of construction material quality, image processing methods have displayed an excellent
ability to analyze the subtle characteristics of construction mixes. In [16], the algorithm (Color Segmentation) was used
to identify the size distribution of aggregates in asphalt mixes, where the Image Processing Aggregate Proportion (IPAP)
indicator was calculated, and using this parameter, the proportion of aggregate in the mix was identified with an accuracy
of 85% helping to increase the strength of the road by 15% by changing the aggregate density. Multispectral Imaging in [5]
confirmed its efficiency in detecting metal corrosion in structures with an accuracy of 90% by analyzing spectral changes
caused by oxidation and comparing the results with the laboratory data for measuring the thickness of the corrosion layer.
At the same time, in [17] 2D DIP image analysis was used to identify the coefficient of stone-to-stone contact in permeable
friction mixes. Algorithms such as morphological analysis were applied to convert images into quantitative data indicating
a close correlation between the gravel contact density and surface layer stiffness helping to fine-tune the mix design
quality. On the other hand, [17] was devoted to developing quality control techniques for industrial materials (e.g., con-
crete and steel) using statistical image analysis to detect subtle defects that might affect industrial safety. E.g., texture
analysis algorithms were applied to concrete images to detect crumbling or microcracks, and the wavelet transform was
used to improve the accuracy of images obtained in poor lighting conditions (Fig. 6). This method has reduced the veri-
fication time by 30% compared to traditional methods.

SRS B
Original Binary
image image

Fig. 6. Digital image analysis during quality control of the asphalt mix (identifying the aggregate-mortar ratio,
the contact surface between the aggregates) [16]

The study [13] assessed the resistance to static segregation in self-sealing concrete. Methods such as grayscale con-
version and Otsu threshold analysis were used to identify segregation zones, and the results were correlated with com-
pressive strength tests to develop more accurate quality control criteria. In the field of lightweight concretes, [18] con-
tributed to the optimization of concrete mixes using the S8 gradation index obtained by analyzing digital images of porous
aggregates. Owing to the use of algorithms such as Semantic Segmentation, the aggregate distribution was measured with
an accuracy of 0.1 mm, which reduced the porosity and increased the resistance of the material to moisture and salts. On
top of that, [16] contributed to the analysis of the size distribution of aggregates in asphalt concrete mixes using image
processing methods. The results showed that image analysis using the algorithms such as Particle Counting enables one
to evaluate the properties of a mix (e.g., compression resistance) with no the need for complex laboratory tests with a
25% cost reduction.
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In the field of practical application, while working on [19], a methodology was developed for evaluating the segrega-
tion of the aggregates in finished concrete by analyzing static images by means of variation analysis algorithms. This
method enabled an improvement in the quality control during large-scale construction by defining segregation zones with
an accuracy of 0.5 mm helping one to minimize costly post-construction adjustments. While elaborating on the problems
encountered in [18], it was noted that the analysis of asphalt mixes with heterogeneous aggregates calls for the develop-
ment of advanced algorithms such as PointNet for point cloud classification, where the accuracy of the model was as high
as 88% while identifying the gradient of the aggregate size compared to 65% for traditional methods. [7] also looks at the
complexity of monitoring materials in extreme environmental conditions (such as fog or strong winds) eventually pro-
posing the integration of thermal imaging with computer vision in order to improve the reliability of outdoor infrastructure
projects. As part of addressing the obstacles associated with lighting conditions, [5] sets forth a methodology for combin-
ing image processing technology with generative neural networks making it possible to identify and predict the degree of
corrosion of reinforcing steel, while the accuracy of predicting the thickness of the corrosion layer is as high as 95%.

Research Results. The results of structural condition monitoring are the following:

1) It has been proved that digital image processing methods are capable of providing exceptional accuracy in detecting
structural damage, but their efficiency varies depending on the operating conditions. While using the Otsu algorithm with
a median filter and a Gaussian filter, the accuracy of identifying cracks in concrete was as high as 99.75%, while inter-
ference caused by surface defects was reduced by 40%. The use of the YOLOv4 network also facilitated a swift classifi-
cation of crack types (surface, capillary, longitudinal/transverse ones), as 120 images were processed per second com-
pared to manual inspection taking a few minutes per image.

2) Unmanned aerial vehicles (UAVSs) have proved to be efficient in evaluating dangerous areas such as bridge over-
passes. The use of 4K cameras with heuristic processing algorithms enabled the detection of corrosion and cracks in a
concrete structure with an accuracy of 92%, while the inspection time was reduced by 30%, increasing the efficiency of
proactive maintenance.

3) Despite these achievements, the accuracy of the results is strongly influenced by environmental conditions such as
poor lighting or vibrations. During the experiment in an underground tunnel, the detection accuracy dropped to 75% due
to the high humidity and fog indicating the need for developing noise-resistant algorithms.

4) The integration of 3D images (Structure from Motion — SfM) with the LiDAR data increased processing com-
plexity by 15%, but contributed to the design of detailed digital models of the historical structures making it easier for
progressive degradation to be tracked over time.

The results of construction material monitoring are the following:

1) In the construction material sector, image processing techniques have displayed the capacity to analyze the subtle
characteristics of mixes. Using the IPAP (Image Processing Aggregate Proportion) index, the granulometric composition
of asphalt mixes was calculated with an accuracy of 85%, increasing the durability of roads by 15% by optimizing the
proportions of the aggregates.

2) Generative neural networks (GANSs) have displayed the capacity to simulate the influence of environmental factors (hu-
midity, salinity) on steel corrosion, where the accuracy of predicting the thickness of the corrosion layer is as high as 95%.

Discussion and Conclusion. Despite the significant progress made, the research has revealed serious problems curb-
ing the large-scale use of these technologies. The paramount ones are poor lighting conditions or accidental vibrations
that have a major impact on the accuracy of the results. The quality of the equipment used to obtain images of objects is
crucial as well: the lower the resolution, the more time it takes to for data to be processed, which has a negative impact
on the timing of large-scale projects. The following directions are set forth to address these obstacles:

— improving environmental resilience by developing algorithms for low light or fog conditions;

— integration with BIM systems: direct connection of image data with design models, improvement of calibration
accuracy;

— expansion of the application scope: inclusion of other materials.

Digital image processing transforms monitoring of structures and materials ensuring a high accuracy and efficiency.
However, in order for it to be broadly introduced, technical and environmental constraints should be eliminated via sus-
tainable innovation and interdisciplinary collaboration. More research should be dedicated to optimizing algorithms for
real-world operating conditions, integrating with BIM systems, and expanding applications of new materials to maximize
the potential of these technologies in engineering practice.
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Abstract

Introduction. The heat supply system is one of the most important infrastructural components of the engineering support
of the construction site. However, the process of modeling its life cycle, particularly in terms of information support, has
not been sufficiently researched in the academia.

One of the main stages of the life cycle of any engineering system is design. The need to increase energy efficiency,
reduce the cost of designing and, thereby, building central heating systems, and improve the environmental situation
highlights the special urgency of introducing innovative technologies, in particular, artificial intelligence that can become
an effective tool for solving the existing problems. The aim of the study is to increase the efficiency of the design stage
of district heating systems based on the use of artificial intelligence and to assess the prospects for such an approach.
Materials and Methods. The research methodology includes comparative analysis, modeling, statistical data processing
and expert assessment. The research results can be used in the development of new approaches to the design of heat
supply systems using modern digital technologies.

Research Results. The proposed concept of life cycle management of heat supply systems, which includes the sequential
implementation of five key stages (from pre-design preparation to disposal) allows for an integrated approach to optimiz-
ing all of the processes. At the same time, the design stage, which determines the basic parameters of energy efficiency,
efficiency and reliability of heat supply, is of critical importance. In the context of digitalization of thermal power engi-
neering, the integration of intelligent automated systems implementing multifactorial algorithmic modeling and optimi-
zation calculations is becoming particularly relevant. Modern artificial intelligence-based solutions provide comprehen-
sive automation of design and engineering work, including creating detailed information models of facilities, high-preci-
sion forecasting of heat consumption, hydraulic control and optimization of the energy balance of the system. The intro-
duction of such technologies not only compensates for the lack of qualified specialists and improves the quality of project
documentation, but also contributes to significant optimization of operational performance: reducing fuel costs and min-
imizing the carbon footprint through rational allocation of energy resources and reduction in greenhouse gas emissions.
Discussion and Conclusion. The article discusses modern approaches to automated design of district heating systems
using artificial intelligence technologies. A technique based on the use of machine learning, neural networks, and optimi-
zation algorithms is proposed to improve design efficiency, minimize energy loss, and reduce operating costs.

Keywords: life cycle, life cycle management, heat supply system, district heating, construction site, artificial intelligence,
computer-aided design, machine learning, optimization, energy saving
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

IloBbllIEHUE 3q)(l)eKTI/IBHOCTI/I ITamna NPpoeKTUPOBAHUA ! KUZHCHHOI'0 HUKJIA CUCTEMbI
TeNJIOCHAOKEeHUA CTPOMTEJIBHOIO 00beKTa

AJL Tuxomupos D<=, E.Il. JIbicoBa
JIoHCKOM rocy1apCTBEHHBII TeXHUUECKHI YyHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus
< a.l.tikhomirov@yandex.ru

AHHOTALUA

Beseoenue. CucteMa TEIUIOCHA0KCHUS SIBIIICTCS OJHUM M3 BaXHEHIIUX HMHGPACTPYKTYPHBIX KOMIIOHCHTOB HHXKCHEP-
HOT0 00€CIeUEHUs CTPOUTENLHOTO 00BbekTa. OTHAKO MPOIECC MOCTMPOBAHUS €€ KU3HEHHOT0 UK, OCOOCHHO B YaCTH
HHPOPMALIMOHHOTO 00ECTIEYeHHUS, OCTACTCS HEJJOCTATOUYHO NCCIICIOBAHHBIM B aKaJJleMHUIECKOH cpesie.

OmHUM 13 OCHOBHBIX 3TalloB )KU3HEHHOTO IUKIIA 000N HHKEHEPHOH CHCTEMBI SBIIsieTCs poekTupoBanue. Heooxomu-
MOCTh TOBBIIICHUS 3HEPro3(H(HEKTUBHOCTH, CHIDKCHHS 3aTPAT HA MPOCKTUPOBAHUE U B MOCICIYIOIIEM CTPOUTEIBCTBO
CHCTEM IEHTPATBHOTO TEIIOCHAOKEHHUS, YIYUIICHUS SKOJIOTHIECKOH CUTYallnH MOAYepKUBAaET 0COOYIO aKTyalbHOCTh
BHEIPCHUS HHHOBAIIMOHHBIX TEXHOJIOTHIA, B YaCTHOCTH, HCKYCCTBEHHOTO HHTEJUIEKTa, KOTOPBIH MOXKET cTaTh 3P eKTnB-
HBIM HHCTPYMEHTOM PEIICHHUS CYIIECTBYOMUX npodieM. Llenp uccieaoBanuss — MoBbIICHHE 3(G(GEKTHUBHOCTH dTara
MIPOEKTUPOBAHMS CHCTEM IIEHTPAIM30BAHHOTO OTOIUICHHS HAa OCHOBE NMPUMEHEHUS HCKYCCTBEHHOTO HWHTEIUIEKTa U
OIIEHKa IEPCIIEKTHB TAKOTO MOIXO0/1A.

Mamepuanst u memoost. MeTo0IOTHS HCCIICIOBAHUS BKITIOYACT CPAaBHUTEIBHBIN aHAIN3, MOJICIIUPOBAHIE, CTATUCTHIC-
CKyI0 00pa00TKy MaHHBIX M IKCIICPTHYIO OIICHKY. Pe3ynbTaThl HCCACIOBAHKS MOTYT OBITh UCIIOJB30BaHbI MPH Pa3pabOTKe
HOBBIX ITOJIXOJIOB K IIPOSKTHPOBAHHIO CHCTEM TEILUIOCHA0KEHHS C IPUMEHEHHEM COBPEMEHHBIX IA(POBBIX TEXHOJIOTHH.
Pezynomamut uccnedosanus. IlpennoxenHas aBTopaMi KOHIICIIITUS YIIPaBICHUS KU3HEHHBIM ITUKJIOM TEIUTOCHAOKATIO-
[IUX CHCTEM, BKIIIOYAIOIAs MOCIEA0BATEIbHYIO peaIn3aIiIo MATH KIIIOUEBHIX 3TAMoB (OT MPEANPOCKTHON MOATOTOBKH
IO YTHIIM3AIHH), TO3BOJIET 00CCICUNTh KOMIUICKCHBIN MOXO K ONTUMH3AIMK BCEX MPOIEeCCOoB. [Ipu 3TOM KpuTHYe-
CKOE 3HaUeHHe MpHoOpeTaeT CTagus MPOCKTHPOBAaHUS, ONPENCIIIONas 0a30BbIe MapaMeTphl YHeProdPpPpeKTHBHOCTH,
9KOHOMHYHOCTH U HAJCKHOCTH TEIIOCHAOXeHMsA. B KOHTEeKCcTe NUGBPOBU3AIMH TCIIOPHEPTETHUSCKOTO POCKTUPOBA-
HUS 0COOYIO aKTyaabHOCTh IPUOOPETACT HHTETPAIIHS HHTEIUICKTYaIbHBIX ABTOMATH3UPOBAHHBIX CUCTEM, PEATTM3YIOIINX
MHOTO()aKTOpHOE aNTOPUTMHUYECKOE MOJACIHPOBAHNE U ONTHMHU3AUOHHBIE pacueThl. COBpeMEHHbIE pelIeHus Ha 0ase
HCKYCCTBEHHOTO HHTEIUIEKTa 00ECIIeYNBalOT KOMIUIEKCHYIO aBTOMATH3AIIHIO IPOCKTHO-KOHCTPYKTOPCKHUX PaboT, BKIIO-
Yasi CO3JlaHue JETATU3UPOBAHHBIX HH()DOPMAIIMOHHBIX MOJiesiell 00BEKTOB, BEICOKOTOUYHOE MPOTHO3UPOBAHUE TEIJIOMNO-
TpebNeHus, ypaBieHne THAPABINIECKUMH PeKUMaMH U ONTHUMU3AIMIO dHeprodanaHca cUCTeMbl. BHenpeHne Takux
TEXHOJIOTHH He TOIBKO KOMICHCHPYET AeHUITUT KBATH(OUITUPOBAHHBIX CIICIIHAIICTOB U MOBBIMIAET KAYECTBO IIPOCKTHOM
JIOKyMEHTAIIMU, HO U CIIOCOOCTBYET CYNIECTBEHHON OMTHMM3AIMH JKCIUTyaTallUOHHBIX MOKa3aTeNel: CHIKEHUIO TOT-
JIUBHBIX 3aTPaT ¥ MUHUMU3AIIMU YTJIEPOTHOTO CIIE/a 32 CYET PAIlOHATBHOTO pacpeie]eHHsI SHEPTreTHUECKUX PECYPCOB
1 COKpAIIeHH BEIOPOCOB MApHUKOBBIX Ta30B.

Obcyscoenue u 3aKknrouenue. PaccMoTpeHBI COBpeMEHHBIE MTOIXO0Ib K ABTOMATH3UPOBAHHOMY MIPOCKTUPOBAHUIO CHCTEM
LEHTPAIN30BAHHOTO TETJIOCHAOXKEHUS ¢ MCTIOIh30BAHUEM TEXHOJOTHI UCKYCCTBEHHOTO MHTEIIeKTa. [Ipenioxkena MeTo-
JIMKa, OCHOBAHHAS HA MPUMEHEHUH MAIIMHHOTO OO0YYeHHs, HEUPOHHBIX CETel W ONTHUMHU3AIUOHHBIX AITOPUTMOB JJIS TIO-

BBIIICHUA 3(1)(1)6KTI/IBHOCTI/I MPOCKTUPOBAHNS, MUHUMHU3AIIUU DHEPTOMIOTEPD U CHUKCHMS SKCIUTYaTallUOHHBIX 3aTPaT.

KiroueBble cj10Ba: )XU3HCHHBIN IUKJI, YIIPABJICHUEC XKU3HCHHBIM [MHUKJIOM, CUCTEMA TeHJ’IOCHa6)K€HPI5[, HIEHTpAJIN30BaH-
HOC Te]'[J'IOCHa6)KeHI/Ie, CTpOI/ITeHBHHﬁ O6'BeKT, I/ICKyCCTBeHHI)II\/’I HUHTCJUICKT, aBTOMAaTU3UPOBAHHOEC IMTPOCKTUPOBAHUEC, Ma-

IIMHHOC O6y‘I€HI/I€, OIITUMU3alUs, 3Heproc6epe>1<eHHe

Joist uuTupoBanus. Tuxomupos A.JL., JIsicoa E.I1. [ToBbinienue aexTHBHOCTH 3Tara MpoeKTHPOBAHUS KUZHEHHOTO
[UKJIa CHCTEMBI TETUIOCHA0XKEHUST CTPOUTETHHOTO 00bekTa. Cogpementvie meHOeHyuU 8 CIMpoumenbcmae, 2padocmpou-
menvcmee u niaanuposke meppumopuii. 2025;4(4):37-43. https://doi.org/10.23947/2949-1835-2025-4-4-37-43
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Introduction. The concept of integrated lifecycle management is a solid component of the modern management
toolkit, acting as a major factor in optimizing functioning of diverse facilities, from individual products to large-scale
projects and complex systems [1, 2]. This concept has a particularly important role to play in the construction industry,
where it serves as a foundation for organizing effective operation and management of real estate, first and foremost,
capital structures for a broad range of purposes [3, 4].

The introduction of a comprehensive approach to lifecycle management allows for the design of an integrated system
of regulation and control at all stages of a facility life cycle, starting from the design and ending with the decommissioning
stage. This approach ensures not only the rational use of resources at each stage, but also helps one to strike an optimal
balance between the operational characteristics, economic efficiency and technological parameters of a facility [1-3].

In the context of the construction industry, this concept is gaining momentum as it allows accounting for the specific
features of capital facilities, their long-term use and need for constant technical condition monitoring. At the same time,
a comprehensive approach serves a solid foundation for innovative technologies, cost optimization and quality improve-
ment of construction products at all of their life cycle stages [4].

In the construction industry, engineering systems are a vital component of infrastructural support of buildings and
structures creating optimal or acceptable microclimate parameters and ensuring comfort. In spite of the high relevance of
these systems for efficient operation of construction facilities, the field of modeling their life cycle, including information,
has not been sufficiently studied in the academic environment and is currently fragmentary in research literature [5-7].
This results in a major gap in developing the theoretical foundations of engineering systems management throughout all
of their operation stages.

Modern district heating systems must account for a host of factors, such as increasing urbanization, growing demand
for comfort, and the ability to customize the microclimate. Traditional methods of designing and managing heat supply
systems often fail to address these challenges resulting in design errors, unjustified material costs during construction,
energy overruns, increased heat loss and reduced operational reliability.

Organizations designing heat supply systems are facing a few difficulties, including the need to increase energy effi-
ciency, reduce the cost of designing and building systems, and tackle the environmental issues. Lately a major problem
has been the lack of design professionals in the field of developing full-volume information models of heat supply sys-
tems. One of the key tools for addressing the above problems is the use of artificial intelligence (Al).

In the article the authors are exploring the possibility of improving the efficiency of the design stage of district heating
systems based on the use of artificial intelligence, as well as the advantages and prospects of this approach.

Materials and Methods. As part of the study, a comprehensive analysis of the life cycle of the heat supply system of
buildings and structures was conducted by means of the method of analogies, comparative and systemic synthesis. A
detailed study of the stages of the life cycle, including design, installation, operation and modernization, is a testimant of
the possibility of developing an adaptive control mechanism for the system at all its stages.

The subject of the study was the district heating supply system, and the main aim is to examine the use of artificial
intelligence for complete design automation, a major life cycle stage, which provides energy effectiveness, efficiency,
reliability and environmental friendliness of future heat supply systems.

The use of artificial intelligence technologies will enable one not only to systematize the accumulated scientific and
practical data, but also to identify patterns of functioning of a heat supply system, which will open up new prospects for
optimizing its life cycle and increasing energy effectiveness.

Research Results. In modern conditions of urban infrastructure development, district heating systems are charac-
terized by a variety of constructive and technical solutions. The constantly expanding range of main and auxiliary
equipment causes some difficulties while choosing a district heating system. This calls for a meticulous consideration
of the numerous parameters and characteristics of each element of the complex engineering structure of a district
heating system. The task of developing a methodology for selecting the optimal district heating system capable of
providing the required level of efficiency, safety and economic feasibility at minimal operating costs is highly relevant.
An integrated approach to addressing this problem calls for a comprehensive analysis of all the aspects of functioning
of a system throughout its life cycle.

It makes perfect methodological sense to investigate the life cycle of a district heating system through implementing
five consecutive stages: pre-design preparation, design, direct operation, modernization and disposal (Fig. 1).
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1. Pre-design preparation

1 stage — requesting and collecting source data for design, including source data from re-
lated sections of the design documentation (general plan of a building or a structure, plans,
sections, etc.).

2 stage — developing technical specifications for the design (accounting for the category
and functional purpose of a building or a structure).

~~

2. Design

1 (3) stage — analysis of the initial data followed by calculations, identifying the composition
and selection of the main and additional equipment of a system.

2 (4) stage — preparing an explanatory note and developing the graphical part of a project
based on the calculation results.

3. Direct operation

1 (5) stage — assemblying a system.

2 (6) stage — start-up and commissioning aimed at checking, configuring and testing a system.
3 (7) stage — direct operation of the system in an optimal operating mode assuming consistent
and balanced operation of all of its elements throughout the entire life cycle.

4 (8) stage — scheduled and preventive maintenance.

1 (9) stage — forming technical specifications for modernization, studying system moderni-
zation options and elaboring the proposed technical solutions. |
2 (10) stage— selecting and implementing a modernization option.

2 (10) Saoe selerting and Implementns -

5. Disposal

1 (11) stage — dismantling outdated equipment and disposing of it once the maximum state
of the operational characteristics of the system equipment has been reached.

Fig. 1. Structure of the life cycle of the central heating system of a construction facility

Each of these stages is characterized by the implementation stages where the current state of a system, required set of
works and the expected outcomes are identified. The analysis of the stages allows us to form a holistic view of functioning
of the district heating system and to develop recommendations for optimizing its operation in the long run.

The design stage of district heating systems is particularly relevant, as this stage that is central for energy effectiveness
and reliability of future heat supply facilities. However, the acute lack of qualified design specialists, particularly in the
field of developing comprehensive information models of heat supply systems, might significantly undermine the quality
of design documentation and the efficiency of future heating systems. As a result, the design time, number of design
errors and as well as construction cost are on the rise due to some adjustments to be made [8].

Digital transformation of design serves as a strategic tool for improving the quality of design documentation and
ensuring the reliability of thermal power facilities [9-11]. Automated design systems are a set of software and hardware
tools that implement algorithmic modeling and optimization of design solutions. Their implementation makes it possible
to mitigate the risks associated with a lack of highly qualified specialists and ensure a required level of quality of project
documentation. The major task of computer-aided design is to create a system capable of analyzing input data (geograph-
ical, climatic, technical) and to generate optimal design solutions with minimal human involvement [12-14].

Artificial intelligence provides unique opportunities for complete design automation (information model develop-
ment) of a heat supply system at all of its stages [15-17]. Artificial intelligence allows heat consumption to be accurately
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predicted, hydraulic modes to be stabilized and energy losses to be minimized. This enables one not only to reduce fuel
costs, but also to address the environmental issues by cutting CO2 emissions.

Automation of the design stage in the lifecycle of a district heating system allows the stages to be included imple-
menting the following:

— developing an engineering digital model of an area (engineering surveys);

— placing heat consumers on the topplane;

— applying main and intra-block heating networks based on a geodetic substructure;

— developing a longitudinal profile of the heating networks;

— collecting and analyzing data (collecting data on the heat consumption, temperature fluctuations, etc.);

— conducting hydraulic calculations and developing thermal and hydraulic modes of a system;

— developing a mathematical model (based on the collected data, a mathematical model is created for predicting ther-
mal and hydraulic conditions with a high degree of accuracy).

The use of artificial intelligence in the design phase of district heating systems adds a new element — machine learning
— for predicting heat loads.

Artificial intelligence is trained mostly on regulatory documents in order to identify the technological limitations and
best examples of design solutions for developing optimal "thinking" of artificial intelligence.

The following are applicable for accurate prediction of thermal loads:

1) regression analysis methods and neural networks (e.g., LSTM networks) capable of accounting for time series of
data such as ambient temperature, historical heat consumption, and socio-economic factors;

2) genetic algorithms for optimizing network configuration (in order to identify the optimal topology of a heating
network, minimize a pipeline length, pressure loss and construction cost; each solution is encoded as a chromosome, and
optimization includes crossing, mutation and selection of the most effective options);

3) neural network models for hydraulic calculations (artificial neural networks are used to simulate hydraulic modes
in complex branched networks; network training is based on the data obtained from numerical simulations of the behavior
of complex systems or processes for quick evaluation of the system parameters — pressure, coolant flow — while oper-
ating conditions change);

4) integration with GIS systems (to account for some geographical factors (relief, location of buildings, infrastructure),
it is suggested that the design system is integrated with geographic information systems (GIS); this enables automatic
generation of heating network maps and spatial data analysis);

5) testing and optimization (the developed system is tested on real data and then optimized for a maximum efficiency);

6) validation and verification of the digital information model of the heat supply system;

7) transfer of a digital information model of a heat supply system using XML schemas to the next stage of the lifecycle
of a system.

Discussion and Conclusion. Introduction of automated design systems is not merely a technological trend, but rather
an objective necessity owing to the current requirements for energy effectiveness and reliability of district heating sys-
tems. Digital transformation of design is setting the stage for new quality of design solutions ultimately resulting in opti-
mization of capital investments and operating costs at all of the stages of the life cycle of thermal power facilities.

The use of artificial intelligence in the design of heat supply systems provides a few major advantages:

—addresing the lack of qualified design engineers;

—a sharp reduction in the design time while improving the quality of projects;

—a possibility of employing the resulting digital information model of a heat supply system at subsequent stages of
the life cycle of a system.

Designing a heat supply system by means of artificial intelligence is a promising area that is capable of greatly im-
proving the efficiency of heat and power management processes. Introduction of such systems facilitates energy-saving,
addresses the environmental issues and creates a comfortable living environment. Such technologies are expected to be
further developed and improved, making them even more sought-after in the field of thermal energy.
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Abstract

Introduction. In this paper, we consider the problem of predicting the strength of square-section centrally compressed
short concrete-filled tubular columns using machine learning methods. Traditional methods, such as the finite element
method and the theoretical-experimental approach involving selection of empirical formulas require significant compu-
tational resources and time. At the same time, these methods are not always capable of accounting for complex nonlinear
dependencies between the parameters. The key objective is to develop a high-precision model capable of predicting the
load-bearing capacity of columns using the major parameters.

Materials and Methods. For the current study, a database was generated containing the results of numerical experiments
on calculating the load-bearing capacity of square-section concrete-filled tubular columns in a physically nonlinear for-
mulation. As part of the study, models based on machine learning methods were designed and implemented using the
Jupyter Notebook interactive computing platform. The main method is the CatBoost mechanism (Gradient Boosting Re-
gressor). The resulting models were trained by means of nonlinear optimization methods.

Results. The article evaluates the degree of impact of each of the input parameters on the final predictions of the model.
The results on the degree of impact for the CatBoost and Random Forrest Regressor (RFR) models are obtained. The
quality of the resulting models evaluated using the R? value was 98% for CatBoost and 94% for RFR.

Discussion and Conclusions. The resulting approach has proved to be highly efficient in predicting the load-bearing capacity
of concrete-filled tubular columns, providing a balance between the accuracy of the results and computational complexity.

Keywords: concrete-filled tubular columns, machine learning methods, prediction, load-bearing capacity, artificial intel-
ligence, artificial neural networks
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TaKHe KaK METOJ KOHEUHBIX JJIEMEHTOB U TEOPETHKO-3KCIEPUMEHTAIBHBIH MOJX0/ ¢ MOAOOPOM IMIMpHYECKUX (popmyi,
TpeOyIOT 3HAUMTEIbHBIX BBIYUCIUTENBHBIX PECYPCOB M BpEMEHH. B TO 7k BpeMsI 3TH METOABI HE BCET/Ia CIIOCOOHBI YIHUThI-
BaTh CJIOXKHBIC HENMHEIHBIE 3aBUCIMOCTH MEXIy Mapamerpamu. OCHOBHAs I1eJIb — pa3padOTKa BEICOKOTOYHON MOJIEIH,
CIOCOOHOM MPEACKa3bIBATH HECYIIYIO CIIOCOOHOCTH KOJIOHH Ha OCHOBE KITFOUEBBIX [TAPAMETPOB.

Mamepuanst u memoost. [y ucciaenoBanus ObuIa CreHEpHpOBaHa 0a3a JaHHBIX, COCTOSINAS U3 PE3yIbTATOB YHCIICH-
HBIX 3KCIICPUMEHTOB 110 PacueTy HecyIel cnocoOHOCTH TpyOOOETOHHBIX KOJIOHH KBaAPATHOTO MONIEPEYHOTO CEYECHHS B
(u3nYecKn HEMHEHHOW MOCTaHOBKE. B paMKax MpoBeAeHHOTO UCCIIeJOBAaHHS OCTPOSHBI MOJICNIN Ha OCHOBE METOJIOB
MAaIIMHHOTO 00Y4€HHs, PEIN30BaHHbIE C UCIIOIB30BaHHEM HHTEPAaKTHBHON BBIYHUCINTENbHON u1aTdopmsl Jupyter Note-
book. OcuoBHbIM MeTonOM siBIsieTcs: Mexanu3Mm CatBoost (Gradient Boosting Regressor). O6y4ueHne mOCTpOSHHBIX MO-
Jieiel IpON3BE/ICHO C UCTIOIb30BaHUEM METO/I0B HETMHEHHOM ONTHMHU3aIINH.

Pe3ynomamot uccnedosanus. B crarbe npoBeeHa OIIEHKa CTEIIEHH BIUSHHS KaXXI0T0 BXOJHOTO IapaMeTpa Ha UTO-
TOBBIE MIpeACKa3aHusa MoJiesu. [orydeHbl pe3yabTaTsl 0 BEIMYNHE CTEIICHH BIMSHAA A Mozaener CatBoost n Ran-
dom Forrest Regressor (RFR). OueHka kadecTBa MOCTPOEHHBIX Mojenell mo BenuuuHe R2 coctasuma 98 % s
CatBoost 1 94 % — g RFR.

Oécyrncoenue u 3akniouenue. PazpaboTaHHBIN MOIX0] AEMOHCTPUPYET BBICOKYIO 3()(heKTHBHOCTH B 3a/1a4€ MPOTHO3H-
poBaHUS Hecymiel CIOCOOHOCTH TPYyOOOETOHHBIX KOJIOHH, obecniednBas OaJaHC MEXIy TOYHOCTBIO Pe3yJIbTaTOB M BBI-
YHUCIIUTENBHOM CII0KHOCTBIO.

KiroueBble cjioBa: TpyOOOCTOHHBIC KOJOHHBI, METObI MAIIMHHOTO OOyUYCHHMS, MPOTHO3HUPOBAHUE, HECYIIas CIOC00-
HOCTb, UCKYCCTBEHHBI MHTEIJICKT, UCKYCCTBEHHbIC HEHPOHHBIE CETH.

BuarogapHocTH. ABTOPHI BRIPaXKAIOT 0JIAr0IapHOCTD PEIAKIMK U PEIICH3CHTaM 32 BHUMATEIBHOE OTHOIIICHHUE K CTAThe
Y yKa3aHHBIE 3aME€UYaHUsl, KOTOPHIE TIO3BOJIMIN MOBBICUTH €€ Ka4eCTBO.

Jnsa uutupoBanus: Konnparsea T.H., Yemmyprerko A.C. [IporaosupoBaHue HecyIei crrocoOHOCTH TPyOOOETOHHBIX KO-
JIOHH KBaJIPaTHOTO CEYECHUS IIPU ITOMOIIN METOI0B MallMHHOTO 00yueHus. Cospementvie meHOeHYUU 6 CMpoUmenscmeae,
2padocmpoumenscmee u nianuposke meppumopuii. 2025;4(4):44-52. https://doi.org/10.23947/2949-1835-2025-4-4-44-52

Introduction. Evaluating technical condition of monolithic reinforced concrete structures is remaining an urgent and
common task, particularly considering there is a need to ensure they are durable and safe. This can be addressed not only
by means of analytical and computational methods [1-3], but also using the more up-to-date reputable methods of artifi-
cial intelligence (Al) and machine learning (ML) [4-6].

The commonly used finite element method (FEM) enables complex physical processes such as the nonlinear behavior
of materials, interaction of steel and concrete [7], as well as the influence of a range of loads to be accounted for [8].
However, the major drawback of the FEM is its high computational complexity and the need for a large number of
parameters in order to calibrate the model.

ML methods are a modern data analysis tool allowing one to identify complex nonlinear dependencies between input
and output parameters [9-11]. Unlike empirical formulas, machine learning enables patterns to be automatically identified
in large amounts of data making it a more versatile and efficient prediction method.

In [12], the authors examine the formation of defects in reinforced concrete structures by means of artificial intelli-
gence algorithms such as random forest (RF), support vector machine (SVM), classification and regression tree (CART),
and gradient boosting.

In modern practice, convolutional neural networks (CNN) are being increasingly used in order to predict the strength
of reinforced concrete structures [13-15]. E.g., in [13], the authors developed a CNN that is capable of two-dimensional
full-scale prediction of crack formation at early stages and description of the entire fracture process. A model capable of
predicting both crack initiation and propagation was set forth in [14]. In order to monitor the condition of reinforced
concrete structures at complex construction sites, the authors of [15] made use of a fully convolutional neural network
(FCN) to segment images and localize cracks on concrete surfaces, accounting for the heterogeneity of concrete proper-
ties. The resulting FCN model minimizes false positive and false negative results and is also of high quality, which enables
small and complex cracks to be segmented.

In [16], an automated classifier was developed that also functions as a tool for automatic detection and classification
of cracks in reinforced concrete columns of different levels of complexity by means of deep CNN (DCNN) methods. The
suggested DCNN model analyzes complex textures as well as noises and displays high crack detection accuracy of 96%
due to the depth of the model layers and expansion of each layer in a parallel manner.

In order to predict cracks in time, the authors of [17] made a step forward in their research and designed a hybrid
model combining DCNN and recurrent neural networks (RNN).
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Hence there is no doubt that ML algorithms have a few advantages, such as identifying patterns in large amounts of
data, detecting hidden patterns and dependencies accounting for the multidimensional nature of data, automatic analysis
of evaluating the condition of reinforced concrete structures using the major parameters, optimization of ML algorithms
and parallel computing.

However, these ML algorithms have some drawbacks, such as inaccuracy or weakness, limited generalization ability,
and low-speed operation [18, 19]. One of the key ones is the dependence of machine learning models on the quality of
training data and its volume.

While training most artificial intelligence models, data from field experiments is used in order to predict the strength
of concrete-filled tubular columns [20-22]. Such experiments are typically conducted on samples with relatively small
cross-sectional dimensions compared to actual structures. Considering the poor ability of machine learning methods to
extrapolate data, serious errors are likely while predicting the load-bearing capacity of actual structures. A solution would
be to make use of a combined approach, where training data is generated by means of a finite element calculation of
structures with actual dimensions using a method validated based on experimental data.

The objective of the study is to develop machine-learning models for predicting the strength of centrally compressed
square-section concrete-filled tubular columns using the data obtained as described above.

Materials and Methods. A database was generated for this study representing the results of numerical experiments
in order to calculate the load-bearing capacity of short square-section concrete-filled tubular columns according to the
methodology described in [23]. That data was used in order to develop and analyze models combining the traditional
methods of structural mechanics and machine learning algorithms.

The input parameters describing the basic geometric as well as physical and mechanical characteristics of the columns
were generated in uniform increments in the ranges typical of actual structures, which enabled a wide range of possible
combinations to be covered.

The key parameters are as follows: a is the external size of the column cross section, mm; t is the wall thickness of a
steel square tube, mm; Ry is the yield strength of steel, MPa; Ry is the compressive strength of concrete, MPa.

The output parameter is the load-bearing capacity of the concrete-filled tubular columns Nut, kKN. This indicator was
obtained as a result of numerical experiments performed according to the methodology described in [24]. The calculations
accounted for the complex interaction of the steel tube and the concrete core, including the joint operation of the materials
and their deformation behavior.

The analyzed data array is partially shown in Table 1. The training sample included the total of 22,308 items.

Table 1
Table of the generated data

No. a, mm t, mm Ry, MPa Rp, MPa Nuit, KN

1 100 3.00 220 10 349.71

2 100 3.45 220 10 385.27

3 100 3.91 220 10 420.72

4 100 4.36 220 10 455.76

5 100 4.82 220 10 490.38

6 100 5.27 220 10 524.59

7 100 5.27 220 10 524.59

8 100 5.73 220 10 558.38

9 100 6.18 220 10 591.76

10 100 6.64 220 10 625.31

11 100 7.09 220 10 657.89
22.299 500 10.55 840 120 44248.28
22.300 500 11.82 840 120 45887.56
22.301 500 13.09 840 120 47511.10
22.302 500 14.36 840 120 49118.97
22.303 500 15.64 840 120 50759.78
22.304 500 16.91 840 120 52338.05
22.305 500 18.18 840 120 53900.79
22.306 500 19.45 840 120 55501.41
22.307 500 20.73 840 120 57089.77
22.308 500 22.00 840 120 58609.37
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In order to improve the quality of the models, data preprocessing was performed: normalization, data separation, and
cross-validation. The values of each parameter were scaled in the range (0-1) in order to prevent the features with large
values from dominating. The generated data was divided into the training (80%) and test (20%) arrays for the model
training and evaluation.

The following machine learning algorithms were used to analyze the data and design models for predicting the strength
of centrally compressed square-section concrete-filled tubular columns: Linear Regression, Decision Tree, Gradient
Boosting, Random Forest Regressor, RFR.

The regularization method was used to normalize the parameters, the Optuna method for optimization, and
GridSearchCV and RandomizedSearchCV for hyperparameter selection. The range of parameter values for the CatBoost
model was: iterations — 1000-1500; depth — 4-8; learning_rate — 0.1-0.6; 12 reg_lambda — 1.9-4.9. For RFR:
n_estimators — 100-250; max_depth — 10-20; min_samples_leaf — 1-4. As the RFR model has no iteration tracking
option, model training is possible with a different number of trees and root mean square error (MSE) analysis. With a
small number of trees, the RFR model is undertrained and displays a low quality score. As the number of trees increases,
the MSE score gets stabilized and the quality score of the model becomes satisfactory.

For the trained models, the significance of the features was also analyzed by evaluating the degree of impact of each
input parameter on the final predictions of the model. This approach allowed us to identify an extent to which the predic-
tion results change when do the values of a certain feature.

Research Results. The statistical characteristics of the initial data set are shown in a table (Table 2). The main indi-
cators are as follows: sample size, sample mean, variation dispersion, extremes of the variable values. All of these indi-
cators help to statistically analyze the variables, identify their range in relation to their centre, show the asymmetry of the
distribution, and deduce the distribution laws of these variation rows.

Table 2
Table of the statistical characteristics
Parameter a, mm t, mm Ry, MPa Ry, MPa Nuit, KN
Number 22308 22308 22308 22308 22308
Mean 253.85 9.92 530.00 65.0 10564.50
Standard deviation 128.40 5.06 196.07 34.3 10419.09
min 100.00 3.00 220.00 10.0 349.71
max 500.00 22.00 840.00 120.0 58609.37

Fig. 1 shows the correlation between the model parameters. There is a strong correlation (0_6§|p|go_9) between

the parameters: the external size of the column cross-section and the wall thickness of the steel square tube ( Pa; =0.7);

the external size of the column cross-section and the load-bearing capacity of the concrete-filled tubular columns
(p,. =0.88); the wall thickness of the steel square tube and the load-bearing capacity of concrete-filled tubular columns
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10

£

£

ot
- 0.8

£

g
- 0,6

d‘f

=

of
04

£

z

I~
02

“

=z
- 00

Fig. 1. Correlation matrix
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The study focused on the CatBoost gradient boosting algorithm that showed the best results among the tested algo-

rithms (R% = 0.98).

The most significant parameter of the CatBoost model is the external cross-sectional dimension of the column, its
significance is 96%, the impact of the compressive strength of concrete was 33%, the yield strength of steel was 28%,
and the wall thickness of the square steel tube was 20%. The most significant parameters of the RFR model and their
degree of importance were distributed as follows: the external cross-sectional dimension of the column was 92%, the
compressive strength of concrete was 21%, the yield strength of steel was 17%, and the wall thickness of the square steel
tube was 14%. The significance of the influencing factors for both models coincides, and the quantitative assessment of
the contribution of each feature is clearly shown in Fig. 2 and 3, respectively.
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Fig. 2. Evaluation of the signifance of the features for CatBoost
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Fig. 3. Evaluation of the signifance of the features for RFR

06

The optimal parameter values obtained during the model training are shown in Table 3.

Table 3
Optimal values of the model parameters
Model Parameter Value
Iterations 1500
CatBoost Depth °
Learning rate 0.4
12 leaf reg 2.8
N estimators 180
RFR Max depth 6
Min samples leaf 1

The evaluation of the quality of the models is shown in Table 4.
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Model quality metrics

Metrics/Model CatBoost RFR
MAE 3.1 7.8
MSE 5.4 4.5

MAPE, % 0.015 0.007
R? 0.98 0.94

Fig. 4 and 5 show the error histograms: the actual values along the ordinate axis and the predicted ones along the
abscissa axis.
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Fig. 5. Error histogram for RFR

Discussion and Conclusion. This study has provided a comprehensive overview of the existing methods for predict-
ing the strength of concrete-filled tubular columns and outlines the advantages of using machine learning in this field.

Building constructions, buildings and engineering structures

49



https://www.stsg-donstu.ru

50

Modern Trends in Construction, Urban and Territorial Planning. 2025;4(4):44-52. eISSN 2949-1835

The use of machine learning methods, particularly CatBoost, has enabled us to identify the precise dependencies
between the parameters outperforming the traditional empirical methods. The prediction reliability using the R?value for
the model based on the CatBoost algorithm was 0.98. The model based on the Random Forest Regressor method displayed
a lower accuracy (R? = 0.94).

According to the analysis of the significance of the features, the external cross-sectional dimension of a concrete-filled
tubular column is the major parameter that has the greatest impact on its load-bearing capacity.

In further studies, the range of model parameters based on the current results is going to be expanded considering
some additional factors. The additional parameters can include the eccentricity of a longitudinal force, the flexibility of
an element, the proportion of prolonged loads in the total loading, etc.
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Abstract

Introduction. Precast reinforced concrete ribbed slabs are broadly used as floors and coverings for industrial, residential
and public buildings. Their use in this capacity is due to the high technological efficiency of manufacturing, efficient use
of concrete and the possibility of automating factory production. One of the critical tasks in designing such structures is
to calculate the bearing capacity of normal cross sections. Traditional calculation methods are reliable, but they are out-
dated. Machine learning methods are increasingly being employed in engineering, where researchers are opting for arti-
ficial neural networks (ANNS). The use of traditional methods in processing structured data such as tables and databases
has its limitations. Neural networks are capable of analyzing unstructured data such as text, images, and videos, which
opens up new prospects for analyzing and comprehending information. The article sets forth an approach to neural net-
work modeling of the bearing capacity of normal sections of prefabricated reinforced concrete ribbed slabs.

Materials and Methods. A structured and processed data array (dataset) includes 20 samples for which a computational
model based on a multilayer perceptron has been developed and verified. The input parameters are the geometric as well
as physical and mechanical characteristics of the slabs and the applied load, the output parameter is the limiting bending
moment calculated using the limit state method.

Research Results. Training on a limited sample did not lead to retraining of the model due to the correct division of data
into test, training and control batches and the use of the quasi-Newton optimization method. The model has displayed a
high level accuracy and reliability. Artificial neural networks are capable of identifying nonlinear dependencies between
the parameters with no a priori assumptions.

Discussion and Conclusion. The suggested model is not a substitute for the existing calculations, but it serves as an
efficient digital tool for quick verification of design solutions, optimization of reinforcement and improvement of struc-
tural reliability. Its implementation into BIM systems and digital construction platforms is in compliance with the require-
ments of Industry 4.0 and creates new opportunities for designing prefabricated reinforced concrete structures.

Keywords: ribbed reinforced concrete floor slab, bendable elements, artificial neural networks, machine learning
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AHHOTALUA

Beeoenue. CoopHbIe xeae300eTOHHbIE PeOPUCTHIE TUTUTHI MOTYYUIIN IIUPOKOE IPUMEHEHUE B KAYeCTBE MEPEKPHITUI 1
MOKPBITHH 3/JaHUH MPOMBIIUICHHOTO, XHUJIOTO U OOIIECTBEHHOTO Ha3HAuYeHHs. VX UCIOIb30BaHUE B JaHHOM KauecTBE
00yCIJIOBJICHO BBICOKOI TEXHOJIOTMYHOCTBIO U3rOTOBJICHHS, () (EKTUBHBIM HCIIOJIb30BaHHEM OETOHA M BO3MOXKHOCTBIO
aBTOMaTH3alluX NPOU3BOACTBA Ha 3aBojax. OJHOM M3 BaXKHBIX 3a4a4 IPU MPOCKTUPOBAHUU TaKUX KOHCTPYKIMH SIBIIS-
eTcsl pacyeT Hecyleil cnocoOHOCTH HOpMAaNbHBIX ceueHu. TpaauIioHHbIe METO Bl pacuéTa ABISAI0TCA HaIC)KHBIMHU, HO
MopaibHO yctapenu. Celqac B HH)KEHEPHOH IPaKTHKE BCE Yalle MPUMEHSIIOTCS METOIbl MAIIMHHOTO 00Y4eHHs, T/Ie HC-
CJIEZIOBATEIN JIENAIOT BHIOOP B MONB3Y MCKycCTBEHHBIX HelpoHHbIX cereil (MHC). Mcnonp30Banne TpaguinOHHBIX Me-
TOJIOB TIpH 00pabOTKE CTPYKTYPHUPOBAHHBIX JAHHBIX, TAKUX KaK TaOIHIBI M 0a3bl JaHHBIX, HIMEET CBOM OIPaHUYCHHUS.
Heiipocetn crocoOHBI aHATM3UPOBATh HECTPYKTYPHPOBAHHBIE AAaHHbIC, TAKHE KaK TEKCT, M300paKeHUS W BHUAEO, UTO
OTKpPBIBAET HOBBIC BO3MOKHOCTH JJIsI aHAJM3a M MOHUMaHUs HHpopMauu. B craTbe mpeasnokeH moaxon K HelpoceTe-
BOMY MOJICJTUPOBAHHUIO HECYIIEH CIIOCOOHOCTH HOPMAJIbHBIX CCUCHHM COOPHBIX JKeJIe300CTOHHBIX PEOPHUCTHIX IIJIHT.
Mamepuanot u memoowvt. CTpyKTYpUPOBaHHbBIN 1 00paOOTaHHBII MAaCCHB JaHHBIX (naTaceT) BKIoyaeT 20 00pa3nos, 1t
KOTOPBIX pa3paboTaHa 1 Bepu(ULMpPOBaHa pacu&THAst MOJIENIb HA OCHOBE MHOTOCJIOIHOTO repcenTpoHa. BxomHbMu napa-
METpaMH CIIy>KaT FreOMETpHIECKHe U (pU3NKO-MeXaHUUECKUE XapPaKTEPUCTHKHU IUTUT U BEJIMYMHBI IPUIOKEHHBIX HAIPY30K,
BBIXOZIHOM MapaMeTp — MpeIeNIbHbII H3rnOatouii MOMEHT, BBIYHCIICHHBIN 110 METOLy IIPE/IC/IbHBIX COCTOSIHUI.
Peszynomamut uccnedoganus. O0ydeHne Ha OTpaHMUCHHON BBIOOPKE HE NMPUBEIIO K IIEPe00yIESHHIO MOJIenH Onaroxaps
KOPPEKTHOMY Pa3JIeJICHUIO JaHHBIX HAa TECTOBYIO, OOYJArONIyI0 N KOHTPOJIbHYIO MAPTHH M HCIIOJIB30BAHUIO KBa3HHBIO-
TOHOBCKOTO METOJa ONTUMU3aNH. Moaens NpoJeMOHCTPHPOBaia BEICOKYIO TOYHOCTh U Haf€KHOCTh. MICKyCCTBEHHBIE
HEWpOHHBIE CETH YCIICIITHO BBISBIISIOT HEJMHEIHBIE 3aBUCUMOCTH MEX/y TTapaMeTpaMy 0e3 alpHOPHBIX JOMYIIECHHH.
Obcyscoenue u 3axniouenue. IIpennoxxeHHas MOENb HE 3aMEHsIET CYNIECTBYIOLINE PacyEThI, HO CITYXKUT 3((PEKTHBHBIM
U(GPOBEIM HHCTPYMEHTOM JUI OBICTPON NMPOBEPKM MPOEKTHBIX pPEIIeHWH, ONTHMU3AIMHA apPMHUPOBAHUS U TIOBBIMLICHUS
Haa&KHOCTH KOHCTpyKumit. E€ BHenpenue B cuctembl BIM 1 1udpoBbie miiathopmMbl CTPOUTENIBCTBA COOTBETCTBYET TpE-
6oBanusaM MHmyctprn 4.0 1 co3aeT HOBBIE BO3MOYKHOCTH IS IPOEKTUPOBAHUSI COOPHBIX JKeNIe300€TOHHBIX KOHCTPYKITHH.

KiroueBble ciioBa: peOpucTast sxesie300eTOHHAs IUTNTa MEPEKPHITUS, H3TH0aeMble 3IEMEHTHI, HCKYCCTBEHHBIE HEHPOH-
HbIE CE€TH, MAIIMHHOE 00y4YeHHE

Hdas umtupoBanus. Pummun B.U., Ycanos C.B., Beiapun A.H., Kepu A.E., Makaposa E.C. HeiipocereBoe moaenupo-
BaHHME NMPOYHOCTH HOPMAJbHBIX CEUCHHH COOPHBIX KeJIe300€TOHHBIX peOpHCThIX NT. CogpemenHbvle meHOeHyuu 6
cmpoumenvcmee, gpadocmpoumenvcmee u nianuposke meppumoputl. 2025;4(4):53-60. https://doi.org/10.23947/2949-
1835-2025-4-4-53-60

Introduction. In modern industrial and civil engineering, prefabricated reinforced concrete ribbed slabs are still one
of the most sought-after solutions for building floors and coverings due to a combination of cost-effectiveness, reliability
and adaptability they offer. Their use is justified by a high degree of factory readiness, ease of mass serial production,
and the optimal cross-sectional shape that minimizes concrete consumption while providing the necessary bearing capac-
ity and deformability.

The calculation of the strength of normal sections of ribbed slabs is an essential part of the calculations for the
1t group of limit states. Traditional calculation methods provided in SP (CIT) 63.13330.2018 "Concrete and Reinforced
Concrete Structures. Main Provisions" are reliable and reputable, but over the past two decades, machine learning
methods have been increasingly used in engineering. Researchers most often opt for artificial neural networks (ANNS).
The advantage of ANNS is their capacity to identify hidden non-linear relationships between a set of input parameters
and a target variable. Unlike analytical models, ANNs do not call for a priori specification of functional dependencies
making them of a particular value, especially for identifying the bearing capacity of building structures. The issues of
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information modeling in calculating building structures and using artificial intelligence in this field have been elabo-
rated in Russian [1-8] and overseas [9-16] technical literature.

The aim of the study is to develop and verify a neural network model for predicting the bearing capacity of normal
sections of prefabricated reinforced concrete ribbed slabs.

Materials and Methods. The objects of the study were 20 ribbed slabs with a cross-section width from 1460 to
1150 mm, a working height from 370 to 240 mm and a span from 4550 to 8100 mm. For more information about the
dataset, see Table 1.

Table 1
Characteristics of ribbed reinforced concrete slabs
No. | b, mm ho, mm b, mm lo, mm g, KN/m | Rp, MPa | Rs, MPa | Agp,cm? | My, KNm
1 1460 370 150 6250 16.95 17 695 4.40 124.15
2 1160 370 185 7080 19.60 17 870 6.08 147.39
3 1160 344 185 7900 11.93 22 1215 2.49 111.70
4 1150 270 150 5675 18.15 17 520 5.88 87.70
5 1360 344 185 8100 18.66 22 1300 4.51 214.25
6 1360 344 185 8100 17.40 17 1300 2.27 94.54
7 1450 240 150 5400 16.90 17 1250 2.88 92.40
8 1450 270 150 7050 16.89 17 1390 3.23 157.42
9 1450 270 150 4700 11.31 17 1390 1.15 46.84
10 1360 260 185 4690 17.54 22 1130 212 67.52
11 1460 370 150 6200 17.05 17 690 4.50 128.20
12 1160 370 185 7050 19.30 17 880 5.98 145.10
13 1160 344 185 7850 11.53 22 1190 2.53 115.10
14 1150 270 150 5700 18.25 17 530 6.05 90.30
15 1360 344 185 8000 18.82 22 1300 4.61 220.10
16 1360 350 185 8050 17.00 17 1250 2.05 93.38
17 1450 240 150 5350 16.50 17 1250 2.72 90.50
18 1450 270 150 7000 16.68 17 1390 3.18 156.10
19 1450 270 150 4750 11.33 17 1390 1.19 49.92
20 1360 260 185 4550 17.24 22 1130 1.95 65.23

The following parameters are provided for each plate: the reduced shelf width b (x1), working height ho (x2), reduced
rib width b (xs), estimated span lo (x4), applied evenly distributed load q (xs), prismatic concrete strength Ry (xe), yield
strength of steel reinforcement Rs (x7), cross-sectional area of the prestressed reinforcement As, (Xs) and the limit bending
moment Myt (y). The latter will be the result of the prediction of the neural network model in the future. The limit bending
moments are calculated using the limiting state method.

In order to design the neural network model, the STATISTICA 14.0 software package was used with the Neural
Networks module providing the implementation of the architecture as a multi-layer perceptron with reverse error prop-
agation. Designing the neural network as a multi-layer perceptron is due to the special features of the task at hand. The
artificial neural network includes three layers. The input layer consisted of the above 8 independent variables. The
number of neurons in the hidden layer ranged from 1 to 20. After passing through the hidden layer, the signal, trans-
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formed at each stage with the corresponding activation functions, entered the output layer containing a single depend-
ent variable, My (y). Each of the neurons of the hidden and output layers is connected to all of the neurons in the
previous layer.

The dataset size allowed us to obtain the optimal ratio of the training, test, and control samples in percentage rates of
70, 15, and 15, respectively. The number of epochs (training cycles) is 1000 (Fig. 1). All the activation functions were
tested at each stage to process the incoming signals (Fig. 2).

% SANN - Automated Network Search (ANS): Spreadsheet_RS ? X - E SAMN - Data selection: Spreadsheet_RS 7 X
Active neural networks Quick  Sampling (CNN and ANS) | Subsampling
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Fig. 1. Characteristics of the neural network model: a — for a random selection; b — for the hidden layer and the ANN training
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Fig. 2. Selected activation functions of the hidden and output layer of the neurons

The Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) is one of the most efficient quasi-Newton optimization
methods for training artificial neural networks. The loss function with weights is iteratively minimized. As part of the
ongoing study, this algorithm was used in order to adaptively update network parameters based on the approximation of
the inverse Hesse matrix allowing us to account for the second derivatives of the error function without explicitly calcu-
lating them. The Sum of squares (SOS) given by formula (1) was used as the objective function:

E(w;j) = X (i — v 1)
where yi is the output value of the i-th neuron of the output layer; y;i” is the required value of the i-th neuron of the output layer.
The training was carried out iteratively, i.e., at each stage (epoch), all the observations were the sequential input, and
the resulting values were compared with the target ones and the corresponding error was calculated. In the STATISTICA
software package, the calculation results are presented in a table. The accuracy of the neural network forecasting results
was estimated by comparing the results of the designed model with the experimental values and was calculated using the
formula (2):
S = YiuHc'_Yi . 100%, (2)

Yi

where yiann is the value of the destructive bending moment obtained during prediction using ANN in the first test; y; is
the actual value of the breaking bending moment in the ith test.
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10 MLP architectures with the number of hidden layers from 2 to 19 were tested (Fig. 3 and 4). The best results were
shown by a neural network with the MLP 8-9-1 architecture highlighted in a green frame.

| Net. name | Training perf Test perf. Val perf Training error Test error Validation error Training algonthm Error function Hidden activation Output activation
[ MLP 871 0,994085  0,996291 0,998809 10,62153 16,48046 9,93623 BFGS 15 S0s Logistic , Identity
-10-1 0.9996(9 0 99949y Q.yug2sy 0690492 [TRPL 15,3048 BEGS 9 508 lann 1
I MLP 8-9-1 0983134 0.995300 0.999878 31.72447 12.67781 58.40971 BFGS 15 SOS Identity T:Eh
MLP 8-17-1 0,996219  0,998305 0,996374 6,83131 18,37588 20,66575 BFGS 11 S0S Tanh Identity
MLP 8-14-1 0.992155  0.,997018 0.998773 13,76911 21,46851 20.28928 BFGS 11 SOSs Identity Identity
MLP 8-131 0,984357  0,998660 0,999682 28,9871 6,83088 53,70908 BFGS 21 SO0S Tanh Tant
MLP 8-11-1 0.992339  0.997115 0.999887 13,50086 16.44569 11,82677 BFGS 11 S0s Tanh Identity
MLP 8-19-1 0,995462  0,996490 0,998304 8,10334 15,24956 9,80945 BFGS 11 S0Ss Logistic Identity
MLP 8-9-1 0.998522  0,997551 0,998666 2,71952 7.02600 9,66670 BFGS 34 S0s Tanh Exponentia
MLP 8-2-1 0.999066  0.998745 0.998871 1.76863 4.50505 440192 BFGS 58 S0S Loaistic Exponentia

Fig. 3. Characteristics of the resulting ANNs

[ Met name | Training perf. | Test perf | Validation perf. | Training error | Testeror | Validation eror | Training algorithm | Error function | Hidden activation | Output activation
! MLP §-9-1 0,983134 0.995300 0.999878 31,72447 1267781 5840971 BFGS 15 505 Identity Tanh

Fig. 4. Characteristics of the best ANN

The values of the limiting bending moment according to the calculation and forecast of the selected ANN are shown
in Table 2. It can also be seen whether each case belongs to the training or test series.

Table 2

Prediction results for the selected ANN
Case Mt Mult - Qutput

name Target 3. MLP 8-3-1

1 [ 124 1500 127.8000
2 1473900 149 7304
3 111,7000 118.3796
4 a7, 7000 81,9504
b 94 5400 1003477
[ 92 4000 101.5405
9 46,8400 41 1607
10 67,5200 71,4283
12 145 1000 1472489
13 1151000 114 5124
14 90,3000 90,6634
15 2201000 196.9605
16 93,3800 84,6343
20 65,2300 62,0702

The average relative error of MLP 8-10-1 calculated using formula (2) is 5.6%. According to the graph (Fig. 6), the
obtained model is highly accurate and is good at the task at hand. It is plain to see that there is only one case that is slightly
removed from the diagonal, which is the ideal location of the prediction points. The other values predicted using the
model only slightly deviate from the diagonal.

Mult (Target) vs. Mult (Output)
Samples: Train

220
210
200 5
190
180

Mult (Output)
]
o
Q

20 40 60 80 100 120 140 160 180 200 220 240
Mult (Target)

Fig. 6. The actual and prediction values Muit ratio
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The selected ANN has been "trained" to account for the existing implicit dependencies between all the parameters. It
does not just "memorize" the data, but discovers physically justified patterns. The neural network model does not make
use of any assumptions (regarding the shape of the stress plot, etc.), it is only trained on actual data. At the same time, as
the size of the dataset increases, a significant rise in the accuracy of the suggested model is to be expected.

It is to be noted separately that it is not only the accuracy of the model that is an advantage, but also the calculation
time using all the known methods, including numerical modeling, is inferior to neural networks. This is yet another argu-
ment in favor of further implementing ANNSs in the design.

Research Results. The results serve to prove that artificial neural networks are a new viable approach to identifying
the bearing capacity of bent elements and are an efficient method of the problem solution. The average ratios of actual
and calculated destructive bending moments and their variation coefficients turned out to be 0.993 and 0.069, respectively.
In spite of its high accuracy, to date ANN has not been able to substitute the other methods of calculating structures, but
can be recommended as an additional digital tool for testing design solutions, optimizing reinforced concrete elements
and improving structural reliability.

Discussion and Conclusion. The developed model can be integrated into BIM systems, which corresponds to the
strategy of Industry 4.0. The successful application of ANNSs in construction is a natural stage in the engineering science
evolution. A further step might be developing an open API for accessing the model within a digital platform.
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Abstract

Introduction. Due to the high volumes of lumber production in the Russian Federation, there is an issue of recycling used
band saw blades (UBSB) with a service life of 20-500 hours. A way to tackle the problem at hand is to make use of
UBSB as a reinforcement material for wood elements. This solution also contributes to a reduction in the cost of such
structures by making a reinforcement material more affordable to purchase. This study focuses on investigating the ad-
hesive strength of a UBSB-wood bond.

Materials and Methods. Studies of the adhesive strength of a “wood-reinforcement” adhesive joint have been a compar-
ative analysis of the test results of samples with the inclusion of UBSB, as well as rods of a steel and composite reinforce-
ment. Reinforcement elements were glued into pine wood blanks with an adhesive composition based on epoxy resin
ED-20 (a hardener is polyethylene polyamine, a filler is quartz sand, a plasticizer is dibutyl phthalate). The tests were
conducted by means of pulling out using the REM-100 machine at a speed of 5 mm/min. Statistical processing of the
experimental results included the calculation of the average value of the destructive load for each group of the samples,
as well as the variance, standard deviation, and coefficient of variation.

Research Results. The wooden samples with glued reinforcement bars showed a high strength of the wood-reinforcement
joint which was close to the samples with a steel reinforcement with a difference of about 4% and was considerably
beyond the strength of the samples with a composite reinforcement — up to 20%.

Discussion and Conclusion. The adhesive joint of wood with reinforcing elements made of reinforced concrete has a
sufficiently high adhesive strength which was close to that of the samples with a steel reinforcement. Hence the use of
UBSB as a material for reinforcing wooden elements and structures is an appropriate and efficient way of enhancing the
performance of load-bearing structures made of wood. On top of that, such a solution would tackle the problem of the
disposal of reinforced concrete, as well as to a degree reduce the cost of reinforced wooden structures (RWSs) "in action"
due to the low cost of a reinforcing material.

Keywords: used band saws, wood reinforcement, adhesive strength, epoxy glue, wooden structures, waste disposal
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

AJre3suBHasi MPOYHOCTH KJI€EBOI'0 COeJHMHEHHS JPEeBECHHbI ¢ apMATYpPoOil U3 OTPadOTAHHBIX
IOJIOTEH JICHTOYHbIX ITNJI

J.0. Msicuukos <=, B.A. Penun =, C.H. Pomuna

Bnamumupckuii rocynapcTBeHHBIH yHUBEpCHTET UMeHH Ajekcanapa ['puroppeBuda u Hukxomas I'puropreBmya CTOJETOBBIX,

r. Bnagumup, Poccuiickas ®@enepanns
>4 daniil.miasnikov.96@mail.ru

AHHOTAIIMA

Beeoenue. B cBsi3u ¢ BRICOKUMU 00beMaMHu IPOU3BOJICTBA MHUIIOMAaTepralioB B Poccuiickoit denepaiiuu BO3HUKACT MPO-
OJieMa Mo YTUIIM3aIUH OTPaOOTaHHBIX MOJI0TeH JIeHTOUHBIX v (OIJIIT), cpok ciryx0b1 KoTOpbIX cocTanseT 20—500 ua-
coB. OmHIM H3 c1oco00B e pemeHus sBisieTcsa ucrnons3oBanne OITJII] B kauecTBe MaTepuaia Jjs apMHPOBAHHUS dJIe-
MEHTOB U3 JPEBECHHEL. Takoe pemieHne CIOCOOCTBYET CHIDKCHHIO CTOMMOCTH «B J€Je» TaKMX KOHCTPYKIHIl 3a Cuér
YACIIeBICHHUS apMHUPYIOIIEro Mareprana. Hactosmas paboTa mocBsIeHa NCCISIOBAHNIO aiT€3HOHHOM MPOYHOCTH KIIe-
esoro coenuaenus OIIII ¢ npeBecHHOM.

Mamepuanot u memoowi. VlccienoBanus aAre3MBHON NPOYHOCTH KJIEEBOIO COEAUHEHUS «IpEBECUHA—AapMaTypay Mpe-
CTaBJISUTH COOOM CPaBHUTEIBHBIN aHATH3 PE3yJIbTATOB UCIBITaHUS 00pa3sioB ¢ BkitodeHueM OIJIIL, a Taxke cTepskHei
CTaJIbHOU U KOMITO3UTHOW apMaTypbl. ApMHUPYIOIIUE JICMCHThI ObLTH BKJICCHBI B 3arOTOBKH U3 IPEBECUHBI COCHBI C MTPH-
MEHEHHUEM KIIeeBOI KOMIIO3UIIMH Ha OCHOBE SMOKCUIHON cMOItbl D/]-20 (oTBepauTeNIb — MOJUATHIEHIIONUAMUH, HATIOJI-
HUTEIh — KBapIIEBbIH MeCOK, miacTudukaTop — audyTtuidtanat). VICTbITaHNS BBIMOIHSINCH HA BBIIEPTHBAHUE C T10-
Moo Manuael POM-100 npu ckopoctu 5 MM/MuH. CTatrcTHUecKas 00pabOTKa pPe3yIbTaTOB IKCICPHUMEHTA BKITIO-
gaja pacdeT CpeJHET0 3HAYCHHs pa3pylIarolledl Harpy3KH IUId KaXKIOW TPYIIBI 00pasIoB, a TakKe AUCICPCHH, CTaH-
JAPTHOTO OTKJIOHEHHS U KOA((HUIIIEHTa BapHAIIHH.

Pe3ynomamut uccnedosanus. Jlepesiaabie 00pasiml ¢ BireeHHbIME OITJITT mokasamy BEICOKYIO POYHOCTH COCTUHEHHS
«IpeBecHHa—apMaTypay, OJIH3KY0 K 00pas3IiaM co CTaIbHOH apMaTypoii ¢ pa3HHIIei 3HaueHIH 0K0II0 4 % ¥ 3HAYUTEITHHO
MIPEBBIIAIONTY0 TPOYHOCTH 00PA3LOB ¢ KOMIIO3UTHOW apMatypoiit — 110 20%.

Odcyscoenue u 3axnouenue. Kieeroe coeIMHCHNE APEBECHHBI ¢ apMupyromumu dneMerTamu w3 O obnamaer nocta-
TOYHO BBICOKOW aJre3MOHHOM MPOYHOCTHIO, OJIM3KOW K MPOYHOCTH 00PA3IOB CO CTaIbHOW apMmarypoil. Takum oOpazom,
ucnons3oBanue OIUIII B kauecTBe MaTepHaia AJIsl apMUPOBAHUS JIEPEBSIHHBIX JIEMEHTOB M KOHCTPYKLIUII SBJIseTCA IieTie-
c000pa3HbIM 1 () (HEKTHUBHBIM CITOCOOOM MOBBINICHUS SKCIUTYaTAIIMOHHBIX KAYECTB HECYIIUX KOHCTPYKIIMNA U3 IPCBECHHBI.
Kpome Toro, Takoe perieHre Mo3BOJIUT PemnTh pobaemy mo yrunuzanuu OIJII, a Takke HeCKOJIbKO CHU3UTh CTOUMOCTh
apMHUPOBaHHBIX JIepeBSHHBIX KoHCTpyKImi (AJIK) «B neney» 3a cu€t HI3KOH CTOMMOCTH apMHUPYIOIIETO MaTepraa.

KiaroueBble ciioBa: 0Tpa60TaHHLIe JICHTOYHBIC MHJIbI, apMUPOBAHUC APEBCCUHDBI, aArC3UBHAsA IIPOYHOCTb, 3HOKCI/IZ[HBIﬁ
Kﬂeﬁ, JACPCBAHHBIC KOHCTPYKIUH, YTUIIN3AllUA OTXO40B

BaarogapHocT. ABTOpBI BRIPAKAIOT OJIArOAapHOCTh PELICH3EHTaM, Ybsi KPUTHUECKAs OLIEHKA TPEICTABICHHBIX MaTepHa-
JIOB U BBICKa3aHHBIE MPEIOKEHHS 110 UX COBEPIICHCTBOBAHHIO CIIOCOOCTBOBAIIU 3HAYUTEILHOMY OBBIIICHHIO KAa4eCTBa
HACTOSIIIEH cTaThi. ABTOPBI OJaroIapsAT pyKOBOACTBO Ja00OpaToOpuu 3a MpeI0CcTaBICHHOE 000pyI0BaHUE JJISI UCTIHITAHUH.

Jas umtupoBanus: MscuaukoB J1.0., Periun B.A., Pomuna C.M. Aare3uBHasi pOYHOCTD KJIEEBOTO COSIMHEHUS JIpeBe-

CHHBI C apMaTypOii U3 OTPabOTAHHBIX MOJIOTEH JIEHTOUYHBIX UIl. Cogpementbie meHOeHYuY 6 CMpOUmenbCmee, 2pado-
cmpoumenvcmee u naanuposke meppumopuil. 2025;4(4):61-68. https://doi.org/10.23947/2949-1835-2025-4-4-61-68

Introduction. The use of industrial waste for manufacturing reliable building structures is a trend in construction
industry development regarding promoting environmental protection and environmental conservation [1]. In the Russian
Federation, lumber production is accompanied by industrial waste accumulation, including used band saw blades with
their service life limited to 20-500 hours with no recycling technologies in place [2]. The use of reinforced concrete as a
material for reinforcing wood elements would tackle the problem of utilizing reinforced concrete, in addition, the cost of
such structures "in action" would be lower due to a reduction in the cost of reinforcing material. It was noted in [3, 4] that
reinforcement of wooden structures helps to increase their strength and rigidity, allows up to a 30% reduction in wood
consumption and installation weight, the use of lower grades of wood, etc., which will enable a considerable reduction in
the cost of building structures made of wood "in action" [5].

This study is dedicated to developing a method for reinforcing wooden structures (RWSs) using UBSB by examining
the adhesive strength of the adhesive joint of such reinforcing elements with wood [6].

The scientific novelty of the work is a new method of reinforcing elements made of wood, the results of experimental
studies of the adhesive strength of the wood-reinforcement joint using UBSB compared with reinforcing materials made
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of steel and composite reinforcement rods [7]. The aim of the work is to evaluate the adhesive strength of the
wood-UBSB adhesive joint in comparison with the other types of reinforcement, such as steel and composite as well as
to identify the degree of suitability of UBSB for manufacturing RWSs [8].

Materials and Methods. As part of the study, the adhesive strength of the wood-reinforcement joint was analyzed
for three types of reinforcing materials:

— band saw blade with a cross-section of 1.2x25.6 mm and a variable tooth pitch of 10/14;

— steel reinforcement of a periodic profile with a nominal diameter of 8 mm;

— composite reinforcement of a periodic profile with a nominal diameter of 8 mm.  Pulling tests were conducted on
wooden blanks made of common pine wood with a cross-section of 50x50 mm [9].

Sample preparation. Three groups of samples (five models in each group) were produced with the following types of
glued reinforcement elements (Fig. 1) [10]:

1. Bimetallic canvases (UBSB) with a cross section of 1.2x25.6 mm and a length of 200 mm (sample brand:
BAP-1-BAP-5);

2. Steel reinforcement rods of periodic profile according to GOST 34028-2016 "Rolled Reinforcement for Reinforced
Concrete Structures" with a diameter of 8 mm and a length of 200 mm (sample grade: BAD-01-BAD-05);

3. Rods of composite reinforcement according to GOST 31938-2022 "Composite Polymer Reinforcement for Rein-
forcing Concrete Structures™ with a diameter of 8 mm and a length of 200 mm (sample grade: BAD-31-BAD-35).

1
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Fig. 1. Diagram of the samples with glued reinforcing elements:
a — composite, steel reinforcement; b — used band saw blades

The grooves in the wooden parts of the samples for gluing the struts were made of a rectangular shape with a depth
of 3.7 mm and a width of 30.6 mm using a groove cutter with a diameter of 10 mm on a Makita 3612C milling cutter
at 30,000 rpm [11]. For gluing the steel and composite reinforcement rods, blind holes with a diameter of 13 mm and
a depth of 80 mm were arranged in wooden blanks [12].

UBSB canvases were subjected to mechanical treatment in order to remove the galvanic layer and roughen their sur-
face for improving adhesion to the adhesive joint [13].

The adhesive composition had the following composition [14]: ED-20 epoxy resin (100 parts by weight), polyethylene
polyamine (12 parts by weight), quartz sand (300 parts by weight) and dibutyl phthalate (20 parts by weight) [15]. The
adhesive mass was kneaded in an Overhead stirrer PE-8300 blender at 300 rpm for 5 minutes [16]; applied to wooden blanks
with a syringe (150 mm?) or a spatula with a flow rate of 0.2 kg/m; curing was provided at 24°C for 12 hours (Fig. 2).

Testing methodology. Pulling tests were carried out on a REM-100 machine at a loading speed of 5 mm/min [17].
The destruction of the sample was an event where the reinforcing element was completely or partially pulled out of the
wooden part of the sample (Fig. 3). The value of the destructive load was recorded automatically by means of the bursting
equipment [18].
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c)
Fig. 2. Finished samples with glued reinforcing elements:
a — composite reinforcement; b — steel reinforcement; ¢ — used band saw blades

https://www.stsg-donstu.ru

Fig. 3. Scheme of the pulling tests on the REM-100 machine with the samples:
a — used band saw blades; b — steel reinforcement; ¢ — composite reinforcement
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Research Results. The main results of the experimental studies were the values of the destructive loads of the samples.
The experimental results were processed by means of mathematical statistics elements [19]. The following statistical
characteristics were calculated within each group of the samples: mean (x), variance (g), standard deviation (), coefficient
of variation (CV) and minimum strength (M) shown in Table 1.

Table 1
Characteristics of statistical processing of the test data
Material Loads, kN x, kN g, kN? o, kKN CV, % M, kN
Band saw blades 11'26152_'%11‘?'8; 11.18 0.4319 0.657 5.88 10.52
Composite .Q 700
reinforcement 9.5,8.7,90; 8.96 0.2830 0.532 5.94 8.43
_ 8.2;9.4
(d=8mm)
Steel reinforcement | 12.3; 10.2; 10.8;
(d =8 mm) 12.4: 12,5 11.64 1.1265 1.061 9.12 10.58

Fig. 4 shows a diagram of the values of destructive loads for the samples. The results are indicative of a high reliability
of the data enabling one to quantify the mechanical characteristics of the tested samples [20].
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Fig. 4. Test results (the results of the average destructive load values are displayed in a brighter color)

UBSB joints with wood show a high adhesive strength (11.18 kN, CV = 5.88%) comparable to steel reinforcement
(11.64 kN, CV = 9.12%) and superior to composite one (8.96 kN, CV =5.94%) [21]. The stability of the joints is due to
the mechanical treatment of the surface of the baldes, which increases adhesion to the adhesive [22]. The destruction
occurred on the wood confirming the reliability of the adhesive joint [23].

Table 2
Comparative results of the average destructive load values
Band saw blades Composite reinforcement Steel reinforcement
(d =8 mm) (d =8 mm)

Average load x, KN 11.18 8.960 11.640
Ratio of the values

. . 1.00 0.801 1.041

in proportions

Discussion and Conclusion. Wooden samples with glued-in used band saw blades showed a high strength of the
wood-reinforcement joint, close to the samples with a steel reinforcement with a difference of about 4% and considerably
beyond the strength of samples with a composite reinforcement — up to 20%.
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In spite of the fact that the samples with a steel reinforcement showed the highest strength, its variability (CV = 9.12%)
calls for quality control of wood and adhesive joint [25]. In turn, the samples with a composite reinforcement are inferior
in their strength to those with reinforced concrete due to the lower roughness of its surface [25].

The reliability of the data was ensured by a strict adherence to the rules and technology of testing and high-quality
operation of the equipment being used. It is to be noted that in order to reliably adhere the surface of the wall to the
adhesive layer, there was preliminary preparation, i.e., mechanical processing for removing the galvanic layer and at the
same time to roughen it.

The use of solid waste for reinforcement of wooden elements of load-bearing structures allows for a reduction in the
cost of solid waste disposal, as well in that of RWSs "in action". The suggested method of reinforcing wooden structures
with the use of reinforced concrete has prospects to be implemented in producing light wood-based building structures.

All of the above is indicative of the fact that reinforced concrete structures are quite suitable for reinforcing load-
bearing elements made of wood, but in order to completely evaluate the efficiency of such a solution, it is essential to
investigate the stress-strain of wooden structures reinforced with UBSB.
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Abstract

Introduction. China's construction industry developed in three phases: the first peak occurred in the 1950s, and the second
one in the 1980s and 1990s. Generally, buildings constructed during the construction boom were characterized by rela-
tively low design and construction standards resulting in poor quality. Currently, buildings constructed during the first
and second phases are entering a phase of "aging"” due to some factors such as low construction standards and outdated
construction methods. Both the buildings themselves and their structures are flawed. Over time, most buildings exhibit
varying degrees of deterioration and serious damage requiring urgent inspection, repair, and reinforcement. To meet the
needs of social development, proper repair, reinforcement, and reconstruction of existing buildings is essential. The aim
of this study is to identify the possibilities of reinforcing defective building structures with modern composite materials
manufactured in China.

Materials and Methods. The object of the research are methods of strengthening reinforced concrete pillars. The author
suggests using a systematic approach that accounts for the adjacent functional areas, their mutual influence and an expert
assessment of their significance.

Research Results. The analysis showed that the strengthening mechanism for reinforced concrete columns subjected to axial
compression and strengthened with carbon fiber sheets is a combination of carbon fiber sheets and concrete influenced by a
host of factors. The strengthening method is strictly regulated, and the lateral restraint provided by the carbon fiber sheets
under loading is capable of improving the compressive strength, structural stability, and durability of the columns.
Discussion and Conclusion. The strengthening methods for existing buildings vary widely, each with its own unique
advantages and limitations. For example, bonded steel is fast to construct but requires a high quality; section enlargement
is cost-effective but reduces space; carbon fiber strengthening offers numerous advantages but has limitations in investi-
gating nodes and calculating load-bearing capacity. Although extensive research has been conducted on strengthening
reinforced concrete axial compressed columns, the effectiveness depends on a host of factors. The discussion demon-
strates that the choice of a strengthening method should be tailored to actual conditions. Carbon fiber strengthening re-
quires further research, while strengthening axial compressed columns requires technological optimization. Furthermore,
existing standards and regulations should be revised to reflect new advances and best practices.
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

MeToabl yCHJIEHHS 7KeJ1e300€TOHHBIX KOJIOHH ¢ IOMOIIBIO YIJIepoAHOro BojiokHa B Kurae

Ys Cauioii D<
[arpxyHCKHI TpaHCHOPTHEIA YHUBepcHTeT, KuTaiickas HapoaHas peciryoiuka, nposuHuus [llanbnyw, r. L[3unans

< chexiangyu003@163.com

AHHOTaLUA

Beeoenue. CtpoutenbHas oTpacib Kutas B HacTosiee BpeMsi CTPEMHTENIBHO pa3BHBaeTCs. IIepBbIid MUK TPUIIENCS
Ha 1950-¢ rojpl, a BTopoit — Ha 1980-¢ u 1990-¢ roabl. B nenom, 31anus, MOCTPOCHHBIC B IIEPHO CTPOUTEIILHOTO OyMa,
XapaKTePU30BAIUCh OTHOCUTEIIFHO HU3KUMH CTaHJApTaAMH IMPOCKTUPOBAHUS U CTPOUTEIBCTBA, YTO TMPUBOUIO K HI3-
KOMY KadecTBy. B Hacrosiee Bpems 3/1aHus, TOCTPOCHHBIC B TCUCHHE MEPBOTO M BTOPOTO ITAIOB, BCTYHAKOT B (a3y
«CTapeHUs» U3-3a TakuX (PaKTOPOB, KAK HU3KKE CTAHIAPTHI CTPOUTEILCTBA M YCTAPEBIINE METOJIBI CTPOUTEILCTBA. Kak
CaMH 3/1aHUs, TaK U UX KOHCTPYKITHH SBIISIOTCS HecoBepIIeHHBIMU. CO BpEMEHEM OOJBIIMHCTBO 3/1aHUI IEMOHCTPUPYIOT
Pa3IHYIHYIO CTETICHb CTAPEHHUS U CEPhEIHBIE TIOBPEKICHIS, TPEOYIOIINE CPOTHON AUATHOCTUKH, PEMOHTA M YKPETUICHHS.
s ynoBieTBOpeHHs TOTPEOHOCTEH CONMATBHOTO Pa3BHTHS HEOOXOIUMO MPOBOAUTH HAIJICKAIINN PEMOHT, YKpeIlIe-
HUE U pPEKOHCTPYKIHUIO CYIECTBYIOIINX 31aHuil. [{erp HacTosAIIero necieJoOBaHus: BEIABICHHE BOZMOKHOCTEH yCHUIICHUS
Ie(pEKTHBIX CTPOUTEIFHBIX KOHCTPYKIIMY COBPEMEHHBIMHI KOMITO3UTHBIMU MaTepHaIaMu, MPON3BOIUMBIMHU B Kutae.
Mamepuanst u memoovt. OOBEKTOM UCCICIOBAHUS SBISIOTCS METOIBI YCHIICHUS JKEIe300€TOHHBIX CTOJO0OB. ABTOP
MpejuIaraeT MCIoIb30BaTh CHCTEMHBIH ITOAXO0]], YIUTHIBAIONINNA MPHJIETAOINe (QYHKIIMOHAIEHBIC 30HbI, UX B3aHMOBIIH-
SHUEC U OKCIICPTHYIO OLUCHKY 3HAYMMOCTHU.

Pe3yromamut uccnedosanusn. AHanu3 mokasai, 4TO MEXaHU3M apMHUPOBAHUS KeJIe300€TOHHBIX KOJIOHH, MOJBEPIaro-
IIMXCSI OCEBOMY COKATHIO U apMHUPYEMBIX JIUCTAMHU U3 YIIIEPOJHOTO BOJIOKHA, IPEACTABISACT COO0OH KOMOHHAIIUIO TUCTOB
U3 YIIIEPOJHOTO BOJIOKHA K OETOHA, Ha KOTOPYIO BIHMSIOT MHOXKECTBO (pakTOpOB. MeTO 1 apMUPOBAHUS CTPOTO perilaMeH-
THPOBaH, a 00KOBOE OrpaHUUCHKE, 00CCIICUNBAECMOE JINCTAMHU U3 YIIIEPOIHOTO BOJIOKHA MPU HATPYKCHUH, MOXKET ITOBBI-
CUTb IIPOYHOCTb HA CXKATHE, CTPYKTYPHYIO YCTONUYHUBOCTD U IOJITOBEYHOCTh KOJIOHH.

Oébcysncoenue u 3axniouenue. MeTopl yKPEIUIEHHUS CYIIECTBYIONINX 3aHUNA pa3sHOOOPAa3HbI, ¢ YHUKAJIbHBIMH IPEUMY-
[IeCTBAMH U OTPaHUYCHUSIMH, HAIIPHMEpP: METOJ IPUKICHBAHUS CTalld OBICTP B CTPOUTEIBLCTBE, HO TPEOYET BEICOKOTO
Ka4yecTBa; METOJl YBEIIMUCHHS CCUSHHSI IKOHOMUYCH, HO COKpAIIaeT MPOCTPAHCTBO; METOJ| YKPEIICHUS YTIIEPOIHBIM BO-
JIOKHOM 00JIaZIaeT MHOXKECTBOM TIPEHMYILECTB, HO IMEET HEIOCTATKH B UCCIICOBAHHUH Y3JIOB U pacdyeTe HeCcyIlleH Cro-
cOoOHOCTH, XOTS HCCIIECIOBAHNE YKPETUICHHUS apMaTypHO-OCTOHHBIX OCEBBIX CXKATHIX CTOJIOOB JOCTaTOYHO TTyOOKOEe M
3¢ deKT 3aBUCUT OT MHOTHX (hakTopoB. OOCYX/IeHUE TIOKAa3hIBACT: BRIOOP METO/A YKPEIUICHHUS JOJDKEH YUUTHIBATH pe-
aNbHBIC YCIIOBHS;, METO YKPEIDICHHUS YIIIEPOAHBIM BOJIOKHOM TpeOyeT MaNIbHEHITNX UCCIIeOBAHHM, a YKPEIICHAE OCe-
BbIX CXKATbIX CTOJ'I6OB — ONTUMU3ALNU TEXHOJOTHH, IIPU 3TOM CYHICCTBYIOUINE CTAHAAPTHI U HOPMATHUBLI HYKHO II€PE-

CMOTPETH C YUCTOM HOBBIX }IOCTI/I)KeHI/Iﬁ " MPaKTHUKH.

KiioueBble ¢JjI0Ba: CTPOUTENbHBIE KOHCTPYKIIUHN, METO]] YCHUJICHHUS YIJIEPOIHON TKaHbIO, ApMUPOBAHUE JKeTe300eTOH-

HBIX KOHCTPYKLUI

Jast uutupoBanus: Us Csutoil. MeToabl YCUTIEHUS Kelle300€TOHHBIX KOJIOHH C MIOMOIIBIO YTIIEPOTHOTO BOJIOKHA B

Kurae. Cospemennvie mendenyuu 6 cmpoumenvbcmaee, 2padoCmpoumenscmee U NIAHUPOBKE MeppUmopull.
2025;4(4):69-77. https://doi.org/10.23947/2949-1835-2025-4-4-69-77

Introduction. Strengthening buildings entails reinforcing worn out and damaged structural materials and building
structures in order to restore their functionality. Compared to the new construction, projects to repair and strengthen
existing building structures offer the advantage of shorter construction time, lower investment costs, and higher payback.
The building reinforcement and renovation sector in China is set to experience a considerable growth [1-2]. Thus research
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and practical use of the theory and technologies of building reinforcement and reconstruction are of a great theoretical
and engineering value.

Materials and Methods. Of late China has made a major progress in both theoretical research and engineering de-
velopment in renovation and reinforcement of existing buildings. There is a growing number of methods of reinforcing
existing buildings and structures, particularly in the commonly used concrete structures. Lots of basic reinforcement
methods have emerged. Let us take a look at some.

1. Bonding of steel elements. This method consists of attaching steel plates to the outer surface of concrete elements
in order to increase their bending and shear strength, thereby their safety. It is commonly suitable for environments with
a humidity of 20% and is used in order to reinforce bent elements exposed to conventional static forces [3]. Compared to
large-scale construction, it is characterized by a short construction period, minimal amount of onsite work, and minimal
impact on the physical appearance of existing building elements and the space above it. However, the method calls for
high-quality construction, and the choice of adhesive material and the builders’ professionalism are crucial to its effi-
ciency. On top of that, if there are voids following bonding of the steel elements, they are extremely difficult to remove.

2. Increasing the cross-section. This method consists of increasing the cross-sectional area of concrete elements in
order to enhance their load-bearing capacity and comply with the operational requirements. It is characterized by a rela-
tively low construction cost and a wide range of applications, including reinforcement and modernization of various
structural elements (beams, slabs, columns and walls) [4]. However, its major disadvantages are a long onsite construction
time, significant environmental impact as well as reduction in usable area due to the increased cross-sectional area, which
causes some limitations.

3. External steel reinforcement. This method consists of wrapping the surface of the concrete element with electro-
welded steel profiles (available for both dry and wet methods) in order to increase the load-bearing capacity of the ele-
ment. The method considerably increases the load-bearing capacity and rigidity of the element, is relatively easy to man-
ufacture and calls for a short construction time making it commonly used to strengthen building elements [5]. However,
external steel reinforcement also has a few disadvantages, such as high steel consumption, high cost and complexity of
processing the joints of the elements.

4. Reinforcement by changing the design scheme. This method changes the transmission of forces in the structure by
adding support points, beams (braces) or converting multi-span beams with simple supports into continuous ones. This
considerably reduces the calculated bending moment, increases the load-bearing capacity of the structural element, and
achieves the goal of reinforcing the original structure. Depending on the method of adding support points, the joint can
be classified as a "wet" or a "dry" one. While using a wet joint, the contact surfaces between the beam and the support, as
well as the concrete cast following pouring, at the support points call for roughening, scale removal and wetting. Micro-
expanding concrete is commonly used for pouring. While using dry joints of steel clamps, cement mortar is poured be-
tween the steel clamp and the beam surface. After the steel clamp has been securely welded to the support, all of the gaps
between the contacts are sealed and filled with a dry, durable solution. The method includes both additional reinforcement
of the support and reinforcement used in combination. Additional reinforcement of the support strengthens the structure
by adding load-bearing support elements. Despite the simple principle and the reliability of the transfer of effort, it is
labour-intensive and might affect the aesthetics and functionality of a building, particularly spatial displacement. It is
more suitable for strengthening structures with limited gaps and large spans. The complex reinforcement method can be
divided into partial reinforcement, full reinforcement and foundation reinforcement. Strengthening is achieved by chang-
ing the transmission path of forces and increasing the load-bearing capacity and deformation capacity of the structure.
The method also includes such methods as removal of girder (truss) walls, removal of girder columns, replacement of
girder columns and modification of the load-bearing system [6]. It includes strengthening the structure, lifting with jacks
and correcting the alignment of the superstructure, as well as removing rejected components. The method is characterized
by a short construction time, low cost and minimal impact on production and daily life. It is suitable for strengthening
tasks such as increasing usable area and ensuring structural safety in both new and existing buildings.
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5. Prestressed fittings. Prestressed reinforcement can be divided into two types depending on the purpose of strength-
ening. One of them is prestressed reinforcement with screeds which is mostly used to strengthen beam-plate structures,
frame structures, trusses and elements subject to significant non-central compression. Depending on the purpose of stren-
thening and the load requirements of the reinforced structure, the location of the ties can be divided into horizontal (or
linear), reinforcing (or broken) and mixed. Another method is prestressed reinforcement which is mostly used for frame
columns subject to axial compression and slight off-center compression. Double reinforcement reinforcement is suitable
for reinforcing elements compressed axially and columns subject to small non-central compression, whereas single rein-
forcement is suitable for reinforcing columns subject to large non-central compression, with insufficient compressed re-
inforcement or low strength. The method makes use of prestressed steel rods (horizontal rods supporting transverse ele-
ments, retaining rods, and combined rods) in order to strengthen the load-bearing capacity of the structure. This method
makes it possible to reduce the stress level in reinforced elements leading to a considerable increase in reinforcement
efficiency and an increase in the overall load-bearing capacity of the structure. The method might also affect the appear-
ance of reinforced elements. It is more suitable for reinforcing medium- and large-span structures, and is also effective
for strengthening highly stressed and deformable concrete elements [7]. However, it should not be used in structures
subject to increased shrinkage and creep of concrete, while corrosion of prestressed reinforcing rods should be paid a
great deal of attention to.

6. Reinforcement method by gluing carbon fiber sheets. This method makes use of a special adhesive to glue carbon fiber
sheets to the surface of the component, forming a composite material. This composite material interacts with the original
structure or component, strengthening and improving its load-bearing capacity. This method has some advantages such as
low weight, reduced thickness, availability of materials according to specifications, and resistance to alkalis, corrosion, and
acids. The low weight and simplicity of the technological process enable it to be used in a limited space. On top of that, the
reinforcement does not affect the normal use of the building making it simple, fast and widely applicable.

As early as in the late 19" century, the technology of gluing reinforcing carbon fiber fabric was widely used in devel-
oped countries such as the USA and Japan. Since it got introduced in China in the late 1990s, it has grabbed engineers’
attention and has become a center for research and application of new materials for building reinforcement. A considerable
number of previously constructed buildings currently fail to comply with the new operational requirements, have low
design standards, low functionality and is in need of urgent strengthening. Gluing carbon fiber materials in order to rein-
force concrete structures is the most convenient and effective reinforcement method that does not require the production
to stop. It is particularly suitable in situations where the cross-sectional area of existing structural elements cannot be
increased, space on the construction site is limited, and construction time is tight. On top of that, the method is suitable
for reinforcing bridges, culverts and various other concrete structures. However, in the theoretical research and engineer-
ing application of the modern carbon fiber adhesive reinforcement method, there are still a number of issues to be solved.
When it comes to the material properties, carbon fiber sheets used for reinforcement are typically less than 0.2 mm thick,
but have a high tensile strength of over 3000—-4000 MPa, which is about 10 times that of structural steel. They are thus
particularly suitable for strengthening reinforced concrete elements subject to both bending and stretching. However, in
order to reinforce a wide range of compressive elements, more research is needed on reinforcement mechanisms and
methods of using carbon fiber sheets. Thus, in order to comply with the requirements for reinforcement and modernization
of a large number of existing buildings, studies of the stress-strain state and methods of reinforcing compressive elements
with carbon fiber sheets have a great theoretical and applied significance [8].

Due to the continuous development of carbon fiber reinforcement technologies in China, the "Technical Code for Rein-
forcing Concrete Structures with Carbon Fiber Sheets" CECS 146:2003 (the 2007 edition) has been officially published, and
a corresponding set of drawings for reinforcing structures has been published. This code takes a full consideration of the
latest research conducted by numerous domestic universities and research institutes over the recent years, integrating valua-
ble practical experience gained by a range of organizations in using carbon fiber materials for structural reinforcement in
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design and construction. It also draws on extensive international literature in order to provide scientific and authoritative
guidance on the theoretical research and engineering practice of carbon fiber reinforced concrete structures.

In general, the use of carbon fiber glued sheets for reinforcing concrete structures has led to numerous advances in
both theoretical research and engineering applications. However, there are still lots of theoretical problems and technical
difficulties to be addressed. For example, the mechanism of operation and specific methods of applying carbon fiber glued
reinforcement at the joints of components have been insufficiently studied, and the system of analysis and calculation of
load-bearing capacity is in need of improvement. In particular, in the field of reinforcement of compressed elements,
although the current "Technical Code for Reinforced Concrete Structures with Carbon Fiber Sheets" CECS 146:2003 (the
2007 edition) clearly states that the use of carbon fiber sheets for reinforcing concrete columns might limit the deformation
of concrete, thereby increasing compressive strength and reducing the axial coefficient with current research remaining
insufficient and incomplete [10]. The regulations emphasize that the effect of reinforcement with carbon fiber sheets can
be taken into account in the design only if there is reliable evidence [9]. Therefore, in order to further expand the scope
of carbon fiber sheet reinforcement and increase the efficiency of its reinforcement, it is particularly essential to conduct
more in-depth and systematic research on existing theoretical and technical issues.

Let us analyze the reinforcement mechanism and methods of constructing reinforced concrete columns operating on
axial compression and reinforced with a carbon fiber sheet.

1. Theoretical analysis of elements operating on axial compression.

An element operating on axial compression perceives axial force along the axis of its center of gravity of the cross-
section when the point of application of the external force acting on the element coincides with the center of gravity of
the cross-section of the element, and the stress distribution over the cross-section of the element is uniform.

When an element operating on axial compression fails, the direction of force coincides with the axis of the element.
As a rule, when a reinforced concrete column is subjected to axial compression, the clamps limit the lateral expansion
and deformation of the concrete inside it, exerting lateral compression on the concrete core. The combined effect of
various vertical axial pressures and a small initial eccentricity compresses the entire shaft of the column, causing com-
pression and deformation of the steel rods, which results in the ultimate flow rate of the inner steel rods. Due to the
protrusion of the steel reinforcement, there are cracks on the concrete surface of the column shaft that become more
distinct as the load increases. After steel reinforcement has failed, the load-bearing capacity of the element is not suffi-
cient, and cracks on the concrete surface eventually cause complete failure to occur.

2. Stress analysis during axial compression of elements reinforced with carbon fabric.

The characteristics of the elements under axial compression reinforced with carbon fabric differ significantly from
those of non-reinforced elements.

After reinforcing the axial compressed element with carbon fabric, it becomes a structure subject to secondary stresses.
Before the carbon fabric was applied, the axial compressed element had been under stress (primary stress), i.e., stresses
and deformations in it. However, the newly glued carbon fabric is not stressed at this moment. It is only when a test load
(secondary stress) is applied that the new part of the carbon fabric connected to the concrete starts being stressed. There-
fore, the stress and deformation of the newly added carbon fiber part are always behind the accumulated stresses and
deformations of the original component. When the load-bearing capacity of the original component has reached its limit,
the newly added carbon fabric has not yet reached its limiting state of bearing capacity, and its tensile strength might
continue playing its role.

The degree of unloading of the original component and the treatment of new and old joint surfaces are two important
factors impacting the joint operation of the reinforced component.

In order to reduce the problem of the stresses and deformations of the newly added carbon fiber part, the component
must be unloaded prior to reinforcement. When the reinforced component fails, the reinforced part can reduce accumu-
lated stresses and deformations that lag behind the original component. At the initial stage of the load-bearing capacity,
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unloading has a greater impact on the reinforcement efficiency of the component. There are two specific unloading meth-
ods: direct unloading and indirect unloading. Direct unloading implies the complete or partial removal of the load from
the component, while indirect unloading implies the application of a counteracting force to the existing structure in order
to relieve accumulated stresses and deformations at the initial stage of the load.

3. Processing the interface between new and old reinforced components.

Processing of the interface and the quality of the bond between the carbon fiber sheet and the source component have
a direct impact on the final reinforcement effect. Compressive and shear stresses between the new and old structures are
transmitted across the boundary, so the interface must be smooth and even. In order to investigate the bond strength
between the carbon fiber sheet and the original structure, the carbon fiber sheet is first glued to a concrete sample, and
then a shear test is performed. This enables an analysis of the influence of the factors such as surface treatment, bonding
material, and concrete strength on bond strength. Carbon fabric has an extremely high tensile strength. The transverse
carbon fiber fabric in axially compressed elements not only coordinates the deformation with the clamps in axially com-
pressed elements, but also works in conjunction with the longitudinal carbon fiber fabric acting as a hoop that increases
the load-bearing capacity of axially compressed elements.

4. Stress mechanism in axially compressed elements reinforced with carbon fiber sheets.

When concrete in an axially compressed column is subjected to compressive forces in a few directions, its volume
changes. This is due to a gradual change in stresses and deformations in the concrete resulting in small cracks. Applying
lateral pressure to the concrete surface at this point might limit the rate of change of these small cracks thus causing an
increase in the load-bearing capacity of the concrete. If the concrete surface is wrapped with a steel tube or other hoop-
shaped shell, the expansion of the concrete volume is limited by the lateral force applied by the shell, thereby reducing or
slowing down the rate of change of stresses and deformations in the concrete, which ultimately results in an increase in
the axial compressive strength of the concrete and improves its ductility. This principle is commonly used in practical
applications in engineering reinforcement, e.g., in pipe concrete. This type of material, which optimizes mechanical prop-
erties of concrete and increases its axial compressive strength by applying lateral forces to the concrete surface, is called
space-limited concrete. If the prefabricated shell, which transmits lateral forces to the concrete surface, is made of carbon
fabric, it is regarded as concrete with a limited space.

There has been some research into the methods of strengthening reinforced concrete columns operating on axial com-
pression with carbon fabric. While using carbon fabric to reinforce concrete structures, there are three common reinforce-
ment methods: wet bonding, continuous fiber winding, and prefabricated sheaths. The specific construction process using
carbon fabric is the following:

1) preparation of the concrete column mounting surface to increase the contact area;

2) applying metal mesh in order to increase the strength of the concrete column;

3) pouring concrete into the gaps between the metal mesh to strengthen the structure;

4) wrapping with a plastic wrap in order to preserve moisture and prevent cracking;

5) cutting a carbon fiber sheet;

6) preparation and application of glue, sheet sticker (after the fastening is completed, it is necessary to wait till the
adhesive joint has hardened);

7) inspection and additional reinforcement of all of the areas weakened with glue;

8) maintenance services.

Having studied multiple materials and relevant literature as well as having conducted numerous theoretical studies
and engineering developments based on the characteristics of carbon fiber reinforcement, and in order to ensure effective
reinforcement in combination with reinforcement methods for columns subjected to axial compression, carbon fiber
sheets and static load tests, factors affecting the optimal construction method must be considered.
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Researchers in China and abroad have achieved considerable results by means of the experimental research and analysis
of factors affecting concrete reinforcement with carbon fiber sheets. The factors affecting the load-bearing capacity of rein-
forced concrete columns subjected to axial compression and carbon fiber reinforcement can be summarized as follows:

— Smoothness of the surface to be bonded.

While using carbon fabric for bonding and reinforcing concrete structures, the surface of the concrete component must
be preliminarily polished. Mechanical methods or manual polishing can be used in order to remove loose and damaged
areas of the concrete surface, as well as the dirt from the aggregate and mortar making the surface of the concrete com-
ponent relatively smooth and even. This contributes to the carbon fabric adhering tighly to the surface of the concrete
component, thereby improving the adhesion of the surface to be bonded.

— Selecting and cutting carbon fabric.

While choosing a carbon fabric, it is necessary to confirm the strength of the materials used by the manufacturer prior
to the testing to ensure that they are in compliance with the specification and specify the strength class. The choice of
strength class (1 or 2) must be taken into account while designing the concrete component to be tested.

Cutting carbon fiber fabric. Firstly, the formed carbon fiber fabric must be cut to a specified size according to the
design requirements. Uneven or oblique cutting against the fibers is strictly prohibited in order to prevent the fibers from
falling off. Secondly, after cutting, the bonding direction should correspond to the direction of the carbon fiber fibers.
Thirdly, the cut carbon fiber tape must be dry, clean and unpolluted to avoid the sticking of sand, wax, oil, etc .

— Choosing the glue.

While choosing an adhesive, it should be taken into account whether the microstructure of bonding and the bond
strength are in compliance with the requirements. There are lots of types of interface agents on the market with different
compositions and binding properties. The selection must be carried out in compliance with the requirements of the carbon
fiber fabric operating instructions.

— The method of gluing carbon fiber fabric.

According to the research and analysis of carbon fiber fabric at home and abroad, different bonding schemes have
varying degrees of an increase in the load-bearing capacity of concrete components. This can be controlled by means of
adjusting the size of the spacing, width of the location and shape of the circumference of the carbon fiber fabric ring.
There are presently four types of bonding methods used:

— single-layer annular concrete column;

— double-layer annular concrete column;

— vertical and horizontal wrapping;

— full wrapping.

Research Results. A comprehensive and in-depth analysis and study of the reinforcement mechanism and methods
of constructing reinforced concrete columns subjected to axial compression using carbon fiber sheets has been performed.
From both a microscopic and macroscopic perspective, the reinforcement mechanism shows that due to their high strength
and elasticity carbon fiber sheets are tightly bound to concrete. When exposed to columns undergoing axial compression,
these stresses are impacted by complex and diverse factors. The concrete strength, degree of reinforcement, as well as the
number and quality of carbon fiber sheet layers have a considerable effect on reinforcement.

When it comes to the construction methods, each stage from the preparation of the structure to the direct bonding is
strictly regulated. Safety and precautions are of primary importance during construction. Employees must utilize personal
protective equipment in order to prevent injury from flying fibers of carbon fiber sheets. On top of that, the construction
conditions must be in compliance with the requirements, including appropriate temperature and humidity, in order to
ensure reliable adhesion of carbon fiber sheets to concrete. According to the in-depth analysis of the stress mechanism,
carbon fiber fabric glued to a concrete column undergoing axial compression will generate lateral constraints. Due to the
ring effect created by the carbon fiber fabric, this passive restraint system can effectively limit the lateral deformation of
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concrete, thereby improving the compressive strength of the reinforced concrete column and the overall stability and
durability of the structure.

Discussion and Conclusion. In the field of construction, strengthening existing buildings is essential to ensuring their
structural safety and functionality. There are currently lots of strengthening methods with their own characteristics.

The method of reinforcement using steel plate bonding allows for quick work and shorter construction time, but puts
a great deal of pressure on the quality of work: from choosing the materials to the bonding technology, each stage must
be in compliance with the standards, otherwise it will affect strengthening and building safety. The method of reinforce-
ment by increasing the cross-section has a low cost, but it takes up space inside the building, changes the internal layout
and affects the functionality of the building. The carbon fiber reinforcement method is commonly used — the materials
have high strength, lightness and corrosion resistance, and are capable of increasing load-bearing capacity and earthquake
resistance without adding significant weight. However, it has limitations in the analysis of nodes and the calculation of
load-bearing capacity calling for further research to be conducted. The effectiveness of strengthening centrally com-
pressed reinforced concrete pillars depends on lots of factors, such as material properties, quality of work, etc.

In actual practice, while choosing a reinforcement method, it is necessary to conduct a comprehensive assessment of
the condition of a building and flexibly adjust the approach. The carbon fiber reinforcement method calls for an in-depth
study and improvement of the theoretical foundations of design; strengthening centrally compressed pillars calls for de-
velopment of new materials and technologies, as well as increased quality control. On top of that, outdated standards and
regulations are in need of a timely reviewe in order to ensure the scientific justification of reinforcement.
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Abstract

Introduction. The major task in designing warehouse and storage facilities whose building structures experience horizontal
operational loads is not only ensuring strength, load-bearing capacity and permissible vertical deformations (residue), but
also stability and operability under the action of horizontal operational loads caused by lateral pressure from the weight of
liquids or bulk materials. Traditional constructions of such structures made of monolithic reinforced concrete or metal are
characterized by high material consumption, labor intensity and duration of construction (assembly). The article explores the
prospects for constructing warehouse and storage facilities from prefabricated blocks of various structures.

Materials and Methods. Applied structures and technologies for constructing warehouse and storage facilities have been
analyzed, their main disadvantages and issues arising at the stages of construction and operation have been identified.
New structures of LEGO blocks and technology for the assembly of prefabricated buildings and structures using the
method of vertical reinforcement of masonry for perceiving horizontal operational loads are set forth. Mathematical mod-
eling and calculation of the parameters of the stress-strain state (hereinafter referred to as SSS) of warehouse structures
made of LEGO blocks under the action of permanent and temporary operational loads from the weight of liquids or bulk
materials has been conducted.

Research Results. New designs of LEGO blocks have been developed, a technology of constructing prefabricated ware-
house and capacitive objects from them has been set forth, the regional parameters of vertical reinforcement of masonry
from LEGO blocks have been identified depending on the height of the structure and the level of filling containers with
liquid and bulk materials.

Discussion and Conclusion. The results are recommended for use in the design and construction of warehouse and storage facilities
for agricultural and other purposes. The introduction of such structures implies an increase in the pace of construction, enhanced
quality control of construction and a scientific justification for monitoring a technical condition during operation of a facility.

Keywords: storage facilities, warehouses, prefabricated structures, LEGO blocks, mathematical modeling
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HOCTH, HECYILIEH CIOCOOHOCTH M JONYCTHMBIX BEPTHKAJIBbHBIX JedopMaiuii (0cagok), HO ¥ yCTOHYMBOCTD U pabOTOCIIO-
COOHOCTB IIPH ICHCTBIH FOPU30HTAIBHBIX KCIUTyaTallMOHHBIX HATPY30K, BEI3BAHHBIX OOKOBBIM JaBICHUEM OT BECA KU~
KOCTEH I CHIITyYHX MaTepuasioB. TpaauIIOHHBIE KOHCTPYKINHU TAKUX COOPY)KEHHH N3 MOHOJHMTHOTO KeIe300eToHa
WJIN METaJula OTIMYAIOTCS BEICOKOH MaTEPHAIOEMKOCTBIO, TPYJOEMKOCTBIO U IIPOIOKUTEINEHOCTHIO BO3BEACHNUS (MOH-
Taxa). B cTaree paccMOTpeHBI MEPCIEKTUBEI CTPOUTENHCTBA EMKOCTHBIX U CKIIACKUX COOPYXECHHUH U3 COOPHBIX OBICT-
POBO3BOAMMBIX OJIOKOB PAa3IMYHBIX KOHCTPYKIIHH.

Mamepuanvt u menoOvl. BBITIONHEH aHAIU3 NPUMEHAEMBIX KOHCTPYKLUM M TEXHOJIOIMH BO3BEJCHHUS €MKOCTHBIX U
CKJIQJICKUX COOPYXEHUH, BBISIBIICHBI X OCHOBHBIE HEJJOCTATKU U MPOOJIEMbI, BO3HUKAIOIINE HA CTA/IUSIX CTPOUTEIHCTBA
n sKcmyaranuu. [Ipeanoxxens! HoBble KOHCTpYKIMH JIET'O-6110K0B M TEXHOJIOTHSI MOHTa)Ka OBICTPOBO3BOJMMBIX 371a-
HUH ¥ COOPYKEHHH C HCIOJIE30BaHUEM METO/1a BEPTUKAILHOTO apPMUPOBAHMS KJIQJAKHU JUISl BOCTIPHSTHS TOPH30HTAIBHBIX
9KCIUTyaTaI[MOHHBIX Harpy3oK. BEINOIHEHO MaTeMaTHYecKoe MOJECIUPOBAHKE M pacueT MapaMeTpoB HANpPsDKEHHO-Ze-
¢dopmuposanHoro cocrostaus (manee — HJC) xoHCTpyKIHii cknaackux coopyxernit n3 JIEI'O-0110Kk0B, BO3HUKAIOIIETO
IIPU JEWCTBHUM MTOCTOSTHHBIX U BPEMEHHBIX KCIITYaTal[HOHHBIX HArPY30K OT Beca KUIKOCTEH MIIH CBITYYNX MaTepPHAJIOB.
Pe3ynomamut uccnedosanus. Pazpadorans! HoBble KoHCTpYKIH JIET O-010K0B, TIpeAIoxKeHa TEXHOIOTHS COOPYKEHUS
13 HAX OBICTPOBO3BOJMMBIX CKIACKHX M EMKOCTHBIX OOBEKTOB, ONPENENIEHBI PalliOHAIbHbBIE TAPAMETPBl BEPTUKAIIb-
Horo apmupoBaHus KIaaku u3 JIET'O-010k0B B 3aBUCHMOCTH OT BBEICOTHI COOPYKEHHS U YPOBHS 3aIIOTHEHUS EMKOCTEH
KUAKHUMU U CBIITYYUMU MaT€pHrajlaMu.

Oobcyscoenue u 3axniouenuesn. [lomyueHHbIe pe3ybTaThl PEKOMEHAYETCS UCTIOIB30BATh PU MPOCSKTUPOBAHUH B CTPO-
HUTCIBCTBC CMKOCTHBIX U CKIIAACKHUX coopymeHHﬁ CENbCKOXO03MCTBEHHOTO U UHOTO Ha3HAUCHHUS. BHe;:[peHHe TaKHUX KOH-
CprKHI/Iﬁ npeanojara€T yBEJINUYCHUE TEMIIOB CTPOUTEIILCTBA, YIIYUIHICHUC KOHTPOJIA KauCeCTBAa BO3BCACHUA U HAYYHOC
000CHOBaHNE MOHUTOPUHTA TEXHUYECKOTO COCTOSIHUSI B TIPOLIECCE DKCILTyaTallul 00bEKTa.

KiroueBble cj10Ba. €MKOCTHEIS COOpYXKCHUS, CKIaabl, 6BICTp0BO3BO,Z[I/IMLIe KOHCTPYKIHUH, .HEFO'6J'IOKI/I, Mar€MaTnu4dc-
CKOC MOJCIINPOBAHUC

Jas uurupoBanus: Yxan Oans, [Ipokonos A 1O. IlepcrektuBsl npumeHerns JIEI'O-0110k0B U1 BO3BEACHUS CKIIA-

CKHX ¥ eMKOCTHBIX COOPYXXEHHUIA arpOIpPOMBIIUICHHOTO KOMILUIeKca. Cospemenble MeHOeHYUU 8 CIpPOUmensCmee, pa-
docmpoumenscemee u nianuposke meppumopuii. 2025;4(4):78-94. https://doi.org/10.23947/2949-1835-2025-4-4-78-94

Introduction. The design and construction of warehouse and storage facilities has a number of features that are de-
termined primarily by their purpose and the technological processes provided for at such facilities. In this article, we will
consider agricultural facilities designed for long-term storage of bulk (grain, seeds, granular fertilizers, compound feed,
etc.) and liquid (water, molasses, mineral fertilizers of the CAS type (carbamide-ammonia mixture)) materials.

For long-term storage of bulk materials in agriculture, one-story frame-type warehouses are commonly used whose
structures and engineering systems are designed to store a certain type of products, e.g., grain, vegetable and potato, corn
storages, etc. The design of the load-bearing structures of such warehouses depends on a product storage method and
thereby the distribution of operational loads. While storing products (grains, seeds, vegetables) in bulk, considerable
horizontal loads can be transferred to the warehouse walls depending on the filling height, specific gravity of products,
as well as adhesion and friction between particles, similar to sand, crushed stone and other dispersed soils (materials).

Another common type of storage of agricultural products are bunker (storage) and silo (tower) tanks. In manufacturing
or installing them, both monolithic reinforced concrete or reinforced concrete blocks and steel structures are used: metal
sheets, thin-sheet wavy steel sections, etc.

There has been well-known scientific research conducted in the field of design and construction of warehouse and
storage facilities, including agricultural ones reported in dissertations by Goldenberg L.l. [1], Sazanbaev S.K. [2],
Streltsov 1.V. [3], Karsunkin V.V. [4], Rashchepkin S.V. [5], Feidengold V.B. [6], Markovich A.S. [7], etc. In them
the operation of structures of warehouse and storage facilities under various types of loads that occur both during
construction and during operation of facilities, including loading and unloading processes was investigated accounting
for technological features, climatic factors, etc. The methods of theoretical and structural mechanics were employed.
Based on the research, rational designs of warehouses, silos, bunkers, elevators and other agricultural facilities have
been developed, as well as rules and recommendations for the safe operation of such facilities accounting for the
special features of the technological processes occurring in them and the requirements for ensuring climatic parameters
(temperature, humidity, air mobility).
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Such facilities are facing increased technical, economic and operational requirements, including ensuring high effi-
ciency and reliability throughout the whole life cycle of a facility. The development of new constructive and technological
solutions in designing, constructing, operating and dismantling of warehouse and storage facilities for the agro-industrial
complex is thus an urgent scientific and practical task.

The aim of this article is to analyze the advantages and disadvantages of the existing warehouse and storage facilities
used in the agro-industrial complex as well as to develop new design and technological solutions based on using prefab-
ricated LEGO blocks to ensure high construction efficiency and long-term safety of such facilities.

Materials and Methods. The major research methods employed in preparing the study include:

—analysis of the results of modern scientific studies and of domestic and foreign experience in designing, constructing
and operating warehouse and storage facilities;

— identification of the advantages and disadvantages of the structures being used, assessment of modern requirements
for such facilities and outlining promising areas for improving them, including exploring the possibility of making use of
prefabricated LEGO blocks for constructing load-bearing structures of warehouses and reservaoirs;

—design work on developing and substantiating the parameters of universal LEGO blocks to allow reinforced masonry
bearing structures of warehouses and reservoirs to be designed;

— design of mathematical models of warehouse structures built from LEGO blocks and study of their VAT parameters
resulting from combinations of constant and operational loads from the lateral pressure of stored bulk and liquid materials
while varying the height of the structure, of the filling (liquid level), physical and mechanical properties of bulk and
density of liquid materials;

— development of the recommendations for designing load-bearing walls of warehouses and tanks (height, thickness,
reinforcement, etc.) depending on the properties and height of the filling of stored products.

According to an analysis of the currently used structures of agricultural warehouses, single-storey frame buildings
with one, two or more (less frequently) spans consisting of columnar foundations, columns, beams or floor trusses, cross-
bars, girders, inclined connections, etc., have become common. Such buildings typically include external enclosing struc-
tures made of sandwich panels, corrugated board, and other lightweight elements that are not load-bearing ones and are
not capable of withstanding a horizontal operational load from the lateral pressure of bulk material or products. In this
case, additional load-bearing vertical walls (monolithic or prefabricated ones) have to be erected inside such warehouses
that separate different materials or grades of stored products and absorbing lateral pressure (Fig. 1a). Construction of a
metal frame and of monolithic reinforced concrete walls up to a certain height for filling bulk materials (products) (Fig.
1b) can be combined. This increases material consumption, labor intensity and cost of constructing warehouse and storage
facilities. With a small filling height at the edges of the building, wall panels can also perceive a lateral load transmitting
an operational load through load-bearing metal columns with buttresses and additional connections (Fig. 1c).

Similar design solutions are employed in foreign practice of building and operating warehouses of the agro-industrial
complex. Fig. 2 shows typical buildings constructed by Accu-Steel, USA [8] and intended for storage of bulk agricultural
products. Load-bearing walls perceiving horizontal pressure from bulk material are designed from low wall panels
(Fig. 2a), masonry from reinforced concrete blocks (Fig. 2b) or LEGO blocks in combination with buttresses allowing an
increase in a lateral load.

Solutions for warehouse and storage facilities with vertical monolithic reinforced concrete walls can provide both
load-bearing capacity and stability under lateral loads and are also employed in the agro-industrial complex in the form
of silo-type and warehouse-type storages (with a floor storage) [9]. However, they also possess a few disadvantages due
to some structural, technological and operational factors. The major issues during construction of monolithic reinforced
concrete storage facilities include: poor or unstable concrete quality (distinct "layering” or "rubble”, a lot of unfilled
cavities and obviously unvibrated layers) resulting in crumpling of wall concrete in horizontal sections and thereby a
reduced service life and rapidly occurring emergencies. On top of that, construction of such facilities calls for a very high
quality that can be provided by few construction organizations with extensive experience in the field. Reinforced concrete
structures are more labor-intensive and 20-30% more costly, e.g., granaries with round metal silos of a large diameter that
have begun to substitute them [10].
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Fig. 1. Examples of domestic metal-framed structures of warehouses for storing agricultural products: a — with prefabricated inner
walls accepting horizontal operational load; b — with external load-bearing reinforced concrete walls at the filling height;
¢ — with wall panels, rod buttresses and additional connections

Fig. 2. Examples of typical buildings for the agro-industrial complex of Accu—Steel, USA: a — vaulted form made of metal frame and
fabric covering with low side panels (Advantage series); b — with a gable roof made of metal frame, external and internal walls made
of reinforced concrete blocks to accommodate an operational horizontal load (Crossover series); ¢ — a parabolic-shaped frame made
of metal trusses and low load-bearing walls made of reinforced concrete LEGO blocks with the same buttresses (Integrity series) [8]
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Metal containers (silos, bunkers, tanks, etc.) are also commonlyused in the agro-industrial complex for storing both
bulk and liquid products. Along with the unquestionable advantages of such structures (compactness due to a vertical
location, durability, quick installation, easy operation during loading and unloading), they possess a few disadvantages,
particularly:

— high thermal conductivity of metal that might have a negative effect on the storage of products such as grain;

— danger of corrosion wear of metal and need for constant corrosion protection during operation;

— condensation of moisture on the inner walls that might cause spoilage of grain, its self-heating and loss of its con-
sumer, feed and seed properties;

— high sensitivity of vertical tanks to uneven laying of the base. Based on our experience, a few cases of rolls and
over-design deformations of metal tanks used for storing liquid foodstuffs are known causing their further operation to
become impossible without costly measures taken in order to level the rolls and strengthen the foundations [11]. Constant
geotechnical monitoring [12] is also needed accounting for the mutual influence of both the reservoirs themselves on each
other and the surrounding buildings [13];

— stress-strain state of the metal shell of the tanks that constantly changes due to loading and unloading, and the absolutely
flexible "metal bottom — ground base™ system for typical tanks with ring foundations built only under the walls [14].

Based on the analysis of the advantages and disadvantages of the existing structures of warehouse and storage facilities
for the agro-industrial complex, the following conclusions can be made:

—most frame buildings used for this are considerably limited in their height due to an inability to perceive considerable
horizontal operating loads caused by lateral pressure of bulk products or materials (grain, potatoes, fertilizers, etc.);

- the task of developing effective design solutions to ensure high construction rates and reliable operation with con-
siderable lateral pressure on the load-bearing walls is a relevant one;

—a promising direction for improving structures of buildings in the agro-industrial complex is the use of prefabricated
concrete LEGO blocks;

— the major issues with introducing such structures is the insufficient load-bearing capacity while working on hori-
zontal operating loads, as most of these blocks are laid "on the dry" and do not have masonry reinforcement.

We are attempting to develop and scientifically substantiate the parameters of reinforced masonry made of concrete
LEGO blocks to allow for the construction and operation of high storage facilities with a high degree of loading (to a high
filling height) while maintaining stability and reliability throughout the whole life cycle of a facility.

Research Results. Concrete LEGO blocks are being manufactured by a variety of companies both in Russia and abroad.
There is a well-known positive experience in designing and constructing buildings made of LEGO blocks (Fig. 3a) and
LEGO bricks (Fig. 3b) in Siberia [15].

The size of a regular block: length — 500 mm; height — 220 mm; width — 250 mm. The special geometry of the shaped
blocks ensures convenient installation and reliable connection.

Depending on the type of a building, three different technologies of construction from LEGO blocks are recommended [15]:

— laying with no mortar;

— mortar-free installation with reinforcement;

— laying on mortar.

As the major disadvantages of such blocks, in [15] an impossibility of erecting tall buildings and structures, insuffi-
cient testing of the use of such blocks in construction practice, as well as the lack of a regulatory framework are outlined.

The IS GROUP Engineering and Construction production group produces foundation LEGO blocks of the FBS series
(Fig. 4) [16].

Manufacturers point the following out as the major advantages of such blocks [16]:

— fast construction — a structure with an area of about 50 m? can be erected in as little as an hour;

— no need for bonding mortar or reinforcement — the tongue-and-groove joint system is not only convenient, but also
allows one to save on the purchase of mortar and fittings;

— multiplicity — LEGO blocks are easy to assemble and easy to disassemble. They can be used multiple times and
applied on a range of objects and for different purposes;
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— reliable adhesion — the building blocks are characterized by a high level of adhesion accuracy to secure structural
strength throughout their entire service life and to enable them to withstand a wide range of loads and impacts;

— independence from a season — LEGO blocks can be built regardless of the time of year and weather conditions. The
product itself and its assembly technologies are "weather-resistant”. One does not have to wait for favourable weather or
special temperatures to install it, which means neither downtime no money losses are involved:;

— LEGO blocks are ideal for construction of prefabricated temporary buildings and low-load structures. This is a
cutting-edge highly aesthetic European technology that delivers high-quality results at affordable costs. The required
number of blocks is purchased once and reused following a demolition.

N

Fig. 3. Prefabricated structures used in Siberia:
a— LEGO blocks, b — LEGO bricks; c — an example of masonry made of polystyrene concrete blocks with no mortar [15]

£
a * a

a) b) c)
Fig. 4. 1S GROUP foundation LEGO blocks [16]: a — FBS 6-6-6; b — FBS 12-6-6; ¢ — FBS 24-6-6 [16]
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In the Rostov region, concrete LEGO blocks of different sizes are produced:

— Ferroconetoninvest LLC (Rostov-on-Don) — 21 standard sizes of FBS foundation blocks [17];

— Mineral Trading House LLC (Tselina town) — 10 standard sizes of universal concrete LEGO blocks [18].

In 2025 TD Mineral LLC developed Technical specifications 23.61.12-001-86245892-2025 "Lego-Type Concrete
Blocks" according to which blocks are manufactured of heavy concrete according to GOST 26633-2015 "Heavy and
Fine-Grained Concretes" with the following characteristics:

— concrete compressive strength class — at least B20;

— water resistant — W4;

— frost resistance — F1 100 according to the 1% basic method.

The technical specifications indicate the following areas of application for these blocks:

— zoning of premises (construction of compartments and niches for a separate storage, e.g., of agricultural products
within a facility);

— durable, non-removable formwork for monolithic construction;

— construction of walls and basements, internal partitions;

— construction of retaining walls;

— construction of storage and utility rooms.

In 2024-2025, in the territory of JSC Tselinskagrokhimservice (Tselina town, Rostov region), a one-storey ware-
house building for storing agricultural products (basement-free, pentagonal according to the plan, with the total dimen-
sions of 96.5%48.5 m) was erected from LEGO blocks of TD Mineral LCC with the following characteristics:

— the maximum height of the building is 14.0 m;

— the level of responsibility is normal (I1);

— the degree of durability — I1 (at least 50 years);

— the degree of fire resistance — II;

— the building area is 4347 m?.

Employees and graduate students of the Department of Engineering Geology, Bases and Foundations at the Don State
Technical University, commissioned by JSC Tselinskagrokhimservice, were tasked with an inspection of the technical
condition of a building (at the stage of incomplete construction) and scientific and technical support for its construction.
The major goal of the Contractor was to identity whether walls from LEGO blocks could be loaded with horizontal
operational loads from bulk and liquid materials. The general view (individual facades) and structural elements of the
warehouse building are in Fig. 5.

Here is what the survey concluded. The structural scheme is a frame one: load-bearing combined columns (the lower
part is reinforced concrete, the upper one is metal); metal girders and roof trusses. The spatial rigidity of the building is
ensured by the joint work of columns of LEGO blocks with monolithic cores, a monolithic reinforced concrete belt at a
height of 6.0 m around the entire perimeter of the building and metal roof trusses. Due to the complexity of the building
configuration, a large number of elements with different rigidity, and the heterogeneity of the soil base, the finite element
method was employed, which had been properly tested in solving similar problems in a three-dimensional formulation
[19, 20]. In order to assess the VAT of structures from the effects of combinations of permanent and temporary loads, a
three-dimensional finite element model of the building was developed. In order to design the initial geometric model of
the building, constructive solutions were adopted with the dimensions of the elements identified during the measurement.
The general view of the 3D model of the warehouse building is shown in Fig. 6.

The model accounts for all of the supporting elements: columns, walls, metal frame trusses with the precise purpose
of the rod sections according to the survey. At the 1% stage of modeling, the geometric variability of the scheme was
identified with the existing truss design solution. 4 options for reinforcing structures with additional core elements were
thus explored, and the 1% reinforcement option was recommended, i.e., installing additional strut rods between the lower
girdle of the trusses and the metal column, as well as of additional connections between the trusses in order to increase
the overall rigidity of the frame. At the same time, those were only constant loads, snow and wind that were specified.
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|

Fig. 5. Examined building of an agricultural warehouse under construction with exterior walls made of LEGO blocks
(Tselina town, February 2025): a — facade in axes A-W; b — facade in axes 17-1; ¢ — frame elements
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b
Fig. 6. General view of the 3D model of the building): a— view from the facades A-G and 17-1;
b — view from the facades G-A and 1-17

At the 2" stage of the simulation, the operability and stability of the structure against horizontal operating loads were
tested that resulted in the loss of stability of structures of non-reinforced walls made of LEGO blocks being established
even with minimal loading of bulk material (with grain). Due to no chance of using non-reinforced walls made of concrete
LEGO blocks for perceiving calculated operational loads, scientific and technical cooperation with Tselinskagrokhim-
service JSC was commissioned by the employees of the DSTU Department of Engineering Geology, Basements and
Foundations, which included:

— examining positive and negative experiences of construction and operation of buildings and structures made of
LEGO blocks;

— analyzing the advantages and disadvantages of the well-known LEGO blocks, as well as buildings and structures
built from them;

— developing constructive solutions to improve LEGO blocks in order to reinforce the masonry of these blocks;

— analyzing the operational loads acting on load-bearing walls from the storage of various materials and products:
liquid fertilizer and grain;

— developing a computer model of a wall made of LEGO blocks in the Lira 10 PC and assessing the stress-strain state
under various loads and wall heights;

— developing the recommendations for designing load-bearing reinforced walls made of LEGO blocks.
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The major aim of the study is scientific substantiation and development of technical solutions to allow the use of
concrete LEGO blocks in load-bearing structures that accept horizontal operational loads. Due to a possibility of storing
liquid and bulk materials with different densities of p, t/m? inside the premises (containers) made of LEGO blocks, the
calculation and selection of reinforcement of masonry made of LEGO blocks was performed for walls up to 15 m high at
operating loads up to 13 m high for 2 different options:

— depending on the weight of the fertilizer-32 (p = 1.32 t/md);

— from the weight of the grain (p = 0,8 t/m?®) accounting for the dynamic loads from the loader.

As a result of the analysis of domestic [15-18, 23] and overseas [21, 22, 24-26] experiences in designing and con-
structing buildings and structures made of LEGO blocks, including those designed using 3D printing [24], it was found
that the major disadvantage of masonry made of such blocks is its low resistance to horizontal (shear and tipping) loads
that might occur during the operation of buildings and structures for storing bulk and liquid materials.

In this case, there are tensile stresses in the masonry causing excessive deformations and even complete destruction
of such structures, which has been confirmed by some negative experiences of operating them.

Reinforcement of individual blocks would increase the strength of each block rather than the strength of their connec-
tion to each other. The main direction of improving the masonry of concrete LEGO blocks is thus its reinforcement with
vertical reinforcing rods connecting a few concrete blocks in height. This solution serves to significantly increase the
strength of the masonry and creates favorable conditions for perceiving horizontal operational loads from the weight of
bulk or liquid materials.

In order to enable reinforcement of masonry in LEGO blocks, solid vertical holes are to be provided during their
manufacture that can be formed by placing them in the form of removable rods or pipes of a specified diameter. While
designing LEGO blocks that enable their vertical reinforcement, an essential engineering task is to select the rational
placement of holes in the block. While solving the problem at hand, the following factors were accounted for:

— geometric parameters of the blocks and the distance in a row between the axes of adjacent spike-groove joints (250 mm);

—a protective layer of concrete to the operating reinforcement as specified in Table 2 of GOST 13015-2015 "Concrete
and Reinforced Concrete Products for Construction”, from 15 to 35 mm, depending on the operating conditions of the
building structures;

— stress distribution in the masonry under horizontal operational loads.

As the maximum tensile stresses in the masonry from horizontal operational loads will be in the upper blocks from
the side of the load (from inside the building or structure), the reinforcement and thereby the vertical holes in the blocks
under it must be shifted towards the side of the load.

Given all of the above, the suggested design of the improved LEGO block provides for vertical holes with a diameter
of 50 mm located at a distance of 250 mm from each other. The distance from the axis of the holes to the inner side of the
block is 125 mm, so the protective layer of concrete will be 100 mm £ 15 mm. An example of the design of such an
improved LEGO block for the standard size 500x1500x600 mm is in Fig. 7.

Vertical holes for reinforcing masonry in blocks of other standard sizes are formed in a similar way to the above drawing.

For the developed LEGO blocks, the VAT of wall structures was calculated and the required reinforcement was se-
lected. Two impacts are perceived by the wall structures: net weight and lateral pressure from the useful load. The useful
load is represented by the hydrostatic pressure of the liquid fertilizer KAS-32 or the pressure of the bulk medium, i.e.,
grain (wheat). The walls are made of masonry concrete LEGO blocks on a cement-sand mortar. The thickness of the
blocks is 500 mm. The concrete class accepted for calculation is B25.

Table 1 shows the physical and mechanical characteristics of the grain used for load modeling and calculation. As the
load from wheat is the most disadvantageous one, it was decided to calculate the impact of this type of bulk medium.

The lateral pressure on the wall from the bulk medium is given by the formula:

P =y-h-tg?(45 ° — ¢/2),

where v is the specific gravity of wheat, KN/m?; h is the height of the filling, m; ¢ is the angle of internal friction, degrees.
The results of calculating the pressure on the wall from the weight of the grain depending on the height of the filling
are summarized in Table 2.
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Fig. 7. Design of an improved LEGO block for the formation of reinforced masonry
Table 1
Physical and mechanical characteristics of the grain
Average grain External . .
. . . - | | f - D
Grain material diameter friction angle nternal friction Humidity, % ens1tysp,
o angle o, ° kg/m
d, mm v,
Wheat 3.8 22.1 175 144 808
Sunflower 5.0 26.6 16.7 147 450
Corn 7.1 22.4 18.4 16.6 783
Millet 2.2 20.2 15.1 15.0 770
Table 2
Calculated pressure on the wall depending on the weight of the grain
Filling height, m 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15
Maximum pressuire 13 [ 17 [ 22 | 26 | 30 | 34 | 39 | 43 | 47 | 52 | 56 | 60 | 65
at the lower face, kPa

The formula for calculating the pressure from liquid fertilizer CAS-32 is as follows:
P=vy-h,

where v is the specific gravity of liquid fertilizer CAS-32, kN/m?; h is the height of the hydrostatic column, m.
The results of calculating the pressure on the wall from the liquid fertilizer CAS-32 depending on the height of the
hydrostatic column are summarized in Table 3.
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Table 3
Pressure on the wall from CAS-32

Height of the hydrostatic

3 4 5 6 7 8 9 10 11 12 13 14 15
column, m

Maximum pressure atthe | o o\ o o 66 0179.2| 92.4| 105.6 | 118.8 | 132.0 | 145.2 | 158.4 | 171.6 | 184.8 |198.0

lower face, kPa

The reinforcement pitch in the block is 250 mm with a connection to the outer face is 200 mm.

The loads on the walls from the hydrostatic pressure of the fertilizer CAS-32 with a column height of 3 to 7 m for
walls with a height of 3 to 15 m were calculated. The summary of the maximum wall movements under operational loads
in comparison with the maximum permissible movements, mm (according to Table L2 SP 20.13330.2016 "Loads and
Impacts") is shown in Table 4.

According to Table 4, the height of the hydrostatic column of liquid (CAS-32) should not be over 6 m. With a higher
fluid height, structural deformations are above those allowed for any wall height (7—15 m). In Table 4 and 5, the values
of horizontal displacements that are unacceptable according to SP 20.13330.2016 are highlighted in red.

Table 4
Summary of horizontal movements of wall structures under the liquid fertilizer CAS-32

Maximum horizontal movement, mm
at the wall structure height, m:
3 4 5 6 7 8 9 10 11 12 13 14 15

et 3/ 037|052 067|083 098 | 113 | 1.29 | 1.44 | 1.59 | 1.75 | 1.9 | 2.05 | 2.21
Ofthehe'grostatic 4 155 | 2.04 | 252 | 3.01 | 3.49 | 3.98 | 447 | 4.95 | 5.44 | 5.92 | 6.41 | 6.89
co?l’]mn 5 474 593 | 712 | 831949 | 10.7 | 11.9 | 131 | 143 | 154 | 16.6
CAS.32. m 6 11.8 | 143 | 16.7 | 192 | 21.7 | 241 | 266 | 29.1 | 31.5 | 34
7 256 | 301 | 34.7 | 393 | 430 | 484 | 52 |57.4 | 622
Maximum permissible
horizontal 10 [133]167| 20 | 233|267 | 30 [333|367| 40 | 433|467 50
movement, mm
(SP 20.13330.2016)

The loads on the walls from the lateral pressure of the grain mound with a height of 3 to 9 m for walls with a height
of 3 to 15 m were calculated. The summary of the maximum wall movements due to operational loads in comparison
with the maximum permissible movements, mm (according to Table L2 SP 20.13330.2016) is shown in Table 5.

Table 5
Summary of horizontal movements of wall structures under the action of the grain

Maximum horizontal movement, mm
at the wall structure height, m:
3 4 5 6 7 8 9 10 11 12 13 14 15
3|015|021|0.27|033|039|045| 051|059 ]| 063|069 075|081 0.87
4 06(079| 097|116 | 135|154 | 173|191 | 21| 229|248 | 2.66
s 5 19| 24| 29| 33| 38| 43| 48| 52| 57| 62| 6.7
Grain filling
height, m 6 4.7 5.6 6.6 7.6 8.5 95| 105 | 115| 124 | 134
7 996 | 11.7 | 135 | 153 | 17.1 | 189 | 20.7 | 22.4 | 24.2
8 193 (223|253 | 283|313 | 344|374 | 404
9 35.4 | 40.4 | 453 | 50.2 | 55.2 | 60.1 65
Maximum permissible
horizontal
movement, mm 10 | 133|167 | 20 | 233|267 | 30 |333|367| 40 |433|46.7| 50
(according to
SP20.13330.2016)
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According to Table 5, the height of the grain filling should not be over 8 m. With a higher height of the grain filling,
structural deformations exceed those allowed for any wall height (9-15 m).

As a result of modeling all the possible combinations of wall height and load height from liquid fertilizer CAS-32 and
grain filling, the recommended masonry reinforcement parameters are calculated as shown in Table 6 and 7, respectively.
The tables show both the values of the total reinforcement area per 1 square meter of the wall structure and the specific
diameters of the reinforcement rods calculated based on the reinforcement pitch of 250 mm (i.e., 4 rods per 1 square meter).

Table 6

Summary of the required reinforcement at the stretched face of the wall structures under the liquid fertilizer CAS-32,
cm? per 1 p. m. (at a pitch of 250 mm)

Required reinforcement area, cm?, and reinforcement diameter, mm
at the wall structure height, m:
3 4 5 6 7 8 9 10 11 12 13 14 15
3 260 | 239 | 214 | 196 | 1.78 | 1.59 | 141 | 125 | 1.25 | 1.25 | 1.25 | 1.25 | 1.25
010 | @10 | B10 | O8 08 08 08 08 08 08 08 08 08
il 4 749 | 757 | 7.29 | 7.02 | 6.78 | 6.87 | 6.63 | 6.21 | 6.09 | 591 | 573 | 557
£ the hvdrostatic 016 | @16 | G16 | Bl6 | Bl6 | @16 | Bl6 | Bl6 | Ol4 | @14 | @14 | Ol4
. col)(Jmn 5 171 | 16.7 | 170 | 166 | 169 | 165 | 16.1 | 165 | 16.1 | 157 | 15.3
CAS-32, m @25 | @25 | @25 | @25 | @25 | @25 | @25 | @25 | @25 | @25 | @25
6 35.1 | 339 | 350 | 343 | 337 | 348 | 342 | 335 | 346 | 34.0
D36 | D36 | 936 | @36 | V36 | V36 | V36 | VB36 | V36 | D36
7 62.0 | 60.9 | 629 | 61.8 | 60.7 | 625 | 61.2 | 59.9 | 61.4
Maximum
permissible
horizontal 10 [ 133|167 | 20 | 233|267 | 30 | 333|367 | 40 | 433 | 467 | 50
movement, mm
(according to
SP20.13330.2016)

Note: based on the minimum percentage of reinforcement, it is recommended that rods with a diameter of at least 14 mm are used.

Table 7

Summary of the required reinforcement at the stretched face of the wall structures from the action of grain, cm?
per 1 p. m. (at a pitch of 250 mm)

Required reinforcement area, cm?, and reinforcement diameter, mm
at the wall structure height, m:
3 4 5 6 7 8 9 10 11 12 13 14 15
3 125|125 | 125|125 |125| 125|125 | 125|125 |125| 125|125 | 125
08 08 08 08 08 08 08 08 08 08 8 08 08
4 2211194 | 176 | 157 | 14 | 125|125 | 125 | 125|125 | 125 | 1.25
010 | 938 08 | @98 | 08 08 | @98 | 08 08 | 98 | 08 08
5 553 | 532 | 5.11 | 492 | 474 | 456 | 438 | 421 | 4.04 | 3.89 | 3.70
Grain fillin 014 | 014 | 014 | 014 | O14 | 014 | Q12 | O12 | O12 | O12 | D12
height mg 6 106 | 10.6 | 104 | 10.1| 103 | 994 | 965 | 9.83 | 9.55 | 9.06
' 020 | @20 | @20 | ©®18 | ¥20 | ®18 | VI8 | V18 | VI | VI8
7 188 | 183 | 18.7 | 183 | 17.8 | 183 | 178 | 17.4 | 17.9
025 | @25 | @25 | @25 | @25 | @25 | @25 | @25 | @25
8 32.1| 315 309 | 303 | 31.2| 30.7| 30.0| 31.0
032 | @32 | @32 | @32 | @32 | ©32 | B32 | B32
9 52.3| 51.0 | 52.3 | 50.8 | 52.1 | 51.4 | 50.7
Maximum
permissible
horizontal 10 | 133|167 | 20 | 233|267 | 30 | 333|367 | 40 | 433|467 | 50
movement, mm
(according to
SP20.13330.2016)

Note: based on the minimum percentage of reinforcement, it is recommended that rods with a diameter of at least 14 mm are used.




Yuan Zh, et al. Prospects for the Use of LEGO Blocks for the Construction of Warehouse and Storage Facilities of the Agro-Industrial Complex

The following possible connections are recommended for reinforcing bars in the masonry of LEGO blocks (according
to SP 63:13330.2018 "Concrete and Reinforced Concrete Structures"): threaded coupling; crimped coupling; lap-welded
according to GOST 14098-2014 "Joints of Welded Fittings and Embedded Products of Reinforced Concrete Structures"
(type C23). The length of the reinforcement joint must be accepted in compliance with SP 63.13330.2018 and the recom-
mendations of the coupling manufacturer.

Conclusion. Based on the analysis of spatial planning and architectural solutions of warehouse and storage buildings
and structures of the agroindustrial complex, single-storey frame-type warehouses, bunker (storage) and silo (tower) tanks
have been found to be primarily used in both domestic and overseas practice. The major feature of the operation of such
facilities is the time-varying horizontal operating loads from the weight of liquids or bulk materials. The analysis of the
advantages and disadvantages of the existing agricultural storage facilities has revealed the relevance of developing new
highly effective, prefabricated, reliable and safe throughout the life cycle of constructive and technological solutions for
such facilities. Using the example of an agricultural warehouse building under construction in Tselina town of the Rostov
region, its technical condition, measurement work were examined, the engineering and geological conditions were inves-
tigated, and a mathematical 3D model was developed using which the VAT of structures for operating loads was studied.
As a result of the simulation, it was found that the masonry of non-reinforced LEGO blocks does not provide structural
strength even with a minimum loading height of bulk or liquid material.

The major direction of improving the masonry of LEGO concrete blocks is its reinforcement with vertical reinforcing
rods connecting a few concrete blocks in height. The solution serves to significantly increase the strength of the masonry
and creates favorable conditions for perceiving horizontal operational loads from the weight of bulk or liquid materials.
The authors have thus improved the design of concrete LEGO blocks produced by TD Mineral LLC according to
TU 23.61.12-001-86245892-2025 "Concrete Blocks of the Lego Type". The suggested design of the improved LEGO
block provides for vertical holes with a diameter of 50 mm located at a distance of 250 mm from each other. The distance
from the axis of the holes to the inner side of the block is 125 mm, so the protective layer of concrete will be
100 mm = 15 mm. The blocks in the masonry must be oriented with the reinforced side in the direction of the horizontal
operating load from the side of the bulk or liquid material. Mathematical models have been employed in order to select
rational reinforcement parameters for LEGO block masonry for various combinations of warehouse height and height of
bulk material (grain) or dense liquid (fertilizer CAS-32).

The results presented in the article can be routinely used in design and construction of warehouse and storage facilities
of the agro-industrial complex, while the major advantages of implementing the suggested structural solutions of reinforced
masonry from LEGO blocks are high construction rates, adaptability, possibility of increasing horizontal loads from bulk or
liquid materials on external load-bearing walls, a more rational use of the internal volume of the premises, etc.

The new design solution enables one to reinforce LEGO blocks and build warehouses up to 10—15 m high while filling
with grain up to 8 m or filling with fertilizer KAS-32 up to a height of 6 m. This greatly expands the scope and technical
and economic indicators of such facilities. The recommended schemes for reinforcing masonry made of LEGO blocks
with rational combinations of the specified maximum wall height and the height of loading warehouses with products
will optimize storage costs while maintaining the operational reliability of a facility throughout its life cycle.

As a follow-up, it is planned to develop curved LEGO blocks for forming round objects (silos, bunkers) as well as a

system for monitoring the stress-strain state of such structures throughout their entire operation period.
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Abstract

Introduction. The existing methods of non-destructive testing of concrete strength entail access to the concrete surface,
which is not always possible to accomplish in concrete work technology. E.g., while continuously forming a structure in
a sliding formwork, it is required that the strength of the concrete is identified during the molding process with no direct
access to the layers of the hardening concrete mix being laid. The well-known method of identifying concrete strength by
means of measuring its electrical resistance is neither commonly used nor standardized, and tends to yield contradictory
results. The aim of the study of the first part of the article is to investigate the previously identified correlations between
the concrete strength and its electrical resistance, to identify the advantages and disadvantages of measurement methods
in order to find how feasible such an approach is for identifying a method for sinking concrete.

Materials and Methods. The classical method of literature review is employed with grouping of certain features into
separate comparative tables followed by generalization assisting understanding an extent to which the research topic has
been studied. Those were only the most important and informative, largely foreign, sources that were selected from the
reviewed sources.

Research Results. The analysis of the review data enabled us to identify the methods of measuring electrical resistance
(surface, volumetric, internal, direct ones), types of the investigated concrete, sample sizes, test dates, concrete strength
ranges, types of dependencies and correlation coefficients. Among the factors affecting the measurement result were the
following: water-cement ratio, type of binder and aggregates, type of additives, temperature of concrete, its porosity, etc.
To explain the essence of the methods for identifying concrete electrical resistance, a brief overview is provided.
Discussion and Conclusion. The major difficulty of the indirect methods of identifying the strength lies in designing
calibration dependencies with the results affected by a wide range of factors. There are also some difficulties with fas-
tening of ohmic contacts to the formwork or concrete. All of these will be accounted for in follow-up studies to identify
the relationship between the concrete strength and electrical resistance and to improve the measurement accuracy. The
advantages of the method of strength control, such as maintaining the integrity of the structure, efficiency and low meas-
urement complexity enable it to be employed in automated concrete technologies.

Keywords: non-destructive testing methods, concrete strength, concrete electrical resistance, concrete technology, correlation
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OpuzunanbHoe SMIUPUYECKOe UCCTIe008aHUE
Koppenﬂmm MEXKIAY MPOYHOCTBIO U 3JICKTPUYECCKHUM COMMPOTUBJ/ICHUEM oeroHa. Yacts 1.
Kparkuii 0630p
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AHHOTAIIMA

Beeoenue. CymiecTByomiye METOABI HEpa3pyLIAOIIEro KOHTPOJISI HPOYHOCTH OETOHA MPEATOIararoT JOCTYII K TOBEPXHO-
cTH OETOHA, YTO HE BCEraa BOZMOXKHO B TEXHOJIOTHMH OETOHHBIX paboT. Hanpumep, mpu HenpepbIBHOM (POPMOBaHUH KOH-
CTPYKLIMH B CKOJNB3SIIEH omamyOke TpeOyeTcsl OnpeieNsiTh MPOYHOCTh OeTOHA B mpolecce GpopMoBaHuUs Oe3 Hermocpea-
CTBEHHOTO JIOCTYTA K yJI0KEHHBIM CJIOSIM TBEPACIOIEei OeTOHHOM cMecH. MI3BeCTHBIN METO] OTIPEIeNICHNS IIPOYHOCTH Oe-
TOHA TIOCPEACTBOM M3MEPEHUS €T0 AIIEKTPOCONPOTHBIIEHHS PEIKO UCIIONIB3yETCsl, HE CTAHAAPTU3UPOBAH U YaCTO MPUBOIUT
K IPOTHBOPEUMBBIM pe3yibTaraM. Llensio neeaenoBanus NepBoi 4acTH CTAThU SIBISIETCS M3ydCHHE OOHAPYKEHHBIX paHee
KOpPEISIIUA MEXy POYHOCTHIO OETOHA M €T0 3IEKTPOCOTPOTUBIICHUEM, BBISIBICHHE IIPEUMYIIIECTB 1 HEAOCTATKOB METO-
JIOB M3MEPEHHH, YTOOBI BBISICHUTH LIEJIECO00Pa3HOCTh TAKOTO MOJX0/a JUIsl crioco0a OIMyCKaloIIerocs: 0eToHa.
Mamepuanvt u menoodsl. [IpuMeHeH KIacCCHUECKUI MeTo 0030pa TUTepaTyphl C TPYIIUPOBAHUEM ONPECICHHbIX PH-
3HAKOB B OT/IENIbHBIC CPaBHUTENIbHbIE TAOIUIIBI C MOCIETYIOIIM 0000IEeHIeM, YTO 00Ier4aeT NOHUMaHue pa3padoTaH-
HOCTHU TEMBI cTaThu. 13 PacCMOTPEHHBIX UCTOUYHUKOB 6bIJ'II/I BI)I6paHI)I TOJIBKO CaMbIC Ba’XHBIC U I/IH(I)OpMaTI/IBHLIe, B OC-
HOBHOM, HTHOCTPAHHBIC.

Pesynomamut uccnedoganus. AHaU3 TaHHBIX 0030pa MMO3BOJIMII YCTAHOBHUTH: CIIOCOOBI H3MEPEHHS HIICKTPOCOIPOTHB-
JieHus! (IOBEPXHOCTHBIN, 00bEMHBIN, BHYTPEHHHH, IIPSAMON ), THIIBI HCCIICAOBAHHBIX OETOHOB, pa3Mephl BEIOOPOK, CPOKH
UCTIBITaHWH, TUaNa30HbI IPOYHOCTH OETOHA, THITHI 3aBHCUMOCTEH 1 KoadduimenTs koppensunu. Cpenu pakTopos, BIU-
SIOIINX Ha pe3yJbTaT, M3MEPEHUH OTMEUCHBI: BOAOIEMEHTHOE OTHOIIICHHUE, THIT BSDKYIIETO U 3aIlOJHUTENEH, BI 100a-
BOK, TeMIIepaTypa OeToHa, ero MOPHUCTOCTh U Jp. s TIOSICHEHHSI CYTH METOJIOB ONIPEAEICHIS 3JEKTPOCOTPOTHBICHUS
OeToHa npuBeJieHa KpaTKas HH(Gopmanus.

Oébcyscoenue u 3axniouernue. OCHOBHOM CIIOKHOCTBIO B KOCBEHHBIX METOJAAX ONpEAeIeHUs IMPOYHOCTH ABISAETCA IO-
CTpOEHHE IPalyiPOBOYHBIX 3aBUCUMOCTEH, Ha PE3yJIbTaThl MOTYT OKa3bIBAaTh BIMSHHE pa3inuHble GakTopsl. TpyaHocTH
CBSA3aHBI TaKXKe C KPEIUICHHEM OMUYECKHX KOHTAaKTOB Ha OMaIyOKy uiu O0eToH. Bee 3Tn oco6eHHOCTH OyAyT YUTEHHI B
ﬂaHBHeﬁmHX HCCIICAOBAHUAX JJIA OTIPEACIICHUS CBA3U MEKAY MPOYHOCTHIO U DJICKTPOCOIIPOTUBIICHUEM 0eTOHA U IOBEI-
IIEHUs TOYHOCTH M3MepeHui. [IpenMyniecTBa pacCMOTPEHHOTO CI0C00a KOHTPOJISI IPOYHOCTH, TaKHe KaK COXpaHEHHUE
LEJIOCTHOCTH KOHCTPYKIINH, OIIEPATUBHOCTh U MaJIasi TPYIOEMKOCTh U3MEPEHUH, 00YCIIaBIMBAIOT €ro IPUMEHCHHE B aB-
TOMAaTH3UPOBAHHBIX OETOHHBIX TEXHOJIOTHSX.

KaroueBble ciioBa: HEpa3pyuaromme METoAbl PICHBITaHPIﬁ, IIPOYHOCTDb 6CTOHa, DJICKTPHUICCKOEC COIIPOTUBJICHUC 66TOHa,
TCXHOJIOTUA 6€TOHa, Koppesinua

BaaroaapHocTu. ABTOPHI BEIPaXKAIOT OJaroAapHOCTh PEIaKIK U PEIICH3eHTaM 32 BHUMATEIbHOE OTHOIIIEHUE K CTaThe
Y yKa3aHHBIE 3aMEUYaHusl, KOTOPbIE TIO3BOJIMIIN TOBBICUTH €€ Ka4eCTBO.

Jas nurupoBanus. Crenun [I.H., Xadwuzos T.M., BaiiOypun A.X., OunuuukoB A.J[., Kamuuckas 3.A., Koio-
muern H.O. Koppemnsinun Mex 1y MpoYHOCTRIO B JIEKTPUYECKUM colpoTuBiieHneM OeToHa. Yacts 1. KpaTkuii 0630p. Co-
8peMentble MEeHOeHYu 6 CMpoumenbcmee, 2padocmpoumenscmee u nianuposke meppumopuii. 2025;4(4):95-103.
https://doi.org/10.23947/2949-1835-2025-4-4-95-103

Introduction. In the patented technology of sinking concrete developed at South Ural State University [1] and in
other automated concrete technologies, there is a task of controlling concrete strength directly in the mold (formwork),
which allows no access to a concrete surface for traditional methods of non-destructive testing. The possibility of as-
sessing the strength of concrete by its electrical resistance was accepted as a hypothesis with monitoring sensors easily
placed on the formwork and requiring no stopping of production and access to the structure.

Concrete strength tests must be conducted in compliance with the requirements of GOST 28570 "Concretes. Methods
for Identifying Strength Based on Samples Taken from Structures”, GOST 22690 "Concretes. Identifying Strength with
Mechanical Methods of Non-Destructive Testing", GOST 17624 "Concrete. Method for Identifying Ultrasonic Strength”,
GOST 18105 "Concrete. Rules for Strength Control and Evaluation”, GOST 10180 "Concretes. Methods for Identifying
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Strength Using Control Samples". There are three groups of concrete strength control methods: destructive, non-destruc-
tive direct and non-destructive indirect ones. The first group of methods enables one to obtain the most reliable data on
concrete strength, as the deep layers of the structure are tested, but they are labour-intensive during testing and call for
local damage in structures to be fixed. At the same time, non-destructive methods retain the structure integrity, are rela-
tively not costly, but call for calibration dependencies to be designed for each concrete type and composition. At the same
time, a broad range of factors has a major effect on the measurement accuracy, such as defects and fittings in the measuring
area, concrete surface condition, temperature, humidity, etc. [2].

Materials and Methods. Non-destructive testing is an essential part of the technology of production and application
of ready-mixed concrete and precast reinforced concrete. Modern standards establish the mandatory use of non-destruc-
tive methods in order to identify concrete strength based on pre-established calibration dependencies [3]. The complexity
of non-destructive testing lies directly of measuring a parameter with a device (striker rebound, impact pulse, ultrasound
velocity, fingerprint diameter, etc.) after an appropriate number of measurements has been performed.

However, the above standards fail to standardize the method of electrical resistance strength control. According to the
literature on the topic [3-13], electrical resistance is largely closely related to concrete strength, but calls for proper cali-
bration and accounting for the parameters of the mix, and for certain types of concrete there might be no or a negative
correlation.

The literature review explored the following research aspects: concrete type, sample size, method of measuring elec-
trical resistance, concrete strength range, correlation coefficient type, influencing factor type and influence outcome.

Research Results. Measurements of electrical resistance have different correlations with concrete compressive
strength. The studies [4] identified a logarithmic dependence, and at the same time, the authors of [8] using the Venner
probe confirm a strong nonlinear logarithmic dependence (R? > 0,99). In [10] it is concluded that the methods of internal
electrical resistance reliably predict the strength of mixes with different properties of binder and filler. This study also
serves as evidence of a strong positive correlation (R? values from 0,823 to 0,999). On the contrary, the authors of [12]
failed to identify a considerable correlation in electrically conductive concretes, and [7] notes a negative correlation while
replacing a large aggregate with steel slag (which appears to make sense).

Some studies also show that the parameters of the concrete mix, such as the ratio of water and cement or water and
binder, the cement type and the use of additives (zeolite or pozzolan) impact both electrical resistivity and strength [9].
Different methods of measuring resistance also have an effect on the correlation strength [10]. These results show that
provided proper calibration is performed and the influencing factors are accounted for, measurements of electrical resis-
tivity can serve as a practical non-destructive method for evaluating concrete strength of building materials [8]. The key
characteristics of the studies are shown in Table 1.

Table 1
Key characteristics of the studies included
Researchers, source Concrete type Sample size Research duration
Araujo and Meira, - . No mention .
2022 [4] Six different mixes found No mention found
24 mixes with a different content of fillers, .
Deda, 2020 [10] water-binder ratio, additives 24 mixes Up to 28 days
Dehghanpour and Electrically conductive concrete with carbon 8 mixes and 28 davs
Yilmaz, 2019 [12] fiber and black carbon control series 4
Hnin et al., 2016 [13] Different water-binder ratio, ash-cement No mention No mention found
paste content found
Medeiros-Junior et al., 12 mixes with four types of Brazilian cement 12 mixes The same
2014 [9]
Medeiros-Junior et al., | Mixes with two cement types and different No mention The same
2019 [6] pozzolan content found
Nzar et al., 2022 [7] Normal strength concrete with steel slag 338 data points 1-180 days
waste as a coarse aggregate
Scasserraetal., 2023 [8] | Precast reinforced concrete Nof?lje:élon Up to 28 days
Silva et al., 2016 [5] No mention found The same Up to 28 days
Yurtetal., 2023 [11] Alkali-activated concrete composites 4 mixes 28 days
g(t)alcg e[zlgk])erg etal, Cement-concrete composites 8 mixes No mention found

Building materials and products

97



https://www.stsg-donstu.ru

98

Stepin DM, et al. Correlations be-tween the Strength and Electrical Resistance of Concrete. Part 1. A Brief Overview

An analysis of the studies included revealed the following.

Concrete types: in 6 studies a few mixes with different compositions were used; in 4 studies, specialized concretes (e.g.,
electrically conductive, precast, alkali-resistant) were used; in one study, no information on the concrete type was found.

Sample size: mentioned in 6 studies and is not indicated in 5 studies. The reported sample size ranged from 4
to 24 mixes, and one study included 338 data points.

Study duration: there are mentions of study duration in 6 studies; there are no mentions in 5 studies. Of these, 3 studies
took up to 28 days to complete, two studies took exactly 28 days to complete, and one study lasted from 1 to 180 days.

The analyzed studies to identify the correlation type between the electrical resistance and concrete strength, the re-
search results are summarized in Table 2.

Table 2
Correlations between the electrical resistance and strength
Researchers, Method of electrical re- Correlation
. . Strength range . Results
source sistance studies coefficient
Aratjo and . . No mention No mention R
. rf lectrical resistan The logarithmic rati
Meira, 2022 [4] Surface electrical resistance found found e loga c ratio
Volumetri rf Electrical resistance is reliabl
Deda, 2020 [10] Ol{ etric, surface The same The same ectrical resistance .s .e able
and internal for strength prediction
Dehghanpour Dual Probe Sensor,
and Yilmaz, Venner Method and ASTM The same Not relevant No correlations to mention
2019 [12] C1760-12
Hnin et al. No mention .
' Four Venner probes The same A good correlation
2016 [13] P found g
Medeiros- )

. . . R%=0.823- . .

Junior et al., Surface electrical resistance The same A strong positive correlation
0.999

2014 [9]

Medeiros-

. . N i Thei ionality of
Junior et al., No mention found The same Of?j:élon thg we\:tizrrs-iepraoei?rrt;?ir;a(:/t\%))
2019 [6]

Nzar et al., Negative correlation with
The sam 10-55 MP The sam
2022 [7] € same 0-55 MPa € same steel slag
Scasserraetal., | Venner's method No mention R? > 0.99 Strong nonlinear logarithmic
2023 [8] (four-probe) found ' correlation
Silva et al. No mention
' N ion f Th Acl
2016 [5] 0 mention found e same found close bond
Strong bond, decrease in the
Yurtetal., Direct measurement The same The same strength as the proportion
2023 [11] (megaohmmeter) of zeolite in the composition
rises
2-72 MP . .
Stackelberg . 4 A linear or close to linear
No mention found (according The same .
etal., 2010 [3] correlation
to the graphs)

Let us provide a brief explanation of the essence of the major methods employed. The two-probe method (a sensor)
is used to measure the resistivity of samples with a regular geometric shape and a constant cross-section. In this case,
ohmic contacts are made on the end faces of a sample, e.g., in the form of a rectangular plate, i.e., contacts between a
metal and a semiconductor or two dissimilar semiconductors with linear and symmetrical volt-ampere characteristics. An
electric current is passed through these contacts along the sample. Two contacts in the form of metal probe needles are
installed on a sample surface along the current lines, which have a small contact area with the surface and allow the
potential difference to be measured. If the sample is homogeneous, its resistivity is measured in Ohm - cm.
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The four-probe method for measuring the resistivity of semiconductors (the Wenner method) is the most common
one. In addition to high metrological parameters, the advantage of the method is that its application does not call for
designing ohmic contacts to the sample, it is possible to measure the resistivity of bulk samples of a wide range of shapes
and sizes, as well as the resistivity of layers of semiconductor structures. As far as the sample shape is concerned, it can
be used provided that there is a flat surface with the linear dimensions beyond those of the probe system. Four probes
placed at an equal distance are applied to the sample in a line. Two external probes supply current to the sample, and two
internal probes measure the resulting potential drop. All the probes are mounted on the same sample surface making the
method suitable for on-site measurements of bulk concrete resistivity.

The method according to the ASTM C1760-12 standard is designed to identify the volumetric electrical conductivity
of saturated samples of hardened concrete. The aim of the method is provide a quick evaluation of concrete resistance to
chloride ion penetration by means of diffusion. The measurement procedure is as follows:

1) acylindrical sample with a diameter of 10 cm and a length of 20 cm is placed between two cells filled with a sodium
chloride solution;

2) A potential of 60 volts is applied between the cells;

3) the total amount of current in a minute between two cells is measured;

4) based on the measured current, applied voltage, and sample size, the volumetric concrete electrical conductivity is
calculated.

The measurement results were influenced by a number of factors, including the water-cement materials ratio, the type
and quantity of additional cement materials, polymer additives, etc.!

The analysis of the correlations of electrical resistance and strength revealed the following. References to methods of
identifying electrical resistance were found in all of the studies:

— surface methods were mentioned in 3 studies;

— Venner's methods were mentioned in 3 studies;

— the other methods (internal, volumetric according to ASTM C1760-12, direct) were mentioned in individual studies;

— no mention of a specific method was found for 4 studies.

Correlation coefficients: correlation coefficients were mentioned in 3 studies:

— astrong correlation was reported in two studies (R > 0.99 or R? = 0.823-0.999);

— in one study, it was concluded that there was no considerable correlation (corresponding to r < 0.6-0.7 in technical
sciences).

The importance of the mutual bonds: all of the studies provided some information on the significance of a relationship
between electrical resistance and concrete strength:

— logarithmic dependencies were reported in 2 studies;

— strong ratios with no type specification were reported in 2 studies;

— a negative correlation with concrete additives was found in 2 studies (steel slag, zeolite);

— individual studies reported: a linear or close to linear correlation, inconsiderable correlation, good correlation, in-
verse dependence on the water-dry matter ratio, as well as a correlation from the internal electrical resistance reliable for
predicting the strength.

Concrete strength range: the concrete strength range was mentioned in only 2 studies (10-55 and 2-72 MPa).

The influencing factors were directly indicated in most of the studies included (Table 3).

The analysis of the influencing factors showed the following.

Types of the factors: The types of factors are indicated in all of the studies included. The most common factors
were the water-binder ratio and temperature mentioned in 2 studies. Each of the other 14 factors was mentioned in
only one study.

The effect on electrical resistance was indicated in 8 studies: various factors were report to influence electrical re-
sistance in 4 studies; in each of the 11 studies, a significant effect was reported: increased conductivity, decreased elec-
trical resistance, or that it depends on time and water-cement ratio (w/c).

The effect on the strength was mentioned in 7 studies: the experiments revealed a considerable or enhanced
strength; each study reported that strength depends on the cement type, water-cement ratio, porosity, additives, and
decreases when zeolite is added. No mention of the effect on the resistance in 2 studies and the effect on the strength
in 4 studies was found.

1 Note:the ASTM C1760-12 method was abolished in January 2021
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Different methods of measuring the electrical resistivity were used in the studies, including surface, volumetric and
internal ones. Although a direct comparison of accuracy and reliability in all of the studies is limited due to a wide range
of approaches being employed, a few key conclusions can be made.

Table 3
Description of the influencing factors
Researchers, Impact on the electrical
Factor type . Impact on the strength

source resistance
Aratijo and Meira, 2022 [4] | No mention found No mention found No mention found
Deda, 2020 [10] A binder type, a filler nature | Considerable impact Considerable impact
Dehghanpour and Carbon fiber, black .
Yilmaz, 2019 [12] nanocarbon Increased conductivity Enhanced strength

. w i io, fly ash Infl
Hnin et al., 2016 [13] ater/binder ratio, fly as Influenced by the factors nfluenced
content by the factors

Medeiros-Junior et al., Cement type, water/binder Increases with time, decreases | Depends on the
2014 [9] ratio as the wic ratio rises cement type

Higher with a larger amount

Medeiros-Junior et al., Pozzolan content in the . . .
. of pozzolan, lower with Lower with a higher wic
2019 [6] water/cement ratio (w/c) . .
a higher w/c ratio
Nzar et al., 2022 [7] Steel slag content Reduced Increased
Temperature, sh mpl .
Scasserra et al., 2023 [8] siie perature, shape, sample Influenced by the factors No mention found
Silva et al., 2016 [5] Temperature Influenced by the temperature | The same
Zeolite replacement Decreases
Yurtetal., 2023 [11] S P ' Influenced by the factors as the zeolite content
activation temperature .
rises
Porosity of the cement stone . . .
Proportional to the increase Proportional to the
Stackelberg et al., 2010 [3] | and cement-concrete . . . .
in the gel porosity increase in the strength

compositions

Surface and internal measurements: in [10] the methods of internal electrical resistance proved to be especially reliable
for predicting compressive strength. This is indicative of likely differences in accuracy between surface and internal
measurement methods.

Comparison of a few methods: in [12], three different methods were compared (two-probe, Venner method and ASTM
C1760-12). Although none of them was able to identify a significant relationship with the strength of conductive con-
cretes, the linear relationships between the resistivity values measured by means of these methods proved to be appropriate
indicating the consistency of the results obtained using a range of measurement methods.

Using Venner probes: in [8, 12, 13] the Venner probe method was used indicating its wide application range in this
kind of studies. The authors of [8] reported a very strong correlation (R? > 0.99) while using this method indicating its
potential reliability.

Special equipment: The researchers [11] made use of a megaohmmeter to directly measure resistance, which might
be an advantage for some concrete types (e.g., for alkali-activated composites).
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Discussion and Conclusion. The studies identified a few potential practical applications of measuring electrical re-
sistivity to evaluate concrete strength.

Non-destructive testing: In [8] the importance of using electrical resistance as a non-destructive method for evaluating
concrete strength in producing precast reinforced concrete structures is emphasized.

Concrete strength evaluation at an early age: the researchers [5] demonstrated the possibility of predicting strength at
the age of 28 days by measuring resistivity at an early age.

Quality control: The strong correlations identified in most of the studies suggest that resistivity measurement can be
employed as a fast and efficient method of continuous quality control in concrete production [3, 4, 8-10].

Specialized concretes: Studies of conductive concretes [12] and alkali-activated composites [11] show that resistivity
measurements can have unique applications in specialized types of concrete, although the dependencies might differ from
those for conventional concretes.

The authors of [8] noted the need for calibration and use of correction factors emphasizing the importance of devel-
oping standardized procedures for diverse types of concrete and applications to ensure reliable strength evaluation.

As indicated in an article looking back on lots of years of research [3], the correlations between the strength of cement-
concrete compositions and their electrical conductivity are either linear or close to linear ones. In the ongoing study we
have attempted to reveal the physical essence of the linear correlations of "strength-electrical resistance". At the same
time, it is shown that linear correlations depend on the type and amount of a hardening retarder additive, cement brand
and concrete class. The increase in electrical resistance is due to that in the gel component of the porosity formed during
hardening, as well as a change in its own electrical conductive properties [3].

Therefore, having considered the advantages and disadvantages of the existing concrete strength control methods,
what was clear was that a non-destructive strength control method by means of electrical resistance (indirect method) is
applicable for the sinking concrete method. In order to identify further research directions and a method of measuring
electrical resistance, the results of the recent research were analyzed with comparative tables designed according to a
number of criteria where research methods, sample features, sample sizes, type and degree of correlation, and influencing
factors were identified. The analysis was a foundation for further research on a relationship between electrical resistance
and concrete strength that the authors are going to report in the second part.

References

1. Khafizov TM, Golovnev SG, Denisov SD. A Method of Forming Reinforced Concrete Structures by Means of
Sinking Concrete. RF Patent No. RU2566540. 2015. (in Russ.)

2. Ulybin AV. On the Choice of Concrete Strength Inspection Methods of Ready-built Structures. Magazine of Civil
Engineering. 2011;4:10-15. (in Russ.) URL: https://engstroy.spbstu.ru/userfiles/files/2011/4(22)/ulybin_control.pdf (ac-
cessed: 07.10.2025)

3. Shtakelberg DI, Vilge BI, Boyko SV, Goldman FA. Physical Essence of Linear Strength-Electrical Resistance
Correlations in Controlling Hardening of Cement-Concrete Compositions. Construction Materials. 2010;3:118-122.
(in Russ.)

4. Aratijo CC, Meira GR. Correlation between Concrete Strength Properties and Surface Electrical Resistivity. Rev.
IBRACON Estrut. Mater. 2022;1(15):e15103. https://doi.org/10.1590/S1983-41952022000100003

5. Silva J, Jalali S, Ferreira RM. Estimating Long-Term Durability Parameters Based on Electrical Resistivity Meas-
urements. Proceedings of the International Conference on Energy Efficient Technologies for Sustainability. ICEETS.
Nagercoil, India; 2016.

6. Medeiros-Junior RA, Munhoz GS, Medeiros MHF. Correlations between Water Absorption, Electrical Resistivity
and Compressive Strength of Concrete with Different Contents of Pozzolan. Revista ALCONPAT. 2019;9(2):152-166.
http://dx.doi.org/10.21041/ra.v9i2.335

7. Piro NS, Mohammed A, Hamad SM, Kurda R. Electrical Resistivity-Compressive Strength Predictions for Normal
Strength Concrete with Waste Steel Slag as a Coarse Aggregate Replacement Using Various Analytical Models. Con-
struction and Building Materials. 2022;327(12):127008. https://doi.org/10.1016/j.conbuildmat.2022.127008

8. Scasserra MC, Balzamo H, Fernandez Luco L. The Use of Electrical Resistivity Measurement to Estimate Com-
pressive Strength in Precast Concrete Processes. Proceedings of the LACCEI International Multi-Conference for Engi-
neering, Education and Technology: Leadership in Education and Innovation in Engineering in the Framework of Global
Transformations. Buenos Aires, Argentina; 2023 https://dx.doi.org/10.18687/LACCEI2023.1.1.1564

9. Medeiros-Junior RA, Lima MG, Medeiros MHF, Real LV. Investigagdo da Resisténcia 8 Compressdo e da Resis-
tividade Elétrica de Concretos com Diferentes Tipos de Cimento. Revista ALCONPAT. 2014;4(2):113-128.
https://doi.org/10.21041/ra.v4i2.21

Building materials and products

101


https://engstroy.spbstu.ru/userfiles/files/2011/4(22)/ulybin_control.pdf
https://doi.org/10.1590/S1983-41952022000100003
http://dx.doi.org/10.21041/ra.v9i2.335
https://doi.org/10.1016/j.conbuildmat.2022.127008
https://dx.doi.org/10.18687/LACCEI2023.1.1.1564
https://doi.org/10.21041/ra.v4i2.21

https://www.stsg-donstu.ru

102

Stepin DM, et al. Correlations be-tween the Strength and Electrical Resistance of Concrete. Part 1. A Brief Overview

10. Grazia MT, Deda H, Sanches LFM, The Influence of the Binder Type & Aggregate Nature on the Electrical Re-
sistivity and Compressive Strength of Conventional Concrete. Journal Building Engineering. 2021;43:102540.
https://doi.org/10.1016/j.jobe.2021.102540

11. Yurt U, Kir B, Bicen Y. Correlation of Destructive and Non-Destructive Tests with Electrical Resistance in Ce-
mentless ~ Composites.  Diizce  Universitesi ~ Bilim  ve  Teknoloji — Dergisi.  2023;11(5):2283-92.
https://doi.org/10.29130/dubited.1364092

12. Dehghanpour H, Yilmaz K. The Relationship between Resistances Measured by Two-Probe, Wenner Probe and
C1760-12 ASTM Methods in Electrically Conductive Concretes. SN Applied Sciences. 2020;2.
https://doi.org/10.1007/s42452-019-1811-7

13. Hnin SW, Sancharoen P, Tangtermsirikul S. Effects of Concrete Mix Proportion on Electrical Resistivity of Con-
crete. Materials Sciences Forum. 2016;866:68—72. https://doi.org/10.4028/www.scientific.net/MSF.866.68

About the Authors:

Dmitry M. Stepin, student, South Ural State University (76 Lenin Ave., Chelyabinsk, 454080, Russian Federation),
ORCID, dmitriistepin@yandex.ru

Tagir M. Khafizov, Head of the Laboratory of the Department of Building Technologies and Structural Engineering,
South Ural State University (76 Lenin Ave., Chelyabinsk, 454080, Russian Federation), ORCID, khafizovtm@susu.ru

Albert Kh. Baiburin, Dr.Sc.(Eng.), Professor of the Department of Construction Production and Theory of Struc-
tures, South Ural State University (76 Lenin Ave., Chelyabinsk, 454080, Russian Federation), Associate Professor,
ResearcherID, ScopusID, ORCID, abayburin@mail.ru

Andrey D. Ovchinnikov, Engineer of the Department of Construction Production and Theory of Structures, South
Ural State University (76 Lenin Ave., Chelyabinsk, 454080, Russian Federation), ORCID, ovchinnikovad@susu.ru

Evelina A. Kaminskaya, student, South Ural State University (76 Lenin Ave., Chelyabinsk, 454080, Russian Feder-
ation), ORCID, melena20021@mail.ru

Nikita O. Kolomiets, student, South Ural State University (76 Lenin Ave., Chelyabinsk, 454080, Russian Federation),
ORCID, Nikita.colomiecO3@gmail.com

Claimed contributorship:

DM Stepin: literature search and analysis, preparation of the main manuscript.

TM Khafizov: analysis of the research results, correction of the conclusions.

AKh Baiburin: scientific supervision, analysis of the research results, revision of the manuscript, correction of the
conclusions.

AD Ovchinnikov: literature search, analysis of the research results.

EA Kaminskaya: literature search and analysis.

NO Kolomiets: literature search and analysis.

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

00 asmopax:

Crenun /Imurpmii MuxaiiaoBud, ctyaeHT HOkHO-YpaabCKOro rocymapcTBeHHOTO yHHBepcuteTa (454080,
Poccuiickas @enepanus, r. Yensouuck, np. Jlenuna, 76), ORCID, dmitriistepin@yandex.ru

Xaduzos Tarup MapautoBnd, 3aBenyroniuii radboparopueit kadeapbl CTPOUTEIHHOTO IPOU3BOJICTBA U TEOPUH CO-
opyxenuii FOxHO-Ypaibckoro rocynapcTBeHHOTo yHuBepcutera (454080, Poccuiickas denepanus, r. YensOWHCK,
np. Jlenuna, 76), ORCID, khafizovtm@susu.ru

Baiioypun Aab6epT XaJuTOBHY, JOKTOP TEXHUYCCKHUX HAYK, JIOIEHT, Mpodeccop Kadeapsl CTPOUTESIHLHOTO TPOU3-
BO/JICTBA U TEOpHH coopyxkeHHi FOxHO-Y pasnbckoro rocynapcrseHHoro yHusepeuteta (454080, Poccuiickas denepanus,
r. YensOuHck, np. Jlenuna, 76), ResearcherID, ScopusiD, ORCID, abayburin@mail.ru

OBunHHHMKOB AHJpeii IMuTpHUeBHY, MHXeHEep KadeaApbl CTPOUTENHEHOTO MPOU3BOJCTBA M TEOPUH COOPYKEHUH
IOxHO-Ypaneckoro  rocymapctBeHHoro  yHuBepcuteta (454080, Poccmiickas ~ ®enepanus, 1. UensOMHCK,
np. Jlenuna, 76)), ORCID, ovchinnikovad@susu.ru

KamuHckasi IBeiuHa AjleKcaHapoBHA, cTyneHTka FOkHO- Y paabCKoro rocyiapcTBeHHOTO yHUBepeuTeTa (454080,
Poccuiickas ®@enepanus, r. Yensouuck, np. Jlenuna, 76), ORCID, melena20021@mail.ru

Konomuen Huxura OJjieroBuy, crynent HOxxHo-Ypaiasckoro rocynapctseHHOro yHuBepcuteta (454080, Poccnii-
ckas @enepanus, r. Yensounck, np. Jlenuna, 76), ORCID, Nikita.colomiecO3@gmail.com



https://doi.org/10.1016/j.jobe.2021.102540
https://doi.org/10.29130/dubited.1364092
https://doi.org/10.1007/s42452-019-1811-7
https://doi.org/10.4028/www.scientific.net/MSF.866.68
https://orcid.org/0009-0003-2516-8627
mailto:dmitriistepin@yandex.ru
https://orcid.org/0009-0006-6587-6312
mailto:khafizovtm@susu.ru
https://www.webofscience.com/wos/author/rid/%D0%9A-2318-2014
https://www.scopus.com/authid/detail.uri?authorId=57194623014
https://orcid.org/0000-0002-7432-5671
mailto:abayburin@mail.ru
https://orcid.org/0009-0009-6265-0467
mailto:ovchinnikovad@susu.ru
https://orcid.org/0009-0004-5835-5979
mailto:melena20021@mail.ru
https://orcid.org/0009-0006-5817-2325
mailto:Nikita.colomiec03@gmail.com
https://orcid.org/0009-0003-2516-8627
mailto:dmitriistepin@yandex.ru
https://orcid.org/0009-0006-6587-6312
mailto:khafizovtm@susu.ru
https://www.webofscience.com/wos/author/rid/%D0%9A-2318-2014
https://www.scopus.com/authid/detail.uri?authorId=57194623014
https://orcid.org/0000-0002-7432-5671
mailto:abayburin@mail.ru
https://orcid.org/0009-0009-6265-0467
mailto:ovchinnikovad@susu.ru
https://orcid.org/0009-0004-5835-5979
mailto:melena20021@mail.ru
https://orcid.org/0009-0006-5817-2325
mailto:Nikita.colomiec03@gmail.com

Modern Trends in Construction, Urban and Territorial Planning. 2025;4(4):95-103. eISSN 29491835

3aneieHHbLIl 6K1A0 A6MOPOE:

J.M. CTenuH: NOUCK U aHAIIN3 JTUTEPATYPHI, TIOATOTOBKA OCHOBHOTO TEKCTA.

T.M. Xadu3zoB: aHanu3 pe3yabTaTOB UCCIECIOBaHUM, KOPPEKTUPOBKA BBIBOJOB.

A.X. Baii0ypuH: HaydHOE PYKOBOJICTBO, aHAIH3 PE3yJTATOB MCCIEIOBAHUH, TOpabOTKa TEKCTa, KOPPEKTHPOBKA
BBIBOJIOB.

A.Jl. OBUMHHMKOB: ITIOMCK JINTEPATYPHI, aHATU3 PE3YyIbTATOB UCCIECIOBAHUM.

J.A. KamuHcKas: MOUCK U aHAJU3 JIUTEPATYPHI.

H.O. KonoMuen: mouck u aHanu3 JUTEPaTypHl.

Kongnuxm unmepecos: aBTopbl 3asiBJAIOT 00 0TCYTCTBHH KOH(JIUKTA HHTEPECOB.
Bce asmopbt npouumanu u 0000puiu 0KOHYAMENbHBLI 6APUARN PYKORUCH.

Received / ITocrynuia B pexakuuio 10.10.2025
Reviewed / IlocTynuaa nocJie penensuposanus 25.10.2025
Accepted / IIpunsita k nyoauxanun 10.11.2025

Building materials and products

103



https://www.stsg-donstu.ru

104

Modern Trends in Construction, Urban and Territorial Planning. 2025;4(4):104—-112. eISSN 29491835

CTPOUTEJIBHBIE MATEPUAJIBI U U3AEJINA

BUILDING MATERIALS AND PRODUCTS

W) Check for updates
BY

YJIK [691.32:620.173]:658.562 Original Empirical Research
https://doi.org/10.23947/2949-1835-2025-4-4-104-111

Assessment of the Compressive Strength of Concrete in a Structure in Cases E E
of Doubt as to its Compliance with the Established Requirements - .

Valery N. Derkach D<=, Igor E. Demchuk
Branch of the Scientific and Technical Center of RUE STROITECHNORM, Brest, Republic of Belarus EI
D4 v-derkatch@yandex.ru

EDN: KYUSCV
Abstract

Introduction. When assessing the strength of concrete based on standard tests, there may be doubts about its compliance.
The procedure for assessing the strength of concrete in such cases is carried out in accordance with GOST R 57360-2016
(Russian Federation) and STB EN 13791-2012 (Republic of Belarus). Fundamentally different approaches to assessing con-
crete strength are contained in EN 13791-2019 (introduced in 2020), many provisions of which differ significantly from the
previous version and are new to specialists who monitor concrete strength during the construction stage and during the
inspection of reinforced concrete structures.

Materials and Methods. The object of the study is a section of a concrete or reinforced concrete structure where the
concrete strength is assessed when there is doubt about its compliance with established requirements. In such cases, the
following concrete tests are conducted: preliminary indirect testing; indirect testing followed by the selection and testing
of concrete specimens by the direct method from areas with the lowest concrete strength; testing of concrete specimens
by the direct method.

Research Results. Information is provided on the selection of test areas and sites, their number, methods of core sampling
and assessment of compressive strength of concrete based on the results of core testing, combined tests, including the
indirect method and core testing. An analysis of concrete strength evaluation methods is performed in cases of doubt as
to the compliance of concrete with the established requirements.

Discussion and Conclusion. The paper presents the fundamental differences in the methods for assessing the strength of
concrete in structures in cases of doubt as to the compliance of concrete with the established requirements provided in
in the European standard and the national standards of Russia and the Republic of Belarus. The disadvantages of the
methodology set forth in EN 13791-2019 are outlined.

Keywords: concrete, compressive strength, structures, doubts, assessment methods, indirect tests, core tests
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AHHOTANUA
Beeoenue. Tlpu orieHKe MPOYHOCTH OETOHA HAa OCHOBE CTAaHJAPTHBIX UCIBITAHUN MOTYT BO3HUKATh COMHCHHS OTHOCH-
TEJNBHO €ro COOTBETCTBHS. [Ipolieaypa OlleHMBAaHUS IIPOYHOCTH OETOHA B TAKHUX CIYYasX MPOU3BOAUTCS B COOTBETCTBUU
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¢ 'OCT P 57360-2016 (P®) u CTb EN 13791-2012 (Pb). [IpuHumnuansHo apyrue NOAXOAbI K OLIEHKE MPOYHOCTH Oe-
tona coxepkarcs B EN 13791-2019 (sBemen B 2020 r.), MHOTHE IOJIOKEHHSI KOTOPOTO MMEIOT 3HAYMTEIIbHBIC OTIHYNS
OT NpEebBIyIIeH BEPCUH U SIBIISTIOTCS HOBBIMHU JUIS CHEUAIICTOB, OCYIIECTBIIIOIINX KOHTPOJIb IPOYHOCTH OETOHA Ha
3Tare BO3BEACHUS U TP MIPOBEICHNHN 00CIIEI0BAHUS KEIE300€TOHHBIX KOHCTPYKIIHH.

Mamepuanst u memoost. OOBHEKTOM HUCCIICAOBAHUN SBIICTCS y4aCTOK OCTOHHON HIIH XKeJe300€TOHHOH KOHCTPYKIINH, B
KOTOpO! OLIEHHMBAIOT ITPOYHOCTh OETOHA NPY COMHEHHUSAX B COOTBETCTBUH OETOHA YCTaHOBJICHHBIM TpeOOBaHMsAM. B Ta-
KHX CITy4asx MPOBOAAT CICAYIOIINE UCTIBITAaHNUS OETOHA: IPEABAPUTEIbHOE KOCBEHHOE HCIIBITAHNE; KOCBEHHOE HCIIBITA-
HHE C TIOCJIeTYIOIINM 0TOOPOM M HCIIBITAHUEM 00pa3lioB OeTOHA PSIMBIM METOJIOM U3 MECT C HAMMEHBIIEH IPOYHOCTHIO
0eToHa; MCTIBITaHHE 00Pa3I0B OETOHA IMPSMBIM METOJIOM.

Peszynemamut uccnedosanusn. IlpuBeneHsl cBeJeHNs 0 BBIOOpE 00JIaCTH U MECT MCTIBITAaHUH, UX KOJIMYECTBE, METOIaX
0TOOpa KEPHOB M OLIEHUBAHMS NPOYHOCTH Ha CKaThe OETOHA IO pe3yNbTaTaM MCIBITAHUH KEPHOB, KOMOMHUPOBAHHBIX
UCTIBITAHUH, BKIIOYAIOIUX KOCBEHHBIM METO/] ¥ UCIIBITAHUS KEPHOB. BBINOIHEH aHANNU3 METOUK OLEHUBAHUS IPOYHO-
cTH OETOHA B CIIy4asX COMHEHUH OTHOCHTEIILHO COOTBETCTBUS OCTOHA YCTaHOBJICHHBIM TPEOOBAHUSIM.

Oécyancoenue u 3akniouenue. IlpuBeaeHsl MPUHIMITHAIBHBIC OTIMYHS METOANK OLICHKU ITPOYHOCTH OETOHA B KOHCTPYK-
IUSIX B CIIy9asX COMHEHHIH OTHOCHTEIILHO COOTBETCTBHA OCTOHA YCTAaHOBJIECHHBIM TPEOOBaHMAM, IPUBEACHHBIX B €BPO-
MEHCKOM CTaHIapTe W HAIMOHAIBHBIX cTaHaapToB Poccun u Pecryonuku benapycs. OTMe4eHbI HEIOCTATKU Mpeiara-
emoii B EN 13791-2019 metonuku.

KaroueBrble ciioBa: 6CTOH, IMPOYHOCTH Ha CXKAaTUEC, KOHCTPYKIIUH, COMHECHHUA, METOAbI OLICHUBAHWA, KOCBCHHBIC UCIIbITA-
HUSL, UCIIBITAHWUA KCPHOB

Hdast uurupoBanusi: [epkad B.H., lemuyk U.E. OnieHrBaHue MpOYHOCTH HA C)KaTHE OETOHA B KOHCTPYKIIMU B CITydasx
COMHCHHI B €r0 COOTBETCTBHH YCTaHOBJICHHBIM TpeOoBaHUAM. Cospemertble meHOeH Uy 8 CIpoumenscmeae, 2paoocmpo-
umenvcmee u naanuposxe meppumopuii. 2025;4(4):104-111. https://doi.org/10.23947/2949-1835-2025-4-4-104-111

Introduction. There might be doubts as to whether the required compressive strength of concrete in structures under
construction has been achieved due to some uncertainties concerning the quality of the concrete mix supplied to the
construction site, violations occurring routinely or following an extraordinary occassion on the construction site. The term
"doubt" includes, but is not limited to:

— insufficient compressive strength of concrete samples selected for production control;

— insufficient compressive strength of concrete samples selected for identical testing;

— routine violations.

The procedure for assessing the strength of concrete in cases of doubt as to the compliance of concrete identified based
on the standard tests is set out in the standards of Russia and the Republic of Belarus GOST R 57360-2016 "Precast
Reinforced Concrete Structures. Identification of Concrete Compressive Strength™ and STB EN 13791-2012 "Assessment
of the Actual (In-Situ) Compressive Strength of Structures and Precast Concrete Elements™ that are identical to the Euro-
pean standard EN 13791-2007 "On-Site Assessment of Concrete Compressive Strength in Structures and Precast Ele-
ments". In 2020 a new version of the above standard, EN 13791-2019, came into effect that contains the fundamentally
different approaches to assessing the strength of concrete in structures or structural elements. Lots of provisions of the
standard are new to specialists monitoring the strength of hardened concrete during construction and inspection of rein-
forced concrete structures and are in need of a detailed analysis and assessment.

Materials and Methods. The standard EN 13791-2019 considers two options for assessing concrete compressive
strength in a structure (Latin — in-situ):

— assessment of the characteristic value of the compressive strength of concrete in a structure and/or the strength of
concrete in a specific place of a structure;

— assessment of the compressive strength class of concrete supplied and laid in a structure when there are some doubts
as to the compressive strength of concrete based on the results of standard tests or poor-quality concrete work.

In the latter the compressive strength of concrete in situ is assessed in order to:

1) evaluate the test area, for which it is confirmed that the supplied concrete is in compliance with the stated compres-
sive strength, but the test results of the samples selected on site show non-compliance, e.g., when:

— the compressive strength of the supplied concrete is established that causes doubts and suspicions;

— the air content in the concrete mix exceeds the maximum allowable;

— water is added to the concrete mix on the construction site according to the consumer’s instructions of with no
control tests.
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2) control of the compressive strength of concrete when the manufacturer has declared non-compliance;

3) control of the compressive strength of concrete in case of violation of the technology of work related to the laying,
compaction or strength gain of concrete.

According to EN 13791-2019, the object of research is a test area or a test site where the characteristic compressive
strength of concrete is identified that is used directly in order to assess the compliance of reinforced concrete or concrete
structures with the current technical regulations (hereinafter referred to as CTR). Therefore, the standard EN 13791-2019
provides no procedure for reducing the strength of concrete identified according to the standard samples, to the strength
of concrete in a structure using a coefficient of 0.85 and establishing a concrete compressive strength class in an existing
structure (Table 1 of EN 13791-2007).

This article explores the methods for assessing the strength of concrete that are employed in case of doubts or contro-
versies regarding the quality of concrete delivered to the construction site and laid in a structure.

Manufacturer can express doubts as to the quality of concrete. In this case, they are obliged to provide the consumer
with a complete set of information that allows them to identify the scope of violations and possible risks. Based on the
inspection of a structure, the site where the concrete causing doubts has been laid is localized. The concrete manufacturer
is obliged not only to account for the causes of non-compliance, but also to assess the characteristic compressive strength
of the concrete at the time of its delivery and provide the information used to analyze the concrete strength. If the com-
pressive strength of concrete is underestimated, an in-situ assessment of the compressive strength class and an assessment
of structural safety might be required.

If the examination reveals the need to test the concrete in a structure in order to resolve the controversies regarding the
compliance of the concrete delivered to the construction site and laid in the structure, the following options are possible:

— preliminary testing;

— indirect testing followed by sampling and testing of cores from sites with the lowest concrete strength;

— core testing.

A block diagram of the concrete compressive strength class is shown in Fig. 1.

Assessing the compressive strength class
of the concrete causing doubts

Yes Follow the procedure, in which the manufacturer
> stated that the compressive strength
of the concrete did not match

Has the manufacturer declared
the non-compliance?

Does the concrete
in a structure need
to be tested?

No They use work production logs
and test protocols

A\ 4

A preliminary test is conducted indirectly

Is preliminary testing by an indirect
using a correlation dependency

method using a correlation dependence

applicable?
v No
Indirect testing with the results of core sample No he criteri 7
tests or only the results of core sample tests Avre the criteria met?
Are the criteria met?
Yes
The concrete meets the specified

The concrete does not meet the specified compressive strength class
compressive strength class

Fig. 1. Block diagram of concrete compressive strength class assessment in case of doubt with references to relevant points
of EN 13791-2019
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In case of a positive test result, the concrete supplied to a structure is deemed in compliance with the specified com-
pressive strength class, any adjustments to the concrete supplied to the construction site are deemed insignificant, and the
quality level of work during laying, compaction and hardening of concrete is deemed appropriate.

If the test results fail to prove that the concrete is in compliance with the specified compressive strength class, it might
be necessary to verify that the structure is in compliance with the established requirements, taking into account the result-
ing compressive strength of the concrete. Regardless of the causes for the non-compliance (incorrect choice of the com-
ponents, a poor quality of the concrete works, defects in the concrete), the load-bearing capacity and serviceability of a
structure must be ensured.

Research Results. Preliminary tests involve the use of an indirect method with an established correlation between the
result of the indirect testing and the compressive strength of concrete. In EN 13791-2019, two methods of indirect concrete
strength testing are considered: the elastic rebound method (EN 12504-2-2001 "Testing Concrete in Structures. Part 2.
Non-destructive testing. Identification of the Rebound Criterion™) and the UPV ultrasonic pulse propagation velocity
method (EN 12504-4-2004 "Concrete Testing in Structures. Part 4. Identification of the Velocity of Propagation of an
Ultrasonic Pulse™). It is to be noted that the standard EN 13791-2019 provides no indirect test method based on the
breaking of anchors from concrete according to EN 12504-3-2005. In domestic practice, the method of non-destructive
testing of concrete strength is recommended as a reference method [1-3]. Discarding this test method in the new version
of the standard must be due to the uncertainties caused by the differences in the strength of concrete in the surface layers
of the structure and its main volume, as well as the test conditions (type of an aggregate, presence of a reinforcement,
humidity, etc.). For the same reason, EN 13791-2019 requires that, after the core selected from the structure has been cut,
it should not contain:

— any concrete within 30 mm to any surface;

— any concrete within 50 mm or 20% of the upper surface of the concrete layer, depending on whichever is greater, in
the areas with a layer thickness of no more than 1.5 m;

—any concrete within 300 mm of the upper surface of the layer where the layer thickness is 1.5 m or more.

The test result according to EN 12504-2-2001 is the rebound value, which is the median value of at least nine
reliable results on the test site. While identifying the velocity of propagation of an ultrasonic pulse UPV according
to EN 12504-4-2004, the test result is a single value of the velocity of propagation of the ultrasonic pulse or the
value of the average velocity of propagation of the ultrasonic pulse, if more than one measurement was carried out
on the test site.

The value of the rebound and the velocity of propagation of the ultrasonic pulse are not direct measurements of the
compressive strength of concrete, but while using the correlation, they can be used in order to assess the compressive
strength of concrete in a structure.

Tests for identifying the elastic rebound of a hammer enable measurements of the surface hardness of concrete, but
not its evaluation over the entire section of the structure. The method is not recommended in the following cases:

— the depth of carbonization of concrete is more than 5 mm;

— the formwork with controlled dehumidification or surface concrete hardeners were used;

— the concrete has been damaged in fire;

— the concrete surfaces have been damaged as a result of a chemical exposure or defrozen.

Tests for identifying the velocity of propagation of an ultrasonic pulse make it possible to assess the quality of concrete
over the entire section of a structure, but the test results are considerably influenced by the concrete moisture as well as
some other factors.

Preliminary testing can be used in order to assess the uniformity of the concrete composition in the test area, to identify
areas with a lower compressive strength as well as to assess whether the specified compressive strength class of the
concrete has been achieved if there is a reliable correlation between the strength of concrete and the result of the indirect
testing. EN 13791-2019 contains the following, "if the results of indirect testing indicate that the required criteria have
not been complied with, this does not prove that the concrete is not in compliance with the specified compressive strength
class." In this case, additional studies based on core testing or combined tests involving one of the indirect methods and
core testing should be performed. Prior to the combined tests, the concrete must be divided into areas containing a volume
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of concrete not exceeding 180 md. The test area is then divided into sections with a concrete volume of approximately
30 m. Depending on the number of areas, the number of sites where indirect testing will be performed, as well as core
sampling is set (Table 1).
Table 1
Minimum number of test locations in the test area for the indirect method

Number of sites containing approximately 30 m3

. Minimum number of indirect test locations
of concrete in the test area”

1b 9
from2to 4 12
from5to 6 20

a If the volume covers a large area, the number of indirect tests should be increased in order to reflect the variability of the results
within the test area.
b Provided that it is considered as a single volume

According to Table 1, even with a very small volume of concrete having been laid, the minimum number of indirect
test sites is nine. In the areas involving large volumes of concrete (about 30 m?), indirect testing sites should be distributed
evenly over the area of the site. Indirect testing serves as the foundation for identifying the sites where core sampling will
be conducted. The principle of core sampling and the assessment criteria are shown in Table 2.

Table 2
Core sampling sites and assessment criteria

Average value of the

core test results in the lo-
Number of volumes

. . Minimum number of the core cations closest to the ..
is approximately o ; Minimum value of the test

3 sampling sites median rebound value or b o

30m?3, in the test area results™
the average UPV value
for the test area®
A core for each of the two lowest
19 values of the indirect test for the test — > 0,85 (fekspec — M)
area
from 2 to 4 A core at the lowest indirect test > 0,85 (Facspec + 1) > 0,85 (fospec — M)

value for the test area and a core at

each of the 2 test sites closest to the
from 5 to 6 median rebound value or the average > 0,85 (fokspec + 2) > 0,85 (fokspec — M)
UPV value for the test area

b The core strength can be expressed as fc,1:1core OF fc,2:1core depending on the chosen fek spec.

¢ For concretes of the compressive strength class C20/25 or higher M = 4 MPa. For concretes C16/20, C12/15 and C8/10 M is 3, 2 and
1 MPa respectively.

4 Provided that it is considered as a single volume.

According to Table 2, in order to assess its compliance with the established compressive strength class for a small
volume of concrete, it is sufficient to conduct indirect concrete testing in nine locations and test two cores.

The fespec Values from Table 1 refer to the strength of concrete identified on cylindrical (fecyi) or cubic (fox cune) SaMples
corresponding to this compressive strength class. If it is necessary to conduct concrete strength studies based on the core
tests, as in the case of combined tests, each area is to be divided into sections containing no more than 30 m? of concrete.
The minimum number of test sites depends on the number of sites the test area is divided into (Table 3).

Cores with a length-to-diameter ratio of 2:1 or 1:1 and a diameter of > 75 mm are used for testing. If it is not possible
to select them, it is allowed to assume a core diameter of at least 50 mm. While identifying the compressive strength of
concrete in a structure, the core test result is converted to an equivalent value for a core with a length-to-diameter ratio of
2:1 using the core length coefficient (CLF).
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Assessment criteria based on the core testing results

Table 3

Number of sites comprising
approximately 30m?
of concrete in the test area

Minimum number of the
test areas for each site

Average value of the core
test results for the test area®

Lowest test result? €

1d 3 _ >0,85 (fck,spec - M)
from 2 to 4 2 > 0,85(fekspec + 1) 2 0,85 (focspec — M)
from5t0 6 2 > 0,85(fekspec + 2) 2 0,85 (fekspec — M)

b The core strength can be expressed as fc,1:1core OF fc,2:1c0re depending on the chosen fek spec.

¢ For concretes of the compressive strength class C20/25 or higher M = 4 MPa. For concretes C16/20, C12/15 and C8/10
M is 3, 2 and 1 MPa respectively.

4 Provided that it is considered as a single volume.

For heavy concrete, the core test results with a length-to-diameter ratio of 1:1 to an equivalent value for a core with a
length-to-diameter ratio of 2:1 are converted by taking the CLF value of 0.82, which is lower than the CLF value set in
EN 13790-2007 and equals 0.85. It is to be noted that in the specified standard, the diameter of the cores is recommended
to be at least 100 mm. In order to obtain the test result, core sampling is carried out at each test site (three cores with a
diameter of 50 mm or one core with a diameter of > 75 mm). The concrete compliance assessment criteria are shown in
Table 3. If both criteria are met, it can be argued that for the test area concrete is in compliance with the established
compressive strength class.

Multipliers equal to 0.85 in the evaluation criteria (see Tables 2, 3) express the ratio of the characteristic strength of
concrete identified in situ, to the strength of concrete obtained based on tests of the standard samples. The observed
difference in concrete strength is due to the differences in the laying of the concrete mix, maintenance, shrinkage, and
exothermy of the hardening concrete [1-5]. Therefore even under ideal conditions of concreting and concrete maintenance
its strength identified in situ is unlikely to be over 70-85% of the strength obtained on the standard samples [6-10]. It is
for this reason that the Eurocode 2 (EN 1992-1-1-2004) establishes the requirements for modifying a particular coefficient
for concrete if its strength is obtained based on tests in the completed structure.

Discussion and Conclusion.

The methodology for assessing the strength of concrete in structures in cases of doubt as to the compliance of concrete
with the established requirements provided in the standard EN 13791-2019 is fundamentally different from the previous
version of the standard, as well as the national standards of Russia and the Republic of Belarus - GOST R 57360-2016
and STB EN 13791-12. The major differences are:

—in the introduction of a different methodology for identifying the compressive strength of concrete in a structure and
changing the criteria for assessing it in case of doubt as to the quality of concrete;

— identifying the number of test sites depending on the methods used to assess the compressive strength of concrete;

— refusing to establish the current compressive strength class of concrete in the structure taking into account the coef-
ficient of 0.85 that expresses the ratio of the strength of concrete in the structure to that of concrete of the standard samples
(see Table 1 in EN 13791-2007). According to the standard EN 13791-2019, the characteristic strength of concrete in a
structure (on site or in the test area) is evaluated;

—achange in the conversion coefficient of the values obtained on cores with a height-to-diameter ratio h/d = 2 to those
with a height-to-diameter ratio h/d = 1, from 0.85 to 0.82;

— reducing the diameter of the main core samples from > 100 mm to > 75 mm;

— exclusion of the indirect method based on the breaking of anchors while assessing the compressive strength of
concrete structures.

It is to be noted that the statistical analysis methods set forth in the standard EN 13791-2019 for assessing concrete
strength values from small-volume empirical data samples are not without some disadvantages of the previous version.
This mostly applies to the establishment of a specific distribution law for a random variable (normal or lognormal), as
well as the availability of the results of identifying concrete strength.
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