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BUILDING CONSTRUCTIONS, BUILDINGS
AND ENGINEERING STRUCTURES

CTPOUTEJIbHBIE KOHCTPYKIHUU, 3TAHUA U COOPYKEHUSA
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Modeling of Shear Strength of Ultra-High-Performance Concrete Beams - :
Using Statistical Learning Tools F:
Murat M. Tamov'** <, Olga V. Rudenko? "=, Mina I.F. Salib? E
1 Kuban State Technological University, Krasnodar, Russian Federation

2 Kuban State University, Krasnodar, Russian Federation
< murat.tamov@gmail.com

EDN: RSCKOZ

Introduction. Ultra-high-performance concrete (UHPC) combines high strength and crack resistance with low permea-
bility, making it ideal for structures operating under aggressive environmental conditions and high loads. The growing
use of UHPC in construction makes necessary the development of scientifically grounded methods for designing struc-
tures made with this material. The aim of this study is to develop engineering methods for calculating the shear strength
of UHPC I-beams using statistical learning techniques. The models were based on extensive datasets, including both the
authors' own experimental results and data from other researchers.

Materials and Methods. Artificial neural networks (ANNSs) and regression analysis methods were used to develop the
models. The tasks were implemented using the STATISTICA software package.

Results. Nonlinear expressions were developed for engineering calculations, allowing for the determination of the shear
strength of UHPC-beams accounting for the shear span and structural parameters, including section geometry, UHPC
strength characteristics, and fiber and shear reinforcement ratios. The proposed formulas reduce the discrepancy between
theoretical and experimental data by up to 2.4 times compared to calculation by methods adopted in codes. The formulas
are applicable to beams unreinforced in shear as well as those with fiber and shear reinforcement.

Discussion and Conclusion. The results confirm the applicability of regression models and ANNs for calculating the
shear strength of UHPC beams, particularly in cases where traditional analytical solutions are difficult to formalize. The
reliability of the developed models is supported by statistical analysis, including verification of regression equation ade-
quacy and comparison with existing code-based methods.

Keywords: ultra-high-performance concrete, I-beams, regression analysis, artificial neural networks, shear force

For citation. Tamov MM, Rudenko OV, Salib MIF. Modeling of Shear Strength of Ultra-High-Performance Concrete
Beams Using Statistical Learning Tools, Modern Trends in Construction, Urban and Territorial Planning.
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AHHOTaLUA

Beeoenue. Crepxsricokonpounsiii 6etoH (CBIIB) coueraeT B cebe BRICOKYIO IPOYHOCTH U TPEUIMHOCTONKOCTH, HU3KYIO
MPOHHUIAEMOCTb, YTO JIeNaeT ero 3hGEKTUBHBIM ISl KOHCTPYKIHMH, SKCINTYaTUPYEMBbIX B YCIOBUSIX JICHCTBUS arpecCUB-
HBIX CPE€J M BBICOKHMX Harpy3ok. Pacmmpenne npakrtuku npumenenust CBIIb B ctpountenscTBe TpeOyeT pa3paboTku co-
OTBETCTBYIOIINX HAYYHO 0OOCHOBAHHBIX METOJIOB pacdeTa M3rOTOBJIEHHBIX C €ro NMPUMEHEHHEM KOHCTPYKLMH. OnHIM
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13 MaJIOM3YYCHHBIX BOIIPOCOB SIBJISETCS cONpoTHBiIeHUE n3rndaeMbix CBIIB-koHCTpYKIHiA 1€HCTBUIO TOIIEPEYHBIX CHII.
B nacrostmeit paboTe mpeuIoKeHbl pacyeTHBIE 3aBUCUMOCTH IS OTIPEACTICHIUS IPOYHOCTH HAKJIOHHBIX CEUCHU By TaB-
posbix Oanok w3 CBIIB, pa3spaboTaHHBIEe ¢ IPUMEHEHHEM METOIOB MAITMHHOTO 00y4eHus. [ perpeccuii cocTaBieHbI
U CTPYKTYPHPOBAHbI OOIIUPHBIE SKCIIEPUMEHTAIbHBIE BEIOOPKH C IIMPOKUMH AHAIA30HAMH [TApaMETPOB, OKa3bIBAIOIIIX
BIIMSIHHE Ha CONPOTHUBIICHNE ITOTIEPEYHBIM CHIIAM.

Mamepuanst u memoodsi. IIpy TOCTPOCHNN MOIeNIeil HCTIOIB30BaHBI HCKycCTBeHHBIC HelipoHHbIe ceT (MHC) 1 MmeTos
perpeccuoHHOro aHanusa. [l peleHus 3a1ad UCHoib30BaH HHCTpyMeHTapuii nporpammsl STATISTICA.
Pesynomamut uccneoosanus. Pa3padboTaHbl HEIMHEHHBIC 3aBUCHMOCTH IS HHXKCHEPHBIX PacdeTOB, O3BOJISIONIHE ITPO-
n3BOJUTH pacuer conporusineHus CBIIB-0anok momepedHbIM cHllaM C Y4€TOM BIIMSHHS IPOJIeTa cpe3a HarpyKeHus u
KOHCTPYKTHBHBIX NTApaMETPOB, BKIIOYAst TEOMETPHIO CEUCHUs, MpoIHOCTHBIE XapakTepucTuku CBIIB, a Taxke koaddu-
LUEHTHI (PUOPOBOTO U MOMEPEUHOT0 CTEP’KHEBOTO apMHUPOBaHUS. Pe3ynbTaThl MOATBEP)KAAIOT MIPUMEHUMOCTh PETPECcCH-
onHBIX Moaenelt 1 MHC i pacdeToB mpogHOCcTH HaKIOHHEIX cedeHnit CBITb-0anok, kak s cIoXHO (popMann3yemMoit
3a7a4u. JloCTOBEPHOCTH TOJTyYEHHBIX MOJIEIIEH ITONTBEPKACHA CTATUCTHYECKUM aHAIN30M, BKITIOYast IPOBEPKY aJIeKBaT-
HOCTH YPaBHEHHI PETPECCUH U X CPAaBHEHUE C HOPMATUBHBIMU METOANKAMH PacdeTa.

Obcysncoenue u 3axniouenue. Ilpeioxennsie GopMyIbl HO3BOIAIOT CHU3UTH PACXOXKACHUE MEXKY TEOPETHIECKUMH U
9KCTIEPUMEHTAIbHBIMU JaHHBIMU B CPaBHEHHH C HOPMAaTHBHBIMH METOIMKaMU 10 2,4 paza. @opMyisl IPUMEHHMBI KaK
JUIs pacueTa 0aJoK ¢ HeapMUPOBAHHBIMU HAKJIIOHHBIMH CEYEHHUSMHU, TaK U 1151 070K ¢ pUOPOBBIM U MONIEPEUHBIM CTEPXK-
HEBBIM apMHUPOBAHHEM.

KaioueBble ciioBa: CBEpXBBICOKOIPOYHBIH OETOH, JBYTaBPOBbIC OalKH, PErpecCHOHHBIN aHallu3, MCKYCCTBEHHBIE
HEWPOHHBIE CETH, TIOTIEPEIHBIE CHITBI

Jas uutuposanus. TamoB M.M., Pyaenko O.B., Canu6 M.N.®. MoaenupoBaHie CONMPOTUBIICHUS MONIEPEUYHBIM CHIIaM
GaIOK M3 CBEPXBBLICOKONPOYHOTO GETOHA MHCTPYMEHTAMH CTaTHCTHUECKOTO 00ydenus. Cospemennvle menoenyuu 6
cmpoumenscmae, 2padocmpoumenvcmee u naanuposke meppumopuii. 2025;4(2):7-20. https://doi.org/10.23947/2949-
1835-2025-4-2-7-20

Introduction. Ultra—high-strength concretes (hereinafter referred to as UHPCs) with dispersed (fiber) reinforcement
are a relatively new class of concretes characterized by high strength and endurance, durability and frost resistance. Sim-
ilarly to other types of fine-grained concrete, one of the areas of rational use of UHPC are structures with small cross-
sectional profile thicknesses. An example of bent structures of this type are I1-beams of superstructures and decking struc-
tures operated under the influence of aggressive environments.

The improvement of approaches to calculating the transverse forces of UHPC- beams is largely focused in two direc-
tions: construction of finite element models using nonlinear diagrams of deformation of UHPC and reinforcement as well
as the refinement of formulas for engineering calculations of beam strength. The formulas of the NF P18-710 manual can
be cited as an example of existing regulatory methods for calculating bending SVP structures for transverse forces. Sim-
ilarly to Eurocode 2, the NF P18-710 formulas are based on the method of truss analogy. At the same time, the
Eurocode 2 methodology assumes that all transverse force in elements with transverse reinforcement is perceived only
by clamps (concrete resistance is taken into account only in elements without transverse reinforcement). In its turn, in
NF P18-710, the resistance (contribution) of concrete is assigned both for elements with and without transverse reinforce-
ment. Separate terms account for the contribution of fiber. What also differs in a way from Eurocode 2 is the NF P18-710
approach to calculating the strength of thin walls. Hence Eurocode 2 provides for this calculation only for elements with
transverse reinforcement, while NF P18-710 contains calculation formulas for both elements with and without transverse
reinforcement.

The method of calculating transverse forces of SP 360.1325800 "Steel-Reinforced Concrete Structures” replicates that
of the set of rules of SP 63.13330 "Concrete and Reinforced Concrete Structures. Basic Provisions" with the replacement
of the strength characteristics of ordinary concrete with similar ones of steel-fiber concrete — in the formula for wall
strength, Rs is used instead of Ry, and in the formula for calculating inclined sections, Ry is used instead of Ryt. The Ryt
resistance corresponds to the top of the deformation diagram of steel fiber concrete under axial tension.

The downside of the normative methods is the incomplete consideration of factors affecting the resistance of beams
to transverse forces. This makes it necessary to develop alternative approaches based on the analysis of experimental data
and the use of modern computing technologies.

The aim of this study was to obtain engineering methods for calculating the resistance to transverse forces of I-beams
by means of statistical learning tools such as neural network and regression analysis. Representative databases were em-
ployed as training and test samples of the models, including both the authors' own tests and other researchers’ experiments.
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Materials and Methods. There are lots of problems facing construction science that cannot be tackled by means of
traditional computational methods. In such cases, an accelerated search for new solutions is possible using data manage-
ment technologies employing a large accumulated volume of results from field and numerical experiments. In materials
science literature, this stage of the development of science is referred to as its "fourth paradigm™ [1].

In recent years, artificial intelligence technologies have been extensively used for calculating structures as an alterna-
tive to classical modeling methods [2] defined as the ability of a computer to simulate intelligent human actions by
searching for algorithms for tackling complex problems. A critical part of artificial intelligence is machine learning which
is used in order to investigate trends and is aimed at forecasting using algorithms for calculations based on the data
involved in training [3]. Machine learning is known for its capacity to capture nonlinear relationships between input and
output data that are challenging to formulate. Machine learning has been applied in inspecting and monitoring building
structures, optimization, reliability assessment and prediction of material properties [4].

Artificial neural networks (ANN) are computational models that simulate biological neural structures. Their basic
elements (neurons) process information by means of dynamically responding to input signals. The key feature of such
networks is their adaptability: unlike classical algorithms operating according to strict rules, ANNSs are trained on a large
amount of data adjusting the parameters of connections. The ANN is based on weighted connections between neurons
that constitute an architecture with one or more layers. During the learning process, the system iteratively optimizes the
weighting coefficients that determine the strength of the interaction of the elements. For forecasting and regression tasks,
single-layer ANNs are commonly used as the simplest type of architecture with direct connections [5, 6].

Analyzing the relationships between processes and factors calls for the use of specialized mathematical methods.
Regression analysis has become widespread making it possible to quantify the influence of independent variables (pre-
dictor factors) on the investigated dependent value (the resulting response).

This method enables one to:

— identify the degree of impact of each factor on the outcome;

— identify the closeness of correlations between the analyzed parameters;

— design predictive models based on the identified dependencies.

In this paper, ANN and regression analysis are used in order to obtain calculation formulas for calculating the
resistance to transverse forces of 1-beams made of ultra-high-strength concrete and fibrocrete. The STATISTICA toolkit
is used to solve the problems.

Research Results. Given the structure of formulas for the strength of inclined sections accepted in the norms, the
regression analysis aimed at developing an engineering methodology for calculating 1-beam SVP beams was carried out
in two stages. At the first stage, a regression model of the strength of beams with no fiber and rod transverse reinforcement
was obtained

Q = Qb =f (X1, X2, X3, X4, Xs, Xe), (1)
where X1 (a/hg), X2 (bw), X3 (ho), Xa (R), Xs (us), Xs (¢r) are factor arguments; a/hg is a section span; by and ho is the wall
thickness and working section height; R is the strength of concrete; usis the coefficient of longitudinal reinforcement.

_ (bg-bw)ts
f 7 byng
where by, t; is the width and thickness of the shelf.

The database for the first stage was a sample based on the results of transverse force tests of rectangular and I-beams
made of high-strength and ultra-high-strength concrete with no fiber and transverse core reinforcement discussed in lit-
erature [7-41].

At the second stage, the load-bearing capacity of beams reinforced with fibers and having no rod transverse reinforce-
ment is assumed to be equal to:

Q=Qv+Qx,
after that, the formula for the contribution of fibers Qr was identified by selecting the parameters of a regression model in
the following form
Q =y +f (X1, X2, X3, Xa),
where y is the contribution of concrete Qy according to formula (1); X1 (bw), X2 (ho), X3 (Ret), Xa (s)-

The database for the second stage was compiled based on the results of our and other tests for the transverse force of
T- and I- UHPC beams reinforced with fibers but with no transverse reinforcement. [7, 13, 36, 37, 39, 42-49].

At both stages, the order is set for obtaining regression dependencies:

1. Choosing a functional form.

2. Assessing the model parameters.

3. Testing the validity of the model.

Building constructions, buildings and engineering structures
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Choosing a functional form for Qy is carried out by visual analysis instrumental in the initial assessment of data,
identifying common patterns and trends. As it is possible to design only three-dimensional graphs (surfaces), a few of
them will be required for visual analysis of the dependence. Having considered these surfaces (Fig. 1), the equation of
dependence of the variable y on xi, X2, X3 and x4 should have a complex nonlinear form.

3D Surface: X1vs. X2 vs.y 3D Surface: x2vs. x3vs.y 3D Surface: x3 vs. x4 vs. y
(Casewise deletion of missing data) (Casewise deletion of missing data) (Casewise deletion of missing data)
y = Distance Weighted Least Squares y = Distance Weighted Least Squares y = Distance Weighted Least Squares

Fig. 1. Three-dimensional graphs (surfaces) of the dependence y on x1, X2, X3 and X4

In order to visualize descriptive statistics of experimental data, so-called "box diagrams™ are designed (Fig. 2) that can
be used for the data to be evaluated for distribution structure, outliers, uniformity of observations, etc. As can be seen, the
variables xi, xs and X are closely located near their average value. The variables X2, X3, X4 and y have a symmetrical
distribution. The dependent variable y has the largest variation.

Box & Whisker Plot

250
200
150
100
a
50 :L
E
0 = T 'JEI:_‘ —= -
-50
o Mean
-100 | ] Mean+SD
x1 x2 x3 x4 x5 %6 y T Meanz1,96"SD

Fig. 2. «Box» diagrams

In order to rule out multicollinearity of variables, a matrix of paired correlation coefficients has been compiled
(Fig. 3). It is believed that the presence of correlation coefficients over 0.75-0.80 in absolute value indicates multicollin-
earity between variables. In order to eliminate multicollinearity, these factors must be excluded from the model.

Color map of correlations (Spreadsheet1)

MN=217 (Casewise deletion of missing data)

= -1 080 -0,60 0,20 0,40 0,60 0,80 1
Variable x1 X2 x3 e | x5 xb ¥
x1 000000
x2 000000| 0.595526
x3
x4
X
X6
y 0,655836 0716017}

Fig. 3. Diagram of correlations
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In our case, there might be multicollinearity between variables x, and xs. For verification, a method was used to analyze
the sensitivity of input variables while building a neural network model — the process of evaluating the influence of input
variables (features) on the output of the model, i.e., on the result of forecasting or classification. This analysis enables us
to assess how changes in the input data or model parameters affect the output of the neural network and helps us under-
stand which features are most important for the model and which of them can be excluded (Fig. 4).

Sensitivity analysis (Spreadsheet1)

Samples: Train

MNetworks X3 w2 | x5 | x| x| x6
||5.MLP 6-3-1 (4 656816] 3,938443 3.029732 1,856225 1,091346 1,005235

Fig. 4. Sensitivity analysis of y

While building a neural network model, all the input variables received sensitivity values greater than 1. This means
that all of the 6 input variables should be retained in our regression equation.

Identifying the coefficients of the model Qy was carried out using the least square method (LSM) that involves a range
of statistical prerequisites being met. The most important of these conditions is homoscedasticity, the constancy of the
variance of random errors in the model. Violation of this requirement (heteroskedasticity) results in the following: the
application of Student's t-test and Fischer's F-test becomes incorrect. Hence in the presence of heteroscedasticity, the
results of regression analysis cannot be considered statistically reliable.

The STATISTICA package makes use of graphical analysis in order to identify heteroscedasticity. To this end, a graph
is deisgned where the values of the variable y are plotted along the abscissa axis, and its deviations along the ordinate
axis (Fig. 5). As can be seen, the values are randomly distributed (exceeding confidence limits) causing one to assume
that there is no heteroscedasticity.

400

350 o

300

250

200

150

Raw residuals

100
50
0

50

-100
-100 0 100 200 300 400 500 600

y 0,95 Conf.Int.

Fig. 5. Graph of the dependence of the residuals on the variable y

Hence the calculation of the parameters of the nonlinear regression equation can be calculated using LSM. To this
end, the user regression block of the STATISTICA program is used allowing one to enter an arbitrary type of equation.
It is based on a complex nonlinear model taking the following form:

Y = agx;™ %, x5, xs™3 (1 + a;xg) (1 +a, \/%) 2)
3
The results of assessing the parameters ao, ai, az, M1, mz and ms of function (2) in the STATISTICA software are

presented in Fig. 6. The first column of the table contains estimates of the regression parameters making it possible to
write an analytical representation of the equation:

y = 1,4663, " "1 x,x030, %2256 (1 + 1,6x) (1 +94 %3) ©)

Column 3 contains calculated values of t-statistics, quantifying the significance of the predictor effect on the dependent
variable. This indicator is calculated as the following ratio:
t = (coefficient estimates)/(standard error of the coefficient).
The value of the indicator reflects the number of standard deviations by which the coefficient estimate differs from
zero. It has been empirically found that coefficients with t-values beyond [-2;2] have sufficient reliability to be used in
predictive models. At the same time, the higher the absolute value of statistics, the less likely it is that the coefficient will

Building constructions, buildings and engineering structures
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be mistakenly recognized as significant and the forecasts of the model will be more stable.

The fourth column contains the p-values that are the lowest levels of significance (probability of rejection of a fair
hypothesis) for which the calculated verification statistics lead to rejection of the null hypothesis. To this end, the p-value
is compared with the generally accepted standard significance levels of 0.05 or 0.01.

Madel is: vi=al™1*m12*3Id m2*vE*m3*(1+a1%6)* (1+a2*3*-0.5)) (Spreadsheet105)
Dep. Var. : Qb
Level of confidence: 95.0% ( alpha=0.050)

Estimate | Standard tvalue pvalue Lo. Conf | Up. Conf
error df =211 Limit Limit
al [ 1466151 0348623 42055 0.000038 0.77592 215338
m1 -1.13779]  0.059233| -19.2086  0.000000, -1.25455) -1.02102
m2 0.19068) 0.032669 58366, 0.000000 0.12628 0.25508
m3 0.59965  0.030337 19.7659)  0.000000 0.539564 0.65945
al 1.60835 0350377 4.5903 0.000008 0.91766 2.29904
az §.37468| 2217515 42276 0.000035 5.00337| 13.74602

Hodel is: v7=al¥wl ml*vZ*v3*v4 m2¥w5 m3* (l+al*wve) *{l+a2*vw3~(-0.5))
Dependent wvariable: Qb Independent wvariables: €
Loss function: least sguares

Final walue: 10735%1.0504573

Proportion of variance accounted for: .530154443 B =_545£545%

Fig. 6. Result of calculating the parameters of the regression equation Qo

Based on the values of the above parameters shown in Fig. 6 and the high values of the multiple correlation index
(R =0.95), it can be argued the parameters of equation (3) are statistically significant.

The validity of the model is closely associated with the fulfillment of the basic assumptions regarding the regression
residuals & which include the independence and absence of autocorrelation of the residuals, as well as their normal dis-
tribution. If the chosen regression model describes the true dependence well, the residuals should be independent normally
distributed random variables with zero mean. In the residue distribution diagram (Fig. 7a), the points lie along a straight
line — the residue distribution is normal. In the scattering diagram (Fig. 7b) the points are located close to a straight line
drawn at an angle of 45 ° to the coordinate axes. This indicates that the response is close to the observed values.

Erpected Nomalvale

Narmzl Proban iy Plot of Residuzk Observed versus Predicted Values

700
600
a a
Q.99
500
0.9 P
0.8 2 400
=
= o
0.50 T 300 o
=
23 a
o
015 <200
Q.08
100
s 0.
0
-100
100 50 a 50 100 150 200 -50 0 50 100 150 200 250 300 350 400
Reskuak Predicted Values
a) b)

Fig. 7. Distribution diagrams: a — of the residuals; b — of scattering

450

At the second stage of the regression analysis, a dependence was designed for the strength of UHPC beams with fiber
reinforcement with no bar cross reinforcement. A general view of the function is the following:

Q=Qp+ Q.

Inserting y instead of Qy calculated based on (3) and replacing the contribution of the fibers with the function from x;
(bw), X2 (o), X3 (Rot), X4 (us), we get

Q =y + f(x1, %2, X3, X4).

(4)

In order to calculate the basic statics of all of the factors of the model, a matrix of paired correlations was designed
(Fig. 8). It was found that the arguments x, and y have a very high pair correlation (more than 0.7).
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Correlations (Spreadsheet)

Marked correlations are significant at p < ,05000

M=56 (Casewise deletion of missing data)
Variable | Means | Std.Dev. |  x1 x2 x3 e y | Q
x1 [ 4482711 10,9861 1,0000000 0,031394 0,216939 -0.508297 0,166597 0.276947
*2 37,6357 18,9912 0,031394 1,000000 0616026 -0,203521) 0831776 0,783923
23 13526 0,5999) 0,216939 0616026 1.000000 -0573725 0557728 0.635939
x4 0,03%4 0,0187 -0.508297 -0.203521 -0.673725 1,000000 -0.253158 -0.1604584
Vi 98,9823 53,7237 0166597 0831776 0597728 -0,253158 1,000000 0834242
Q 279,6782 183.,3429 0276947 0,783928 0,635939 -0,160484 0,834242 1,000000

Fig. 8. Matrix of paired correlations

The analysis of paired correlation coefficients enabled us to identify only explicit cases of linear relationship between
the predictors. However, the key problems in designing multiple regression models lie in multicollinearity, a situation
where there is a systemic linear relationship between several factors at a time. In order to quantify the degree of multicol-
linearity, an analysis of the determinant of the correlation matrix of factors is used. The closer the determinant value is to
zero, the higher the degree of linear dependence between the variables and the more distinct the problem of multicollin-
earity, as well as the less reliable estimates of the model parameters (Fig. 9).

o1 0031394 0216939 -0.508297 0.166597 0276947
0.031394 1 0616026 -0203521 0.831776 0.783928
0216939  0.616026 1 -0373725 0.597728 0.633939

W | 0508207 ~0203521 ~0.573725 1 -0253158 —0.160484
0.166397 0831776 0.597728 -0233138 1 0.834242
\ 0276947 0.783928 0633939 —0.160484 0.834242 1)
detR = |R| detR = 0.014

Fig. 9. Calculation of the determinant of the matrix of paired correlation coefficients

Proximity to zero of the determinant of the matrix of paired correlation coefficients (detR = 0,014) means that there
is multicollinearity between the arguments. One of the ways to account for the internal correlation of factors is to switch
to combined regression equations, i.e. to those reflecting not only the influence of the factors, but also their interaction.
A combination of our factor arguments in the model Q = y + f(xq, x5, X3, X4, X1 * X = X3 - x,) Will thus be included in the
first degree and specification will be a complex linear dependence. The nonlinear nature of the relationship of the model
is confirmed by means of the shapes of the constructed three-dimensional surfaces of the dependence of the variable Q
on its arguments (Fig. 10).

Fig. 10. Three-dimensional graphs (surfaces) of the dependence of Q on x1 and x2

The sensitivity analysis (Fig. 11) indicates the need to participate in the regression of all of the variables, with the
largest contribution expected to be made by the variable y (contribution of concrete Qp).
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Sensitivity analysis (Spreadsheet1)

Samples: Train

Metworks y x2 | x | x3 | «xi
1.MLP 54-1 | 106,75671 30,73866 8477698 8374472 2453012

Fig. 11. Sensitivity analysis of Q

As a result of the study, it was decided to use the dependency as a model specification:
1

Q =y + agxyxx3™3x,™ (1 +2 \/?2) (5)
The results of assessing the parameters of regression in the software STATISTICA are shown in Fig. 12.
Having substituted the parameter values in (5), the following general form of the equation is obtained:

1

Q = y + 5,46x1x2x30'95x40'65 (1 + 2 E).

The values of the t-value and the p-value indicate a good selection of the regression equation and the statistical sig-

nificance of its coefficients (Fig. 13). The multiple correlation index R = 0.91 highly evaluates the proximity of the com-
bined influence of the factors on the result.

Model is: vB=vA+al™ 123 m 154 m2*(1+2%2%-0.5)) (Spreadsheet108)

Dep. Var. : Q

Level of confidence: 95.0% ( alpha=0.050)

Estimate | Standard t-value p-value Lo. Conf | Up. Conf
errar df = 63 Limit Limit

al | 54581001 2.014278 2.709706| 0.009052| 1.417971] 9.438230
m 0.948995 0.205740) 4612603 0000026 0536334 1.361656
m2 0.646525)  0.127836| 5.057442 0000005 0330117 0.902932§

Hodel is: we=vital*vwl*vZ*vw3 ml*vw4d mZ* (1+2%w2~({-0.5))
Dependent wariable:

Loss function:

least sguares

Final walue: 322005%.03€0573

Froportion of wariance accounted for:

Independent wvariables: 5

.8253284¢

R =.530875105

Fig. 12. Result of calculating the parameters of the regression equation Q

Model is: vB=v+al™v1v2v3'm3d md*(1+224-0,5)) (Spreadsheet1)
Dep. Var. - Q
1 2 3 4 5
Sum of DF Mean Squares | Falue | pwvalue
Effect Squares
Regression |59D?1DB_ 3,00000 1969036 324,0869 0,00
Residual 322009| 53,00000 6076
Total 6229117 56.00000
Corrected Total 1848804 55,00000
Regression vs.Corrected Total 5907108 3.00000 1969036, 58,5768 0,00

Fig. 13. Results of the multidimensional dispersion analysis

The fourth column (Fig. 13) shows Fischer's F-statistics which serve to check the validity of the model. The fifth
column (p) shows the significance of Fischer's F-statistics — the critical value of the quantile of the Fischer distribution
rejecting the null hypothesis of the absence of the factor influence. The statistical significance of the regression equation
is thus recognized, i.e. there is a relationship between the above features, and the observational results are in good agree-
ment with the assumption of its specification. The normal probability graph (Fig. 14) confirms the normal distribution of
the residuals of the regression model.
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Fig. 14. Diagrams of the distribution of the residuals

The autocorrelation between the arguments of the model leads one to struggle confirming the correctness of the choice
of specification. In this case, it is necessary to perform a comparative analysis between alternative regression models.
E.g., as an alternative, quation (6) of the joint influence can be taken without accounting for the factor x»:

Q = aox;tay  xyty (6

The resulting parameters of this regression are in Fig. 15.

Model is: v6=al™1*m1*3*m3"d*md "5 (Spreadsheet?)

Dep. Var. - Q

Level of confidence: 95.0% ( alpha=0.050)

Estimate | Standard | tvalue | pwalue | Lo. Conf|Up. Conf
error df = 52 Limit Limit
al |3.E=1DEEB_ 1,354431) 2 687946 0,009635  0,922773) 6,3568504
m1 [ 0471554 0,205487 2,2945819) 0,025811 0,059215 0,8835893
m3 | 0428909 0,123765 3465514  0,001069 0,180556 0677261
md [ 0323869 0,089391) 3,623062 0,000661 0,144493 0503245

Fig. 15. Result of calculating the parameters of the regression equation (6)

The classic determination coefficient R? ranging from 0 to 1 serves as a basic indicator of the explanatory ability of
the model. Nevertheless this indicator has a considerable limitation: its value increases monotonously as any of the re-
gressors is added, even statistically insignificant ones. This effect is due to the mathematical nature of R; itself making it
unsuitable for comparing models with different numbers of predictors and choosing the optimal specification. In order to
overcome these disadvantages, alternative approaches have been developed, such as the use of adjusted R, allowing for a
more objective comparison of models of different dimensions, but also protects the limitations of the original R, method,
and the Akaike information criteria (AIC) and the Bayesian Schwarz criterion (BIC/SC). The AIC criterion is less strict
on the number of parameters and is preferable for small samples, while BIC/SC penalizes the complexity of the model
more severely, estimates large data more precisely, and accounts for the sample size in the penalty formula. Hence the
specification with the minimum value of the information criterion (AIC or BIC) will be considered optimal, reflecting a
compromise between the accuracy of the data description and the complexity of the model.

In Table 1, the information indicators of the selected model specification (5) are compared with (6) calculation for-
mulas SP 360.1325800, as well as with formulas FIB Model code 2010 and RILEM TC 162-TDF. As can be seen, all 4
metrics have the lowest value for the selected specification (5).
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Table 1
Quality indicators of the regression equation
Equation MSE MAPE AIC BIC
) 6110.08 26.78 % 500.19 657.57
(6) 7506.72 28 % 511.72 669.11
CII 360.1325800 30528.81 47 % 590.28 757.35
FIB Model code 2010 56070.45 57 % 624.32 811.49
RILEM TC 162-TDF 24092.38 42 % 577.02 750.69

The accuracy of the proposed methods for calculating the strength of 1-UHPC beams under the action of transverse
forces was assessed by comparing the theoretical and experimental values of destructive loads based on a sample of data
obtained from the relevant published experimental studies [7, 13, 32, 36, 37, 42-50]. The values of destructive loads are
identified as follows:

Qper = Qb,per + Qf,per + st,
where @, er and Qe are the contributions of concrete and fibers based on (3) and (4).

Tables 2—-4 provide a comparative assessment of the accuracy of the suggested regression and standard calculation
methods. At the same time, beams with no fiber reinforcement are calculated according to the formulas of SP 63.13330,
ACI 318M and Eurocode 2, and beams with fiber reinforcement are calculated according to the formulas of SP
360.1325800, designed for steel-fiber structures, and according to the formulas FIB Model code 2010 and RILEM TC
162-TDF for UHPC structures.

Table 2
Comparison of the experimental Qex and theoretical Qcarc Values of the strength of UHPC-beams
with no fiber and transverse rod reinforcement
Calculation method
Indicator
Regression SP 63.13330 ACI 318M EC 2
Mean deviation in %
<M> -100 17 40 29 21
Qexp
Mean value of the ratio Qex,/Qcaic 1.03 145 134 12
Coefficient of the ratio variation
Qexp/ Qate 0.22 0.43 0.44 0.56
Table 3
Comparison of the experimental Qexp and theoretical Qcarc values of the strength of UHPC beams
with fibers and with no transverse rod reinforcement
Calculation method
Indicator FIB Model RILEM

Regression SP 360.1325800 code 2010 TC 162-TDF

Mean deviation in %

(Qexp - Qcalc) 100 26 47 57 42
Qexp
Mean value of the ratio Qcx,/Qcaic 1 2.46 2.76 1.85

Coefficient of the ratio variation

0.29 0.64 0.42 0.41
Qexp /Qcalc
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Table 4
Comparison of the experimental Qex and theoretical Qcac values of the strength of UHPC beams
with fibers and with no transverse rod reinforcement
Calculation method
Indicator FIB RILEM

Regression SP 3601325800 | \1odel code 2010 TC 162-TDF

Mean deviation in %

(Qexp - Qcalc) 100 28 37 39 39
Qexp
Mean value of the ratio Qex/Qcaic 1.19 1.71 1.76 1.81
Coefficient of the ratio variation
0.33 0.44 0.43 0.38
Qexp/Qcalc

The highest accuracy of the regression model is achieved in the absence of fiber and transverse core reinforcement of
beams: the average difference between the experimental and theoretical values in this case is 17%. While calculating
beams with fibers and clamps, the error is expected to increase, reaching 28%. As can be seen, the average value of the
ratio Qexp/Qcarc Was 1.19, i.e. the deviation is formed towards the margin.

Discussion and Conclusion. The results presented by the obtained regression models indicate the possibility of cal-
culating the contribution of concrete and fibers to the resistance of the UHPC beams to transverse forces. The assessment
of the quality and reliability of the models is confirmed by using a set of metrics and comparing them with alternatives.
The calculation based on the developed regressions improves the convergence of theoretical and experimental results by
up to 2.4 times compared to the formulas of norms. The synthesis of statistical methods and artificial intelligence tools
opens up avenues for further improvement of methods for calculating building structures, particularly in cases of tasks
which are difficult to formalize where designing traditional analytical solutions is challenging.
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Abstract

Introduction. In order to ensure seismic resistance and reduce seismic loads, during the reconstruction of the cultural heritage
site, a spatial calculation of the supporting structures of the cinema and variety hall was performed. This article analyzes the
structural system, the calculation and dynamic model taking into account the main and special combinations of loads.
Materials and Methods. The calculations were carried out using the analytical method and the finite element method in
the STARK ES software package.

Results. For the purpose of reconstructing the building of the cultural heritage site, the results of dynamic calculation
were obtained for the main and special combinations of loads and corresponding combinations of internal forces in the
calculated structures of the cinema and variety hall. In this case, only 25 loadings were used.

Discussion and Conclusions. The results of the calculation of the cinema building showed that the required load-bearing
capacity of the building of a cultural heritage site is ensured in the considered design situation.
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AHHOTAIIMA

Beeoenue. C uenpio obecrieueHnst CEHCMOCTOMKOCTH Y CHUXKEHHUSI CEHCMUYECKUX HArpy30K IPY PEKOHCTPYKLIUH 00BEKTa
KyJIBTYPHOTO Hacjequs BBIIOJIHEH IPOCTPAHCTBEHHBIN pacueT HECYIINX KOHCTPYKIMH COOPYKEHUI KHHO-3CTPaJTHOTO
3aia. B HacTosmel craTbe aHAMM3UPYIOTCS KOHCTPYKTHBHASI CHCTEMA, PACUCTHO-AMHAMUYECKAs! MOJETb C y9€TOM OC-
HOBHBIX U OCOOBIX COYETAaHHI HATrPY30K.

Mamepuanst u memoost. PacueTsl IPOBOIMINCE AaHATUTHIECKUM METOAOM M METOAOM KOHEYHBIX 3JIEMEHTOB B IIPO-
rpammHoM komiutekce STARK ES.

Pesynvmamut uccnedosanus. IlonydeHsl pe3ynbTaThl AMHAMUYECKOTO pacyera MPU OCHOBHBIX M OCOOBIX COYETAHUSIX
HAarpy30K U COOTBETCTBYIOIUX COYETAHUAX BHYTPEHHUX YCUIMHA B PACCUUTBHIBAEMBIX KOHCTPYKLHMAX COOPYXKECHHUU pe-
KOHCTPYHUPYEMOT0 00beKTa (KMHO-3CTPaHOrOo 3aia). [Ipu 3ToM ObUIO HCHOJIB30BaHO BCEro 25 3arpyKeHH.
Obcyscoenue u 3axnroyenue. Pe3ynpTaThl pacuera 3/1aHus KUHOTeaTpa MoKasaliu, 4To obecreunBaeTcs TpedyemMas He-
cymasi cnocoOHOCTh 3/1aHHS 00BEKTa KyJbTYPHOTO Hacequsl IPU paccMaTpUBacMOM pacueTHOW CUTYAIIHH.

KiroueBbie ciioBa: 34aHUC, PCKOHCTPYKIHA, CEMCMHUYECKOS BOSI[CI;'ICTBPIC, pacyeT, Harpy3kKa, KOHCTPYKTHBHAs CUCTEMaA,
CeﬁCMOCTOﬁKOCTB, paCUYCTHO-ANHAMHYICCKasd MOACIIb

Jas nuurupoanus. Maxues X.H., Maxues K.X., Ilanacenko 10.B., Maxuesa A.X., Maxues A.X., Maxues A.X.
OreHKa Ha/Ie)KHOCTH KOHCTPYKTHBHBIX PEIICHUN NP PEKOHCTPYKIHH 00BEKTa KYJIBTYPHOTO HACIEANS C YIETOM Ceii-
CMHUYECKUX BO3JIeHCTBHIA. CospemeHtble meHOeHYUU 8 CIMpOumenbcmee, 2padocmpoumensCcmee U NAAHUpPosKe meppu-
mopuii. 2025;4(2):21-37. https://doi.org/10.23947/2949-1835-2025-4-2-21-37

Introduction. When there is renovation work occurring in cities, it is essential that cultural heritage sites that were
designed taking into account old norms and calculation models are preserved.

To this end, the task is to conduct a spatial calculation of the load-bearing building structures of the cinema and variety
hall of the cinema theatre to assess their reliability during reconstruction. The reconstructed building is a cultural heritage
site and is in a seismically active area. [1-5, 14].

There must be scientific and technical assessment of the compliance of design solutions in compliance with the re-
quirements of regulatory documents of the Russian Federation on building safety, as well as the development of recom-
mendations for the design stage of "working documentation”, accounting for possible changes in the design scheme of
the structural model of the building during reconstruction.

Materials and Methods. The structural system being investigated is a trapezoidal cinema building, framed, with
exterior side walls made of concrete blocks and bricks and with stained glass windows on the southern (main) and northern
facades. The cinema theatre is made up of two halls: a large one with 1,200 seats and a small one with 80 seats. The
cinema theatre is located on the stylobate. Most of the building is taken up by an audience hall with a widescreen screen
and an amphitheater for seating.

The cinema theatre building is made up of two components (Fig. 1):

— administrative wing, in the axes 4-11/D-F;

—audience hall, in the axes 1-14/A-D, and the basement, in the axes ln—Iln/C—F.
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Fig. 1. Layout scheme of the building [14]

The administrative wing of the building is made of 4 storeys, the structural scheme is a monolithic reinforced
concrete frame frame with a crossbar arrangeme+nt. Prefabricated hollow slabs laid along digital axes were used as
elements of the interstory floors (coatings). The external wall filling of the frame is made in the form of lightweight
ceramic brick masonry.

The audience hall of the building is 2-storied. The supporting elements are the frames installed along the digital axes
of the building. The structural elements of the frame are reinforced concrete and inclined metal racks, reinforced concrete
inclined crossbar and console with a span of 11.66 m. The reinforced concrete frame elements have a variable cross-
section. The junction of the metal rack and the inclined bolt is hinged. A reinforced concrete tightening is provided to
make up for the horizontal forces generated in the support unit of the metal rack. The support unit of the metal rack is
hinged, the reinforced concrete rack is rigid. Precast reinforced concrete hollow slabs were used as the floor elements of
the 1st floor. In order to ensure the spatial rigidity of the frames, monolithic reinforced concrete struts R-1 and R-2 were
made at the top of the struts along the axes "A" and "C", precast reinforced concrete cross ties were installed along their
entire length with a step of 5-6 m [1-5, 14].

Metal beams of a composite I-beam section with a height of 1.7 m were used as supporting structures of the coating.
The console with a span of 11.66 m is supported along the "A" axis by an inclined metal rack of the supporting frame
through a metal rack Ct-1 supported by a monolithic reinforced concrete strut P-1, along the "D" axis by columns of the
frame of the administrative wing of the building. The spatial stability of the load-bearing elements of the coating is ensured
by the presence of vertical metal bracing trusses, horizontal struts and cross ties installed along the upper and lower girder
belts. The coating structures are precast reinforced concrete ribbed slabs.

Prefabricated blocks made of expanded clay concrete not connected to the columns of the frame were used as enclos-
ing structures (exterior walls) of the main part of the building.
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Transitional galleries at the 3rd floor level are provided in the axes I/A-D and 1I/A-D of the audience hall for com-
munication between the camera room and the administrative wing of the building (Fig. 1).

The reconstruction project involves preservation of the spatial appearance of the building as part of the adaptation to
modern use for concert events. According to the reconstruction project, existing structures are to be partially dismantled
and later restored and the preserved structures are to be reinforced [6-11].

According to the architectural concept of the reconstruction of the facility, it is planned to build a developed under-
ground basement around the cinema theatre for more modern functionality and to expand recreational opportunities in
terms of the location of blocks C1-C5 around block Al with a functional connection between the buildings (Fig. 2).
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Fig. 2. Situational scheme of the area

The following structural and spatial planning measures are seen as part of the reconstruction of the main building:

— expanding the audience hall due to the space of the administrative wing. To this end, in the latter, some of the frame
is to be dismantled from the basement to the 4th floor (columns, beams, ceilings, basement walls, curtain walls) with the
construction of a new frame and the installation of two reinforced concrete beams covering the hall with a span of
21.1 mand 18.3 m. In order to support the beams of the coating, two stiffness cores are performed in axes 4-6/D-E and
9-11/D-E with pilaster columns for the projected beams;

—the existing internal stairwells are to be dismantled. Evacuation stairwells are built inside the projected rigidity cores;

— the existing stylobate part of the administrative block in the axes is to be dismantled and rebuilt. 1,—I, I1,—Il, E-F;

— the V-shaped beams of the auditorium B-1.1 are preserved with their reinforcement according to the calculation;

— the audience hall is undergoing reconstruction of the existing technological galleries and two levels of projected
balconies are being installed along the side walls of the building. Balconies and galleries are supported by projected
columns mounted on V-shaped beams. Balconies and galleries are made in a steel frame to reduce the weight. Recessed
columns are installed in the existing exterior wall of the building to support balconies and galleries;

— the existing exterior walls of the audience hall along axes | and 11 are to be reconstructed and reinforced with concrete
pilaster columns;

— the existing foundations are reinforced by installing additional borehole injection piles and reinforced cement ele-
ments around the perimeter;

— new pile foundations are to be built for the projected load-bearing structures;

— an underground gallery is to be built for a passage under the cinema building between the attached museum and
cinemas on the southern side, and a cafe on the northern side.

The following measures are provided in order to reduce the load on the building:

—dismantling of the existing floors and partitions with the installation of modern lightweight materials — drywall and
gypsum fiber sheet, aerated concrete blocks of autoclave hardening;

— dismantling of the hall floor covering (including prefabricated reinforced concrete slabs that fail to comply with the
requirements for coatings in seismic areas according to the survey results) with the installation of a lightweight membrane
coating on a profiled sheet;

— dismantling of the existing galleries along the hall with the installation of new galleries, ceilings and balconies on
steel beams and columns;

— dismantling of the curtain walls of the administrative wing with the installation of earthquake-resistant curtain walls
made of aerated concrete blocks of autoclave hardening.
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For possibly installing an attached underground part and protecting the reconstructed building, a wall in the ground
(tongue-and-groove fencing) with a thickness of 600-800 mm is installed along the perimeter of the reconstructed build-
ing and along the perimeter of the attached underground space with a spacer system made of steel pipes and anchoring
on two to four levels. The spacer system is dismantled as the underground part is built and the wall is supported in the
ground on the frame of the projected stylobate.

The existing pile foundations are reinforced with borehole injection piles to transfer loads from existing foundations
to dense sands at the base of the building and the possibility of hanging existing foundations accounting for the arrange-
ment of the attached underground part below the tip of the existing piles [12-15].

In order to bring the building to the requirements of seismic standards, the lobby block with the audience hall and the
former administrative wing are combined into a single seismic compartment. The projected rigidity cores of the adminis-
trative part are included in the operation of the main lobby — audiencer hall seismic unit. With this solution, the beams
of the coating are supported by a combined seismic unit.

Individual elements of columns and beams with insufficient load-bearing capacity are also structurally reinforced
according to the calculations for the main and special combination of the loads.

The steel elements of the inclined columns of the main lobby are reinforced according to the calculation. The support
points of the inclined columns are reinforced as rigid ones.

The roof beams of the audience hall B1 are preserved and reinforced according to the calculation. Dismantling the
frame of the administrative wing involves re-supporting the roof beams on temporary supports installed along the axis C.
After dismantling and erecting the projected administrative part of the newly designed beams along the axis, the existing
metal beams are re-supported on them. There is reconstruction of the support joint of the beams along the D axis.

The cantilever trusses along the 1, 1l axes are dismantled and rebuilt attached to the built—in wall frame along the I, 11
axis. The communication system in the canopy in the A1-A/B axes is to be replaced.

The elements of reinforced concrete structures with defects identified during the examination are restored and rein-
forced according to the calculation.

External escape ladders are to be dismantled and rebuilt in monolithic reinforced concrete on the projected stylobate.
The existing staircase in the foyer is to be retained and reinforced.

In order to assess the reliability of the design solutions employed in the project, a verification calculation of the spatial
model of the structure for design loads and impacts was performed. The calculation was performed using the STARK ES
software package.

A spatial shell-rod model was used as a computational model where the supporting columns, crossbars and truss
elements are represented by general rod elements, the coating shell, floor slabs and walls are represented by elements of
a flat shell (Fig. 3).

The elements of the built-in rooms in axes C-D/1-3, C-D/7-11, C-D/15-18 and the roof extensions in axes
Al1-AJ7-13 are specified only for collecting and transferring the load to the load-bearing elements of the frame.

Fig. 3. Finite-element model of the cinema hall (block A1) [14]
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While calculating the building, the following loads and impacts were accounted for:
— vertical constant loads from the own weight of load-bearing and enclosing structures;

— long-term loads from engineering equipment;
— temporary loads on floors and coatings;
—snow load;

— average and pulsation components of the wind load;

— seismic impact on the structure;

— special emergency impacts as a special combination of loads accounting for extreme climatic influences.
The normalized parameters and conditions of the construction object are shown in Table 1. Fig. 4 shows the values of

the parameters for calculating the seismic impact.

Table 1
Standardized parameters and conditions of the construction object
Name Value Normative document, section
The level and class of responsibility of the facility, the reliability coeffi Normal, Ne 130-FL, section 48.1
cient in terms of responsibility KC-2 No 384-FL
The value of the reliability coefficient for the responsibility of the facil 10 GOST 27751-2014
|ty, Yn
Wind load:
—wind area; v SP 20.13330.2016
— standard value of wind pressure, kPa. 0,48
Snow load:
— SNow area; 11 SP 20.13330.2016
— normative value of the snow cover weight, kPa. 1,1
Climatic area/subarea HI/NIB, SP 131.13330.2020
Il
TononenHas Harpyska 10 mm SP 20.13330.2016
Seismicity of the construction area
—map A 7 points Seismic microzoning
—map B 8 points
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A total of 25 downloads was used in the calculated model of the cinema hall to account for all the loads. Fig. 5-6

shows the schemes for applying wind loads in the +X and +Y directions, respectively.
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Research Results. The foundation sediment was evaluated for the main combinations of the full values of the standard
loads. The foundation sediment is shown in Fig. 7. The maximum precipitation was 12.4 mm.
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Fig. 7. Sediment of the foundation Uz [14]

The maximum value of the relative difference in the sediment from the main load combinations was As/L = 0.00032,
which is not over the permissible value of 0.004.

The horizontal deviations of the top of the building were evaluated for the main combinations of the full values of the
standard loads (Fig. 8).

i
|
Fig. 8. Horizontal displacement of the top of the building [14]
The maximum horizontal displacement of the top of the building from the standard load values is 19.3 mm, which is
not over the maximum permissible value of 36 mm.

The results of the calculation of the first form of stability loss and the corresponding critical load parameter P, are
given in Fig. 9.

https://www.stsg-donstu.ru
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Fig. 9. Form 1 of the stability loss [14]

The lowest critical load parameter (stability margin) accounting for the reliability coefficient of responsibility is 1.56.
The overall stability of the load-bearing structures of the building is ensured.

In order to enhance the reliability of the historical structures of the coating beams, it was recommended that the wall
stability in the support zones to the value is increased to P of no less than 2.0.

Fig.10 shows the first general forms of natural oscillations of the cinema hall.
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The amount of reinforcement was calculated for the main load combinations, accounting for the conditions of strength
and crack resistance. The material characteristics of reinforced concrete structures are shown in Table 2.
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Table 2
Characteristics of structural materials
Longitudinal Transverse Thickness of the protective layer
Structure Concrete grade | reinforcement | reinforcement
class class SO, mm | SU, mm | RO, mm| RU, mm
Foundation B30 A500C A240 50 80 80 50
V-beam B1.1 historic B25 All All 40 40 60 60
V-beam B1.1 reinforced shotcrete B30 A500C A240 20 20 45 45
The results of the selection of the necessary foundation reinforcement are in Fig. 11-14 below.
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Fig. 13. Reinforcement of the foundation. Lower longitudinal reinforcement in the direction of the axis R, cm?/m [14]
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Fig. 14. Reinforcement of the foundation. Lower longitudinal reinforcement in the direction of the axis S, cm?/m [14]

The required reinforcement of the existing V-beam is in Fig. 15-16.
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Fig. 15. Reinforcement of the existing V-beam. Upper and lower longitudinal reinforcement in the direction of the axis R, cm?/m [14]
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Fig. 16. Reinforcement of the existing VV-beam. Upper and lower longitudinal reinforcement in the direction of the axis S, cm?/m [14]

The stresses in the steel beams of the coating are estimated using the Huber-Mises strength theory for min/max super-
position for a variety of combinations. The results are shown in Fig.17-18.
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Fig. 17. Stresses in the steel beams of the coating for min superposition for a variety of combinations [14]
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Fig. 18. Stresses in the steel beams of the coating for max superposition for a variety of combinations [14]

The load-bearing capacity of the elements of the coating beams in the A-C axes is provided for basic and special
combinations of loads.

Results and Conclusion. As part of the calculations of the supporting structures of the cinema and variety hall
(Block 1), the following was carried out:

1.
2.
3.
4.
5.

Analysis of the project documentation and research materials.

Formation of a spatial design scheme of a building using a proven and certified STARK ES PC software package.
Collecting loads on structures based on the provided documentation accounting for the requirements of the standards.
Calculation of the shapes and frequencies of own vibrations of the structures.

Verification of the overall linear-elastic stability of the load-bearing system of the building for the main combina-

tions of loads and impacts.

6.

Inspecting the overall rigidity of the load-bearing system of the building, foundation sedimentation, and vertical

plate deflections for major combinations of loads and impacts.

7.

Calculation of the main elements of reinforced concrete and steel structures of a building according to the limiting

conditions.
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Based on the analysis of the results of the verification calculation of the load-bearing structures of the cinema hall
under basic and special combinations of loads and impacts (accounting for the special loads from seismic impacts, fire
trucks and emergency snow impacts), the following conclusions are made:

1. The overall rigidity and linear-elastic stability of the load-bearing system of the building are ensured.

2. The foundation sediment and horizontal displacement of the building structures are not over the limit values.

3. The stresses in the elements of steel structures are not over the design resistances of steel.

4. The amount of reinforcement in the reinforced concrete structures of the building should be assumed to be no less
than that in the calculation results.

Hence the design solutions employed in the design of the cinema hall (block A1) ensure reliability, strength, rigidity
and stability of load-bearing building structures under basic and special combinations of design loads and impacts.

While developing design documentation at the regulatory documentation stage, as well as during the construction, it
is recommended that:

1. Tests of facade structures are performed in order to verify design solutions and validate mechanical safety.

2. Regulatory documentation is developed for reinforcing the steel beams of the coating, accounting for all of the
stages of installation (dismantling) of structures based on appropriate calculations. It is necessary to allow for possible
changes in the design scheme of the beam and that in the scheme of loosening the belt structures and walls.

3. Scientific and technical support is provided during the development of reinforcement of reinforced concrete V-
beams of stands at the regulatory documentation stage and during the production of works. While calculating the rein-
forcement, it is necessary to account for the stages of installation and the joint work of the old and new material, as well
as the requirements for the fire resistance of structures.
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Abstract

Introduction. The authors make use of Performance-Based Plastic Design (PBPD) method that is commonly employed
overseas for calculations and design of building structures in seismic hot spots. A pre-selected target drift and yield
mechanisms is used as the key performance objectives. In this research, reinforced concrete special moment frames (RC
SMF) were analyzed for high-rise concrete structures perceiving seismic loads.

Materials and Methods. Two designs were considered in the analysis, one according to ACI-318/ASCE-07, and the other
according to PBPD. RC SMF was also combined with pile caps and piles foundation system to provide a soil-pile-struc-
ture interaction (SPSI) model. Nonlinear lateral load-transfer from the foundation to the soil is modeled using p-y curves
for soft clay soil that was considered in this study.

Results. Numerical results obtained using soil-pile- structure interaction model conditions were compared to those corre-
sponding to fixed-base support conditions, such as fundamental time period, structural capacity, story displacement and
story drift. Frames designed using PBPD were less affected by SPSI, in spite of having greater values in general than
frames designed following the standards (codes).

Discussion and Conclusions. The PBPD method as a direct design method where the drift control and the selection of
yield mechanism are initially assumed in the design work, proved that it is an effective method to reach a better perfor-
mance for reinforced concrete moment resisting frames with fixed base support.

Keywords: Performance-Based Plastic Design (PBPD); Reinforced Concrete Special Moment Frames (RC SMF); Soil-
Pile-Structure Interaction (SPSI); P-Y Curve; Pushover Analysis
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Beeoenue. B ctatbe NpUMEHEH «METOJ MIACTUYECKOTO NMPOEKTUPOBAHMSA HA OCHOBE JKCILIYaTALIMOHHBIX XapaKTepH-
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OBbUIH IIPOAHAJIM3UPOBAHEI CIIEIHAJIbHBIC JKelle300eToHHbIe «MoMeHTHBIe» paMbl (RC SMF) 1u1st BRICOTHBIX 371aHUHA, BOC-
MPUHUMAOIINX CEHCMUUECKHUE HATPY3KH.

Mamepuanovt u memoowl. J1511 aHann3a paccCMaTpUBaIOCh IPOCKTUPOBAHUE IBYX BaPUAHTOB KOHCTPYKLMIl: NEPBBIA —
B COOTBETCTBHH ¢ MekayHapoaubivMu cranmnapramu ACI-318/ASCE-07, BTopo#t — B cooTBeTCTBHH ¢ MeTomoM PBPD.
Kapxkac u3 xene3o00erorHsrx paMm RC SMF O6p11 00beqiHEH ¢ pOCTBEPKOM U CHCTEMOW CBAaHBIX (PyHIaMEHTOB AJIS CO-
3IaHISI MOJICIH B3aNMO/ICHCTBHS «TPYHT-CBas-KOHCTpYKIus» (SPSI-monens). Hemmuelinas nepenada 60KOBOM Harpy3Ku
oT (hyHAaMEHTa K TPYHTY MOJIETIMPYETCs C IIOMOIIBbIO KpUBBIX P-Y (Harpyska — nepemenienue) Ak MArKOIUIaCTUYHOTO
TJIMHUCTOTO TPYHTA, PACCMATPUBAEMOI'0 B JAHHOM HCCJIEIOBAHHH.

Pezynomamut uccnedosanus. YucneHHsle pe3yabTaThl, MOJYyYSHHbIE C UCIIOIB30BAHUEM YCIOBUI MOJEIN B3aUMOJCH-
CTBHSI TPYHTa CO CBasIMU, CPAaBHUBAJINCH C Pe3yIbTaTaMH, COOTBETCTBYIOIMMH YCJIOBUSIM HEMOABHKHOTO OCHOBAHUSL, 110
TakuM (akropam, Kak GpyHIaMEeHTaIBHBII epHOJl, TPOYHOCTh KOHCTPYKLIMH, TOPU30HTANIBHBIE U BEPTHKAJIbHBIC IIepe-
MEIICHH Y3JI0B Ha Pa3HBIX 3Takax. PaMbl, CIIpOeKTHPOBAaHHBIE C HCTIOIb30BaHHeM MeToaa PBPD, Osumit MeHee moaBep-
XKEHBI BIIMSTHUIO B3aNMOAEHCTBHUS CHCTEMBI «TPYHT-CBas-KOHCTpYKIMs» SPSI, XoTs B enmom nMenu 6os1ee BEICOKHE 3HA-
YEHHUsI apMUPOBAHUSA, YEM PaMbl, CIIPOCKTUPOBAHHBIC IO ICHCTBYIOINM HOpMaM (KOAaMm).

Obcyscoenue u 3aknrwouenue. Meton PBPD kak MeTox mpsMoro npoeKkTHpOBaHUS KOHCTPYKIWH, IPHU KOTOPOM B pac-
YETHOH CXeMe N3HAYalbHO MPEIOIaracTcsi KOHTPOJIb CMEIIEHNsT KOHCTPYKIIMH, TOKa3all, 9TO OH 00ecreYnBacT Hanoo-
JICC KOPPECKTHLIC TapaMETPhbL )KCJ'IC306CTOHHI>IX paM, BOCOPpUHUMAIOIUX MOMCHTBI OT IPOCKTHBIX HAI'PY30K IPH 3alaHuN
HeHO[[BH)KHOﬁ OIIOPHI 31aHu.

KaioueBble ciioBa: miacTuyeckoe NPOESKTHPOBAHKE HA OCHOBE 3KCILTyaTallMOHHBIX XapakTepucTuk (PBPD); xxene3o0e-
TOHHBIE criennanbHele MOMeHTHBIE pambl (RC SMF); B3auMopelicTBue «rpyHT-cBas-koHCTpyKuus» (SPSI); kpuas P-Y;;
aHaJIN3 IPOJIaBIUBAHU

s nutupoBanusa. Moxamen A6nensxamun Jnbcaen Moxamen, [Ipokomos A.FO. Pacder xene306eTOHHOTO KapKaca
Ha ceficMHYecKre Harpy3Kd ¢ Y9eTOM B3aUMOJCHCTBHUS CHUCTEMBI «TPYHT-CBAs-KOHCTPYKIHS» B HEITMHEWHOW IOCTa-
HoBke. Modern  Trends in  Construction, Urban and  Territorial  Planning.  2025;4(2):38-48.
https://doi.org/10.23947/2949-1835-2025-4-2-38-48

Introduction. Performance-Based Plastic Design (PBPD) method was derived from the Performance based Seismic
design PBSD method. Performance-based Plastic design method starting from the pre-defined performance objectives, in
which the intended yield mechanism is achieved through performing plastic design. Plastic design controls drift and
yielding of frame members from the beginning to minimize the lengthy iterations to reach the final design [1-7].

Soil-structure interaction (SSI) analysis simulates the combined response of the three connected systems: structure,
foundation, and soil supporting the foundation. The ratio, h / (Vs T), is the structure-to-soil stiffness ratio, and can be used
to determine when the soil-structure-interaction effect is significant so that h is approximately two-thirds of the building
height, this height represents the center of mass height for the first mode shape, Vs is shear wave velocity of the soil, and
T is the fundamental time period of the structure with fixed-base supports [8]. Soil-structure interaction can lengthen the
structure time period significantly when structure-to-soil stiffness ratio exceeds 0.1, the change in time period will directly
change the design base shear compared with fixed-base analysis [8 and 9]. In some cases when the increase in time period
due to soil-structure interaction causes an increase in spectral acceleration, the SSI effect must be evaluated [10].

The numerical model that simulates the soil resistance to lateral displacement as predefined nonlinear springs is called
p-y curve, where p is the soil pressure per unit length of the pile and y is the pile lateral deflection. The soil is represented
by a series of nonlinear p—y curves that vary with depth and soil type. The p—y curves are used to relate pile deflections
to the nonlinear soil reactions [11-13].

The Matlock theory [11] is used for laterally loaded piles in soft clays to determine p—y curves as illustrated in Equa-
tions 1 and 2. Fig. 1 presents the schematic shape of p—y curve for soft clay as per Matlock model. Nonlinear lateral load-
transfer from the foundation to the soil is modeled using p—y curves generated by the PyPile v.0.6.3 software program for

soft clay soil.
1

Y\3 Y
p=05p(;-)" - <8 1)
Y
P="DPuy_->8 2
Y50 = 2,550D . 3

where, esg is the strain which occurs at one-half the maximum stress on laboratory unconsolidated undrained compression
tests of undisturbed soil samples, and D is the pile diameter.
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P/P,

Fig. 1. Soft clay (Matlock) model

Materials and Methods
Statement of the Problem. Three baseline RC structures (8, 12 and 20-floor internal RC special moment frame struc-

ture) as used in the FEMA P695 [14], was selected for this study. The frames are used to support both vertical and lateral
loads. These (code-based design) structures were redesigned by means of the PBPD approach as shown in Table 1 [1].
The baseline structure and the PBPD structure were subjected to extensive inelastic pushover analysis, then tested con-

sidering soil-pile-structure interaction (SPSI).

Input Data

The building is designed to sustain the following loading data:

— Design floor dead load = 8.38 kN/m? (175 psf).
— Design floor live load = 2.40 kN/m? (50 psf).

Material Properties

— Concrete cylinder compressive strength fc' = 34.5-41.4 MPa (5.0-6.0 ksi)

— Reinforcement rebar yield strength fy = 413.7 MPa (60.0 ksi)

Soil Properties

Soft clay soil is used for soil-pile-structure interaction modeling. Properties for this type of soil are as follows [15]:

— Dry Density = 17.50 kN/m?
— Poisson's Ratio = 0.4
—Young's Modulus = 8 N/mm?

Table 1
Building configuration and design parameters
Design Parameters 8—floor 12—floor 20—floor
ID Number 1012 1014 1021
Number of Floors 8 12 20
First Floor Height, m (ft) 4.572 (15)
Upper Floor Height, m (ft) 3.962 (13)
Bay Size, m (ft) 6.096 (20)
Total Height, m (ft) 32.309 (106) 48.158 (158) 79.858 (262)
Code Compliant Base Shear, kN (kip) 418.1 (94) 547.1 (123) 907.4 (204)
PBPD Compliant Base Shear, kN (kip) 632.5 (142.2) 746 (167.7) 1567.1 (352.3)

Model Description. SAP2000 v20 software analysis package was used in this study to perform pushover analysis.
Twelve models were produced as described in Table 2. 2D-models were created for each case and P-Delta effect was
considered in all of them (Fig. 2). The foundation soil-pile system is modeled by replacing the support by thick shell
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elements representing pile cap supported on piles as indicated, and joined to link elements that simulates the soil resistance
using p-y curves, in addition to a linear spring at the bottom end of the pile to provide a vertical support with elastic
stiffness equals pile capacity divided by 0.01 m as an accepted allowable settlement. For SPSI models, the piles were 20 and
25 m long for the 8- and (12-, 20-) floor buildings, respectively, and having a diameter of 1.0 m and 1.2 m for the (8-, 12-)
and 20-floor buildings, respectively.

Table 2
Analysis models produced
Design Following

De';’:r)idet:on The Code PBPD
P 8 1 20 8 12 20
Without SPSI N N N N N N
With SPSI N N N N N N

a) b)

Fig. 2. 2D-models a — SAP2000 2D-Model — Without SPSI;
b — SAP2000 2D-Model — With SPSI

Results

Fundamental Time Period. Fundamental time period values for fixed-base structures and those with soil-pile-founda-
tion system are listed in Table 3. Deep foundation is expected to provide a rigid support for the structure in the vertical
direction, but the lateral stiffness of the system (soil-pile-foundation) is affected by the soil. The time period of frames
used to study SPSI increased depending on structural flexibility (reflected by the building height). The frames designed
using PBPD showed a smaller increase in time period than those designed following the code.

Table 3
Analysis models produced
Design Following
Model
Description Code PBPD
8 12 20 8 12 20

Without SPSI 1.79 2.29 291 1.82 2.03 241
With SPSI 2.27 2.78 3.14 2.20 2.37 2.64
Percent increase 27 % 21% 8% 21% 17% 10 %

Drift and Displacement. The outputs of pushover analysis (P-Delta Curve) were used to compare the changes in the
inter-floor drift and roof displacement. The maximum inter-story drift at the structural capacity, and roof displacement at
the maximum base shear (reference to the base) were collected, summarized and presented in Table 4 and Fig. 3 and 4.
Both inter-floor drift and roof displacement were affected by the soil flexibility. Frames designed using PBPD were less
affected by SPSI, in spite of having greater values in general than those designed following the code.
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Table 4
Maximum inter-floor drift ratios and roof displacement at the maximum base shear
Design Following
De';’(':‘r’i‘:)et:m The Code PBPD
8 12 20 8 12 20
Max. Inter-Floor Drift

Without SPSI 0.89% 0.86% 1.26% 1.87% 1.80% 1.67%

With SPSI 0.82% 0.92% 1.30% 1.88% 1.80% 1.70%

Max. roof displacement (m)

Without SPSI 0.182 0.207 0.433 0.467 0.528 0.730

With SPSI 0.174 0.226 0.455 0.476 0.535 0.756

Capacity and Base Shear. As per FEMA 356 [10], structural performance level “Life Safety (LS)” means the post-
earthquake damage state in which significant damage to the structure has occurred, but some margin against either partial
or total structural collapse remains. While structural performance level “Collapse Prevention (CP)” means the post- earth-
quake damage state in which the building is on the verge of partial or total collapse. However, all significant components
of the gravity-load-resisting system must continue to carry their gravity load demands. Structural performance levels for
allowable drift will not exceed 2% and 4% for LS and CP, respectively. In this study the allowable drift for CP will be
limited to 3% only.

The P-Delta curves results from pushover analysis for all the 12 models, modified to be Base shear ratio versus Lateral
drift ratio, are presented in Fig. 5 and 6. The structural capacity at a 2% drift ratio, a 3% drift ratio and the maximum
capacity base shear are presented in Table 5 and 6.

In general, (for fixed-base frames) the frame capacity for frames designed using PBPD is less than that for those
designed following the code, and exceeds the targeted design base shear. When introducing SSI into the equation, the
capacity of all the frames depends on the soil flexibility.

Table 5
Structural capacity at a 2% drift ratio and at a 3% drift ratio of the structures
Design Following
Model The Code PBPD
Description
8 12 20 8 12 20
Structural capacity at a 2% drift ratio
Without SPSI NR NR NR 685 812 1033
With SPSI NR NR NR 685 812 1073
Structural capacity at a 3% drift ratio
Without SPSI NR NR NR 577 NR NR
With SPSI NR NR NR 577 NR NR
NR = Not Reached, Structure did not maintain the capacity to this drift ratio
Table 6
Maximum capacity base shear of the structures
Design Following
Model The Code PBPD
Description
8 12 20 8 12 20
Without SPSI 876 982 1520 714 902 1770
With SPSI 870 973 1508 707 891 1763
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Discussion and Conclusion. The PBPD method as a direct design method where the drift control and the selection of
yield mechanism are initially assumed in the design work proved that it is an effective method to reach a better perfor-
mance for reinforced concrete moment resisting frames with a fixed-base support. It does not need lengthy iterations to
achieve a suitable final design. On the other hand, considering the soil-structure interaction introduces other variables to
the equation. SPSI can change the behavior of the fixed-base structure. This paper presents an assessment of the original
code design and the PBPD methods to design RC SMF systems considering the soil-pile-structure interaction. The main
conclusions are as follows.

1. The Natural Time Period

— The natural time period varies significantly from a fixed-base to a flexible base structure (considering SPSI).

— Considering SPSI leads to an increase in time period.

— Time period due to SPSI increases as does the building height; while period lengthening decreases as the
building height increases.

2. Drift and Displacement

— The use of the PBPD method increases an inter-floor drift ratio.
— Considering SPSI increases an inter-floor drift and roof displacement for both design methods.
3. Capacity and Base shear
— PBPD can produce structures that meet preselected performance objectives in terms of the yield mechanism and
target drift.
— Frame capacity designed using PBPD is generally less than that of code elastic design.
— Considering SPSI reduces the capacity of frames designed following the code elastic design and PBPD.

Frames with a fixed base and designed following the code elastic design failed to reach the 2% Life Safety drift limit
and the 3% Collapse Prevention drift limit, while the one designed following PBPD method reached a capacity exceeding
the design base shear, except in the case of the 20-floor structure. The 12-floor structure almost reached a 3% drift limit
reaching 2.8%.

At a 2% Life Safety drift limit, frames designed using PBPD maintained its capacity, with minor loss in strength. When
considering SPSI minor losses in strength occurs, except for the 20-floor structure where major strength loss happens.

For models following the code elastic design method, considering SPSI causes a significant loss in strength, ductility
and a 3% drift limit is not reached. On the other hand, PBPD improves the ductility of the frames but did not reach a 3%
drift limit at the ultimate drift, except in the case of the 8-floor structure.
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Abstract

Introduction. The article deals with the problems of increasing the efficiency of precast concrete production technology
in order to solve the issue of ensuring the required indicators of construction and technical properties of products at
existing enterprises of the construction industry with no additional investment costs for their reconstruction and technical
re-equipment. The aim of the work of increasing the efficiency of the production of precast reinforced concrete products
is to optimize the parameters of the processes of preparing the concrete mixture as well as heat and humidity treatment of
manufactured products by means of developing a two-stage method of preparing the concrete mixture and introducing a
step-by-step mode into heat and humidity treatment.

Materials and Methods. The article provides a brief description of the substantive aspects of optimizing the parameters
of technological operations for the preparation of concrete mixtures as well as heat and moisture treatment of precast
reinforced concrete products using the example of the production of PB-type bar bridges. The manufacturing of precast
reinforced concrete products using local aggregates with a high content of dusty clay particles, which determines an
increase in cement consumption, is accepted as the basic object of the research.

Research Results. The proposed technology for optimizing the production modes of precast reinforced concrete makes it
possible to reduce the consumption of cement and superplasticizer additives at the existing enterprises of the construction
industry with no additional material and investment costs for reconstruction and technical re-equipment while using local
aggregates with a high content of dusty clay particles.

Discussion and Conclusion. The application of the set of measures being developed improves the conditions for defect—
free structuring of concrete and makes it possible to reduce the consumption of the most costly components of the concrete
mixture, i.e., cement and the chemical additive superplasticizer. Optimization of the precast concrete production technol-
ogy ensures the directed structuring of concrete and the achievement of standardized product quality indicators. In each
specific case of optimizing technological solutions at each specific enterprise, it is a prerequisite to adjust the prescription
and technological solutions put forward in the study. An additional effect of the implementation of the technological
techniques developed in the study will be an increase in the indicators of the ecological state of the environment and a
reduction in the cost of enriching local aggregates.

Keywords: precast concrete technology, preparation of concrete mix, heat and moisture treatment, optimization, quality
improvement
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

OnTuMu3anms TEXHOJIOTMH MMPOU3BOACTBA COOPHOIO KeJie300eTOHA

E.A. IllnsixoBa 0< =, 1.0. Eropoukuna
JIoHCKOM rocytapCcTBEHHBIN TeXHUUECKHH yHUBepcuTeT, Poctos-Ha-Jlony, Poccuiickas denepanus
< shlyahovae@list.ru

AHHOTAIIMA

Beeoenue. Ctatbs OCBsIIIICHA TPOOIEMaM MOBHIIICHUS 3((GEKTHBHOCTH TEXHOJIOTHH POU3BOJICTBA COOPHOTO HKENe30-
OeToHa /I peleH s 3aJa4 o0ecieyeHns TpeOyeMbIX MoKaszaTeel CTPOUTENbHO-TEXHUUECKUX CBOMCTB MPOAYKIIMU Ha
JIEHCTBYIOIINX NPEANPUATUAX CTPOUTEIBHON MHITYCTPUH O€3 JIOTIOIHUTEIBHBIX HHBECTUIIMOHHBIX 3aTpaT Ha MX PEKOH-
CTPYKLIMIO M TEXHHUYECKOE MepeBoopykeHue. Llenpio paboTsl 1o MOBBILEHHIO 3G ()EKTHBHOCTH MPOU3BOCTBA COOPHBIX
KeIe300€TOHHBIX M3ENUI SBISCTCS ONTHUMHU3AIMS MapaMETPOB IPOLECCOB NPHUTOTOBICHUS OCTOHHOW CMECH M TEll-
JIOBIIA)KHOCTHON 00pabOTKH M3rOTaBIMBACMON MPOIYKIIMH 3a cUeT Pa3paboTKH JBYXCTAIMIHOTO CIToco0a MPUTOTOBIIC-
HUsI OETOHHOM CMECH M BHEAPEHMS B IIPOLECC TEIUIOBIAXKHOCTHOW 00pabOTKM CTYIIEHYATOTO PEXUMA.

Mamepuansl u memoowi. B cTaThe KpaTKO M3JIaraloTCs COIEPKATEIbHbIEC aCTIEKThl ONTUMHU3AINN TAPAMETPOB TEXHOJIO-
THYECKUX OTEePaIiii O IPUTOTOBICHUIO OSTOHHOW CMECH H TETIOBIa)KHOCTHOH 00pabOTKH COOPHBIX JKeIre300eTOHHBIX
U3JCNIUI Ha MpUMEpe MPOU3BOJCTBA OpPYCKOBBIX mepeMbruek Tuma [1b. B kadecTBe 6a30BOro oObeKTa MCCICIOBAHUI
MIPUHATO IMPOU3BOJACTBO CGOpHI)IX )Ke.]'le306eTOHHLIX I/ISJICJ'II/Iﬁ C HCIIOJIb30BAaHUEM MECTHBIX 3aIIOJIHUTENCH C MOBBIIICH-
HBIM COJIep)KaHHEM IbLIEBATO-TIIMHUCTHIX YaCTHUII, IPENONPECISIIONIMM YBEIMUCHUE pacXoia IIEMEHTa.

Pesynvmamut uccnedosanus. llpennoxxeHHast TEXHOJIOTHS ONTHMHU3AIMU PEKUMOB ITPOM3BOICTBAa COOPHOTO Kene300e-
TOHA IIO3BOJIICT HA )leﬁCTBy}OIHHX IpeaAnpuATHUAX CTpOﬁHHﬂyCTpHH oe3 JOMNOJIHUTCJIbHBIX MaTCPUAJIbHBIX 1 UHBECTULIN-
OHHBIX 3aTpaT Ha PEKOHCTPYKIMIO U TEXHUYECKOE MIEPEBOOPY’KEHHE CHU3UTh PAcXoJ [IEMEHTa 1 J0OaBKH CyTepIuIacTH-
(uKaTopa MpH NCIOJIB30BAHIH MECTHBIX 3aITOJTHUTENEH C MOBBIIICHHBIM COAEPKaHUEM ITBLIEBATO -TIIMHUCTHIX YaCTHII.
Oécyracoenue u 3akniouenue. [IpuMeHeHne KOMIUIEKCa pa3padaThIBAEMBIX MEPONPHUITUI yIydIIaeT YCJIOBHs Oe3ne-
(heKTHOTO CTPYKTYypoOOpa3oBaHust OETOHA M 00ECTIeYNBACT BOZMOXXHOCTh CHIKEHHSI pacxoia HanuboJsee JoporocTOsIINX
KOMITOHEHTOB OETOHHOM CMECH — [IEMEHTa M XUMHIECKOH 100aBKu cynepuacTiudukaTopa. ONTHMH3AINS TEXHOJIOTHA
MIPOM3BOJICTBA COOPHOTO Kelle300eToHa 00ecIIeunBaeT HalpaBiIeHHOE CTPYKTYpooOpa3oBaHe OETOHA U IOCTIKEHUE Ha
3TOI OCHOBE HOPMHUPYEMBIX TIOKa3aTeNeil KauecTBa MPOAYKIMU. B KaK7I0M KOHKPETHOM Clly4ae ONTHMH3aLUH TEXHOJIO-
THYCCKHUX peIlIeHI/Iﬁ Ha KaXXJI0M KOHKPETHOM NPEANPUATHA 00s13aTEIbHBIM YCJIOBUEM SABIACTCA KOPPECKTUPOBKA NPEAJIO-
JKCHHBIX B pab0OTe PEHENTYPHO-TEXHOJIOTHYECKUX penieHni. JlonoaHuTenbHbiM 3 dekTom oT BHEIpEeHHUs pa3paboTaH-
HbIX B HACTOAIIUX UCCICTOBAHUAX TEXHOJOTHYCCKUX MPUEMOB 6y)leT MOBHIIIICHUE TIOKAa3aTelIei IKOJIOTHYECKOI0 COCTO-
SIHUSL OKpY>KalolIel cpeibl M CHI)KEHHE 3aTpaT Ha 000TallleHHEe MECTHBIX 3aIl0JIHUTEIEH.

KiroueBble c10Ba: TEXHOJIOTHS C60pHOFO X(€H€306€TOH3, IIPUTOTOBJICHUEC OCTOHHOM CMECH, TCIIJIOBJIAXHOCTHAsA 06pa-
6OTKa, OIITUMM3aIlMs, ITOBBINICHUE Ka4€CTBa

E.]IaFOIIapHOCTI/l. ABTOpLI BbIpaKaroT 6Har0,[[apHOCTL pCAaKnur U peICH3CHTaM 3a BHUMATCIIbHOC OTHOLICHUE K CTATHC
1 YKa3aHHbBIC 3aME€YaHUsl, KOTOPBIC ITO3BOJIMIN ITOBBICUTH €€ Ka4C€CTBO.

Jas uuruposanus. [lnsxosa E.A., Eropouknna N.O. Ontumusanusi TEXHOJIOTHH TPOU3BOJICTBA COOPHOTO keje300e-

ToHa. Cospementble meHOeHyul 8 CIMpoumebemeae, 2padocmpoumenvcmee u nianuposke meppumopuii. 2025;4(2):49-56.
https://doi.org/10.23947/2949-1835-2025-4-2-49-56

Introduction. Reinforced concrete, both prefabricated and monolithic one, is presently the main building material
and will remain so in the foreseeable future [1, 2]. The urgency of the problem of increasing the efficiency of precast
reinforced concrete production technology at construction industry enterprises is due to the fact that its use enable one to
dramatically reduce the time required for the construction, installation and commissioning of building facilities. At the
same time, it should be noted that a mandatory condition for manufacturing of reinforced concrete structures is ensuring
the proper quality of construction products.

Accelerated strength gain in factory conditions is due to different types of heat treatment of manufactured reinforced
concrete products and structures. However, accelerated structuring of concrete of precast products and structures under
heat and moisture treatment typically causes a decrease in product quality and durability of buildings and structures being
built [3]. It is possible to reduce the negative effects of accelerated concrete hardening due to heat and moisture treatment
by gradually increasing the temperature in steaming chambers [4]. This technique enables one to maintain the integrity
of the concrete structure and to ensure the normalized quality of reinforced concrete. The negative effects of heat and
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moisture treatment are particularly intense when local aggregates with a high content of dusty and clay particles (DCPs)
are used [5-7].

The above disadvantages of aggregates can be addressed by washing and enriching [8]. However, this not only in-
creases the cost of aggregates, but also requires solving the issue of disposal of flushing water and pulverized waste, as
well as allocating additional areas for storing washed aggregates.

As a result of countless studies, highly effective methods of activating aggregates using special equipment have been
developed [9-11]. However, high costs for reconstruction and technical re-equipment of the existing construction industry
enterprises prevent them from being widely used at the industrial level.

The disadvantages of the local raw material base of aggregates are commonly mitigated by increased consumption of
cement, which is the most costly and rather scarce component of the concrete mix [12, 13].

The aim of these studies was to develop methods to increase the efficiency of precast concrete technology at the
existing construction industry enterprises without their reconstruction and technical re-equipment, as well as with no
excessive cement consumption.

The research was conducted at the operating enterprise of Rostov-on-Don, LLC TD KSM 10, using the example of
the production of reinforced concrete bar lintels of the PB type, belonging to the category of prefabricated products of
mass use in residential, civil and industrial construction.

Based on the analysis of some previous studies [12—-14], the following tasks were identified for achieving this goal:

— development and optimization of technological parameters of two-stage concrete mix preparation;

— development of a stepwise mode of heat and moisture treatment of products;

— assessment of the ecological and economic effectiveness of the studies;

— identification of a promising field of application of the results.

Materials and Methods. The production of precast reinforced concrete lintels of the PB type was employed as the
basic option. For products of this type, the concrete compressive strength class B15 was adopted, which, with a standard
coefficient of variation of 13%, is 19.2 MPa. The strength of concrete following the heat and moisture treatment is nor-
malized depending on the time of the year:

— in the cold season — Rumt no less than 15,4 MPa (80% of the project strength class );

— in the warm season — Rumt O less than 13,4 MPa (70% of the project strength class).

The grade of the concrete mix for workability for the manufacture of lintels in compliance with the technology in use
at the KSM 10 TD LLC plant was adopted to be P2. This is 5-9 cm while assessing the draft mobility of a standard cone
concrete mix.

The consumption of materials per 1 cubic meter of the concrete mixture for manufacturing the lintels is shown in
Table 1.

Table 1
Consumption of materials
Material type Measuunr;atment Amount
Cement CEM 142.5 kg/m?® 260
Quartz sand kg/m?® 750
Crushed stone fraction of 5-20 mm kg/m?® 1200
Water I/m3 190
Superplasticizer additive ST BV2, % %/kg/m?3 2.0/5.6

Portland cement with no additives was used as a binder, a normally hardening cement | 42.5/NW, which is in compli-
ance with the requirements of GOST 55224-2020 produced at the Eurocement plant of JSC Mordovcement.

Quarry quartz sand with a grain size modulus was used as a fine aggregate. Mgs = 1.1.

The major characteristics of sand are

— packed density in dry condition — 1530 kg/m?;

— the content of pulverized and clay particles — 5.2 %;

— the grain size modulus of the sand — 1.1.

The supplied sand is overall in compliance with the requirements of GOST 8736, according to the size of the sand it
is very fine sand.
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There are no harmful impurities in the sand, the PH exceeds the limits permitted by GOST (for very small ones — no
more than 5%).

Sand can be used for preparing concrete mixtures in compliance with the provisions of GOST 26633 if its effectiveness
is confirmed by direct tests in concrete.

A large aggregate — local crushed sandstone — is delivered to the enterprise by rail in the form of a fraction of 5-20 mm.
The materials are in compliance with the requirements of GOST 26633.

The major characteristics of crushed stone:

— actual density — 2.67 g/em?;

— packed density — 1.46 t/m?;

— emptiness — 45.3 %;

— water absorption — 1.2 %.

The content of pulverized and clay particles is 0.40%; of grains of weak rocks — 0.3%; of grains of the lamellar and
needle shape — 10.73%; no clay in lumps. The content of amorphous SiO; species is 17.6 mmol/I; the content of sulfides
and sulfates in terms of SO is 0.07%; the content of halides in terms of chlorine ion Cl is 0.02%. The grade of crushed
stone 1000 in terms of strength (crushing capacity in a cylinder) enables one to prepare concretes of class B10; B15; B20;
B22.5; B27.5. The grade of crushed stone in terms of frost resistance is F200, abrasion resistance is I-1. The content of
natural radionuclides Aeff in the filler is 115 + 15 Bq/kg.

In order to produce concrete mixtures at the existing enterprise of LLC TD KSM 10, a complex chemical additive is
used — superplasticizer ST BV2 with the effect of accelerating hardening. The supplier of the additive is LLC Concrete
Construction Solutions, St. Petersburg. In compliance with the recommendations of the additive manufacturer, its major
application area is for reinforced concrete and concrete structures hardening under heat treatment conditions. The additive
does not reduce the protective properties of concrete in relation to steel reinforcement. The additive is delivered by road
in the form of a liquid from a transparent yellow to a light brown color of a 30% concentration. Superplasticizer ST BV2
is introduced into concrete and mortar mixtures in the form of a working solution in the amount of 0.1-1.2% of the cement
weight in terms of dry matter.

Water (clean tap water) is supplied to the enterprise from the city’s water supply network. The water used for mixing
concrete and mortar mixtures does not contain harmful impurities interfering with the normal setting and hardening of
cement and is in compliance with the requirements of GOST 23732.

In order to obtain data comparable to the literature, as well as to the basic production one, standard methods of testing
materials and concrete samples were employed.

Technologies for improving the methods of preparing concrete mixtures, including those based on low-quality aggre-
gates, have been thoroughly investigated by scholars at home and overseas [14—16]. The key reason why the results of
these studies have not been widely communicated is the need for extra costs for technical re-equipment of the existing
construction industry enterprises.

On top of that, the suggested methods are typically characterized by an increase in the duration of homogenization of
a mixture and a decrease in the productivity of concrete mixers and concrete mixing plants.

Once a two-stage method of preparing concrete mixtures was developed without any of these disadvantages with
Ye.A. Shlyakhova’s direct involvement. It was about pretreatment of aggregates with a high content of polluting dusty
clay particles in the concrete mixer with a part of the mixing water adding a surfactant from the production of pentaeryth-
ritol from the Rubezhansky Chemical plant. As there was the issue of import substitution to deal with, one of the objectives
of these studies was to look into the possibility of replacing pentaerythritol waste with available surfactant additives,
mostly the ST BV2 superplasticizer used in basic production.

In order to obtain comparative data, the concrete mixtures being investigated were prepared by means of the traditional
one-stage mixing method and the two-stage method being developed. The molded compared samples, beams measuring
40 x 40 x 160 mm after a two-hour pre-exposure, were subjected to heat and humidity treatment with an isothermal
exposure temperature of 80 °C in compliance with the basic production regime.

For samples with optimal item-by-item consumption of the investigated components of the concrete mixture, a
stepwise schedule of heat and moisture treatment was developed, providing for an intermediate period of concrete
exposure. The two-stage schedule of heat and moisture treatment was made up of a few stages lasting for as long as it
is shown in Table 2.
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Table 2
Main parameters of heat and humidity treatment

Parameters Designation Value
Duration of the preliminary exposure (at t = 20-25 °C), h Texp 2
Isothermal heating temperature, °C tis 80
Temperature rise rate, °C/h v 15-20
Duration of the temperature rise period (1 step of HMT), h p 1
Isothermal heating temperature (1 step of HMT), °C tlis 40
Duration of isothermal heating (1 step of HMT), h ks 1
Duration of the temperature rise period (2 step of TMT), h ™% 2
Isothermal heating temperature (2 step of HMT), °C t2is 80
Duration of isothermal heating (2 step of HMT ), h T2 4
duration of cooling after HMT, h Teool
concrete temperature after cooling, °C teool 40

Research Results. The effectiveness of the suggested two-stage method for preparing the concrete mixtures was
experimentally confirmed. The traditional one-step method was employed as a control (basic) method. The research re-
sults are shown in Table 3.

Table 3
Results of a comparative assessment of the methods of preparation of concrete mixtures for the concrete lintels
Material consumption, o Compressive
_ kg/m? Additive strength, MPa
ConcreFe mixture % dosage, HMT mode 9% B15
preparation method MS ~Fror ot 28
¢ S S w kg/m HMT days
Basic 100 | 1200 | 100 | 100 2.0 basic 71 102
Two-stage: 0 750 | 1200 | 75 0.2
I step 100 | 100 | 40 0.5 basic 15.2 22.8
260 115 0.6 78 116
Il step w0| 9] 9 |60 15
Two-stage: 0 750 | 1200 | 70 0.2
I step 100 | 100 | 40 0.4 stepwise 14.3 20.1
220 110 0.6 73 105
Il step 85 0 0 60 1.3

As can be seen from the data in Table 3, the use of the two-stage method for preparing a concrete mixture enhanced the
strength of concrete after HMT by 7% (from 13.6 to 15.2 MPa) and by 14% at the age of 28 days (from 19.6 to 22.8 MPa).
This served as the basis for reducing cement consumption by 15% (from 260 to 220 kg/m?) and the total consumption of
superplasticizer additives from 2.0 to 1.7 kg/m® without any loss of strength compared to the basic version both after
HMT and at the age of 28 days.

Discussion and Conclusion. The essence of the developed two-stage method of preparing a concrete mixture for
basic products is that at the first stage of preparing the concrete mixture, the aggregates are mixed with some of the mixing
water and the additives ST BV2 in the concrete mixer. At the second stage, cement, the remainder of the mixing water
and superplasticizer additives are added to this mixture, then all of the components are finally mixed until there is a
homogeneous concrete mixture of the required workability.

As a result of the experimental studies with a quite broad range of mixing water consumption and superplasticizer
additives, optimal values of these factors were identified at each stage of the concrete mix preparation: at the first stage,
40% of the total mixing water consumption and 0.2% of the ST BV2 additive (based on anhydrous substance) from the
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__________________________________________________________________________________________________________________________________________________________________________________________]
cement mass were introduced; at the second stage of the preparation of the concrete mixture, the remainder of the mixing
water and additives was introduced.

The products were manufactured by means of an aggregate-flow production technology using standard technological
equipment. The concrete mix was delivered using a factory mixer with a volume of 5 m3. The height of unloading of the
concrete mix was no more than 100 cm in order to avoid its stratification and deterioration of technological properties.

For heat and moisture treatment of the products, a pit steaming chamber was used with heated steam supplied as a
coolant from an external boiler room. The full cycle of hardening processes consisted of a stepwise temperature rise with
periods of initial and intermediate exposure of the concrete mixture, followed by a period of isothermal exposure of the
products at a maximum temperature of 80°C. This technique enabled the neutralization of the unevenness of the temper-
ature field along the cross-section of the product, thus stabilizing the kinetics of chemical reactions and considerably
reducing destruction in the material structure. Heat and moisture treatment was performed until 70% of the design strength
of the concrete was reached.

In general, the technological flowchart of the two-stage method of preparing the concrete mixture for basic products
is shown in Fig. 1.

Sand Mg =1.1 —
Crushed stone with a fraction
of 5--20 mm
Water 40 % of the total volume 1st stage of preparing
of the sealing water the concrete mixture

Water 40 % of the total volume [
of the sealing water

2" stage of preparing
Cement CEM 142.5N the concrete mixture

Water — 60 % of the total |
volume of the sealing water

Forming the products

Additive ST BV2
1.0 % of the cement mass

Heat and moisture treatment
JL (HMT) of the products

in the pit steaming chamber

Graph of the stepwise mode
of heat and moisture treat-
ment of the basic products

\i

Demoulding, quality control

Fig. 1. Block diagram of a two-stage method for preparing the concrete mix for the factory-made reinforced concrete products

The methods developed in compliance with the research aim, which is to increase the efficiency of precast reinforced
concrete technology using the example of the production of lintels for covering window and door openings of residential,
civil and industrial buildings, enabled us to reduce the cement consumption by 15% and cut down by 0.3 kg/m?® the
superplasticizer consumption at the existing construction industry enterprises with no additional costs for reconstruction
and technical re-equipment.
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The suggested methods for increasing the efficiency of production technology are readily applicable to most precast
reinforced concrete products and structures. At the same time, in each specific case, it is necessary to adjust the
formulation and technological solutions accounting for the product requirements, the local raw material base and the
specifics of the existing enterprise. Such an adjustment can be made with the forces and the factory laboratory
equipment.

Apart from the direct economic effect at the construction industry enterprise, the suggested methods would
contribute to improving the ecological state of the environment and reducing the cost of enriching local aggregates and
disposing of the waste.
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Abstract

Introduction. The justified use of mineral raw materials from construction waste for the preparation of vibro-compacted
concrete mixtures is economically beneficial and environmentally efficient, however, the effect of aggregates from scrap
concrete on the rheological characteristics of fine-grained self-compacting mixtures and the structure of hardened concrete
has not been sufficiently studied. The aim of this work is to study the factors influencing the effectiveness of fine—grained
self-compacting concrete with crushed concrete sand.

Materials and Methods. To determine the effectiveness of the compositions of fine-grained self-compacting concretes,
mixtures of equal workability of the PK1 grade were prepared on Portland cement CEMO 52.5N. Sand from crushed
concrete was introduced into the fine natural sand of local quarries as a reinforcing component. Polyplast PC, a polycar-
boxylate superplasticizer, was used to give the mixtures the required fluidity and self—compacting properties. The evalu-
ation of the grain composition of the fine aggregate was carried out by changing the grain size modulus in accordance
with the standard methodology. Rheological and technological characteristics of self-sealing concrete mixtures were es-
tablished according to the methods of GOST R 59715-2022. Crack resistance of fine-grained self-compacting concrete
was assessed by a coefficient reflecting the ratio of strength characteristics of concrete.

Results. Throughout the course of the research, it was found that, provided a highly stable concrete mixture is obtained,
the optimal structure of fine-grained concrete is achieved with a content of 30% crushed concrete grains in the fine ag-
gregate and a dosage of polycarboxylate superplasticizer Polyplast PC — 1%.

Discussion and Conclusion. The technical efficiency of fine-grained self-compacting concrete using coarsening sand
grains from crushed concrete is substantiated. By optimizing the formulation factors of fine-grained concrete with aggre-
gate from construction waste and using vibration-free technology of monolithic reinforced concrete structures made of
self-compacting mixtures, an economic effect is ensured.

Keywords: fine-grained self-compacting mixtures, sand from crushed concrete, polycarboxylate superplasticizer, stabil-
ity of the concrete mix, crack resistance of fine-grained concrete
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

HccaenoBanue pakTopoB, BJAUSIONIAX HA 3(PPEKTHBHOCTH MEJIKO3EPHUCTOTO
CaAMOYILJIOTHAIOIIET0csi 0eTOHA ¢ MeCKOM M3 APO00JIEHOr0 OeTOHA

JI.U. Kactropubix <=, A.B. Kakmiorun =, M.I'. Xonoausik =, JI.B. Ky3pmeHko
JIloHCKOM roCyAapCTBEHHbIN TEXHUUECKUI yHUBEpCUTET, PocToB-Ha-Jlony, Poccuiickas denepanus

>4 likas9@mail.ru

AHHOTaUA

Beeoenue. OG0CHOBaHHOE NMPUMEHEHHE MUHEPAIBHOIO CHIPhS M3 CTPOUTENIFHBIX OTXOAO0B JJIsl IPUTOTOBJIECHUSI BUOPO-
YIUIOTHAEMBIX OETOHHBIX CMECEH 3KOHOMHYECKN BBITOJHO M 9KOJIOTHYECKH 3()P(HEKTHBHO, OHAKO BIMSHHE 3aMOIHUTE-
Jiel n3 OETOHHOTO JIOMa Ha PEOJIOTUYECKHE XapaKTEPUCTUKU MEJIKO3EPHUCTBIX CAMOYIUIOTHSIOIIMXCS CMECEeH U CTPYK-
TypY 3aTBEpAEBILIEr0o OETOHA U3y4eHO HeocTaTouHO. Llens HacTosmel paboTel — HCciiefoBaHUE (PAaKTOPOB, BIUSIOIINX
Ha 3 PEKTUBHOCTH MEJIKO3EPHICTOr0 CaMOYIUIOTHSIOIIET0Cs: OETOHA C ECKOM U3 Ipo0a&Horo 6eToHa.

Mamepuanst u memoosi. 11 onpenencHus 3pHEeKTHBHOCTH COCTaBOB MEITKO3EPHUCTHIX CAMOYIIIOTHSAOIINXCS] OETOHOB
TOTOBIJIM CMECH paBHOH ynoboyxiaasiBaemoctu Mapku PK1 na moprnanauemente LIEMO 52,5H. B kauecTBe ykpynHs-
IOIIEro KOMIOHEHTA B COCTAB MEJIKOTO MPUPOTHOTO IECKa MECTHBIX KapbepOB BBOIMIN MECOK U3 APOOIEHOrO OETOHA.
Jlist mpuaanust cMecsiM TpeOyeMOoi TEKY4eCTH M caMOyIUIOTHAEMOCTH puMeHsun no6asky [Tonuruiact [TK — nmonukap-
OoKcHIaTHBINA cynepriacTudukaTop. OnEeHKy 3epHOBOTO COCTaBa MEJIKOTO 3aIIOIHUTEIS IPOBOAMIIN 110 U3M €HEHUIO MO-
JUyJIsl KpYTHOCTH B COOTBETCTBUM CO CTaHAAPTHOM METOAMKOH. Peosornyeckue 1 TeXHOJOTHUECKUE XapaKTEPUCTUKH ca-
MOYIUTOTHSIFOIIUXCSI OETOHHBIX cMecelt ycraHaBnuBaid 1mo MetoaukaM ['OCT P 59715-2022. TpemuHOCTORKOCTD MeJ-
KO3EPHHUCTOTO CaMOYIUIOTHSIOMIErocsi O€TOHA OLIEHUBANU 110 KO3()(UIUEHTY, OTpaskaroleMy COOTHOIICHUE IPOYHOCT-
HBIX XapaKTEepUCTHK OETOHA.

Peszynomamur uccnedosanusn. B xoze uccnejoBaHui yCTAHOBIIEHO, YTO NIPH YCIOBHU IIOTy4eHUs BBICOKOCTaOMIIBHOI OeTOH-
HOH cMecH ONTHUMaJIbHAs CTPYKTYpa MEIIKO3EPHHUCTOTO OETOHA JOCTUTAETCsl TIPU COJAEPKAHUU B COCTABE MEJIKOTO 3aIIOHH-
tenst 30 % 3epeH npobieHoro 6EeToHa M TO3UPOBKE MONMKapOOKcHIaTHOTO cynepruiactudukaropa [omummact I[TK — 1 %.
Obcyscoenue u 3axniouenue. OO0CHOBaHa TeXHUUECKAS 3(D(PEKTUBHOCTH MEIKO3EPHUCTOTO CaMOYIUIOTHSIOIIETOCS Oe-
TOHA C UCTIOJIb30BAHMEM YKPYIHSIOIIUX 3€PEeH Iecka U3 Ipo0iieHoro OeToHa. 3a cueT ONTUMH3AIMH PELENTYPHBIX (haKTo-
POB MEJIKO3EPHHUCTOrO OETOHA C 3aIIOIHUTENIEM U3 CTPOUTENILHBIX OTXO/I0B M IIPIMEHEHHUS 0€3BHOPAIIIOHHOM TEXHOJIOTHUH
MOHOJIUTHBIX KeJIe300€ TOHHBIX KOHCTPYKIIMI U3 CAMOYILIOTHSIFOLIMXCS CMECcel JOCTUraeTcst SJKOHOMHYECKHid 3P heKT.

KaioueBble cjioBa: MEIKO3EPHUCTHIC CAaMOYIUIOTHSIONIMECS! CMECH, TTECOK M3 IpoOIEHOr0 OeTOHA, TTOJIMKapOOKCHIaT-
HBIH cyrnepruiacTurKaTop, CTabMIbHOCTh OETOHHOI CMECH, TPEIIMHOCTOWKOCTh MEJIKO3EPHHUCTOTO OeTOHa

E.]IaFOIIapHOCTI/l. ABTOpLI BbIpaKaroT 6Har0,£lapHOCTL peaaKnuu U pelCH3CHTaM 3a BHUMATCIbHOC OTHOLICHUE K CTATHC

" YKa3aHHBIC 3aME€YaHUsl, KOTOPBIC MMO3BOJININ IMTOBBICUTH €€ Ka4€CTBO.

s murupoBanms. Kacropuex JI.U., Kaxmrorun A.B., Xonogasak M.I'., Ky3emenko /I.B. HccnenoBanne (hakropos,
BIIMSIIOIINX Ha 3 PEKTUBHOCTh MEJIKO3EPHUCTOTO CAMOYILIOTHSIIOIIErocs OETOHA € TIeCKOM U3 JipodiéHoro 6etona. Co-
8peMenHble MEeHOeHYUU 8 CMpoumeibcmee, 2padocmpoumenvcmee u nianupoeke meppumopuil. 2025;4(2):57-66.
https://doi.org/10.23947/2949-1835-2025-4-2-57-66

Introduction. The key factors for technical and economic efficiency of vibro-compacted concrete are the type, con-
sumption and quality of materials. The most efficient one is the grain composition of the aggregate, as it is the granulom-
etry of the aggregate determining the water consumption and that of the binder in the concrete mixture and is thereby
responsible for its cost [1].

For self-compacting concrete mixes, not only are the granulometric characteristics of the aggregate critical, but also
the shape of its grains. While choosing the type of filler, materials with a rounded particle shape that ensures free flow
and self-sealing of the mixture should be preferred [2].

The use of mineral raw materials from "old" concrete for preparing concrete mixes is due to the regulatory documen-
tation and numerous studies validating the technical and environmental effects of recycling construction waste [3-6].
Crushing and screening plants are used for obtaining coarse and fine aggregate from concrete scrap, which contribute to
the formation of a highly developed clastic rough shape of aggregate grains [7]. The use of such a material for self-
compacting concrete mixtures should be validated by preliminary studies [8—10].

For fine-grained self-compacting concrete mixtures (SCC) used for concreting thin-walled and densely reinforced
structures, the granulometric characteristic of the aggregate also plays a key role in ensuring the required fluidity. In some
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cases, in order to obtain high-strength concrete, an enlarging component should be added to the fine aggregate. As an
enlarging additive for optimization of the grain composition of fine aggregate, natural crushed stone screening and con-
struction waste recycling products are traditionally used [11-13] according to GOST 31424-2010 "Non-Metallic Building
Materials from Dense Rock Crushing in the Production of Crushed Stone". The role of large grains of sand from crushed
concrete on the formation of the structure of self-compacting concrete has not been sufficiently investigated. Therefore
the aim of this work was to examine the factors affecting the efficiency of fine-grained self-compacting concrete with
crushed concrete sand.

Materials and Methods. A fine filler was used which included:

—natural sand (hereinafter Snat) in compliance with the requirements of GOST 8736-2014 "Sand for Construction Work™:
true density is 2650 kg/m?; bulk density is 1410 kg/m?; modulus of fineness is 1.15 (group — very fine); voidness is 46.6 %;

— crushed concrete sand (hereinafter Scr) in compliance with the requirements of GOST 32495-2013 "Crushed Stone,
Sand and Sand-Crushed Stone Mixtures from Crushed Concrete and Reinforced Concrete”, mixtures of three fractions:
0.63-1.25 mm, 1.25-2.5 mm, 2.5-5.0 mm in a weight ratio of 20:30:50, respectively. The optimal ratio of sand fractions
from crushed concrete was identified according to the results of previous studies [14].

Fine-grained concrete mixtures were prepared using an additive—free Portland cement type CEMO 52.5N, which is
in compliance with the requirements of GOST 31108-2020 "General Construction Cements": compressive strength at the
age of 28 days — 63.3 MPa; compressive strength after heat treatment — 48.2 MPa; normal density of cement dough —
27.8%; specific surface area — 382.5 m?/kg; the start of the setting time — 90 min.

In order to ensure self-compaction and required fluidity of the concrete mix, a Polyplast PC superplasticizer (herein-
after SP PC) based on polycarboxylate esters was used. The additive, which is universal for commercial concrete mixes
and precast reinforced concrete, is used according to the manufacturer's recommendations to regulate the retention of
mixtures while rapidly gaining early concrete strength. The dosage range of the chemical modifier for fine-grained con-
crete mixtures was identified based on previous studies [15-17].

The grain composition of the aggregate while adding coarsening grains from crushed concrete was evaluated by
changing the size modulus in compliance with the GOST 8735-88 "Sand for Construction Work" method.

Rheological and technological characteristics of fine-grained concrete mixtures were identified according to the meth-
ods of GOST R 59715-2022 "Self-Compacting Concrete Mixtures". The mixture was evaluated according to the indica-
tors of self-compacting PK and fluidity F using a locking ring with 16 rods (Fig. 1).

Fig. 1. Device for identifying the self-compaction and fluidity of the concrete mixtures

The viscosity of the fine-grained tsoo mixture was identfiied by recording the time the mixture took to first touch the
500-millimeter circle mark throughout its spreading.

In order to assess the stability of the mixture (resistance to delamination), the VSI index was used calculated by means
of the visual method throughout its spreading.

In order to identify the physico-mechanical characteristics of fine-grained self-compacting concrete, control samples
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were prepared using a mixture of each composition-cubes with a nominal rib size of 100 mm.The concrete samples were
produced, stored and tested in compliance with the GOST 10180-2012 "Concretes" methodology.

The crack resistance of fine—grained concrete was assessed by the coefficient K, an indirect characteristic reflecting
the ratio of concrete flexural strength to compressive strength [10, 18]:

Kor = Rpt/Ry,
where Ry is the bending strength of concrete, MPa; Ry, is the compressive strength of concrete, MPa.

The structural characteristics of fine-grained concrete were assessed from micrographs of a sample section taken in
polarized light using an optical microscope with a LEVENHUK C310 camera (the field of view diameter is 18 mm;
spectral range is 400-650 nm; active range is 75 dB; sensitivity is 1.5 nm; maximum resolution is 2048x1536).

Research Results. Through the course of the study, the granulometric composition of fine aggregates was analyzed
while using sand from crushed concrete as an aggregating additive (Table 1).

Table 1
Analysis of the granulometric composition of fine aggregates
Residue, % by mass, Passage
Type | Name of the on the sieves sized, mm throygh a s,eve Fineness
and composition residue with a grid modulus
of the filler, % 2.5 1.25 0.63 0.315 0.16 NO16,
% by mass
1 Particular 0.03 0.10 0.405 27.505 58.00 13.96
i 1.15
100 Complete | 0.03 0.13 0535 | 28.040 | 86.04 100.0
I 1 Particular 8.615 5.235 3.760 23.060 44.685 14.645
Mo + 1y 1.66
80+20 | complete | 8615 13.85 1761 | 40670 | 85.355 100.0
I 1 Particular 12.60 7.605 4.220 21.820 40.030 13.725
Mo + 1y 1.90
70+30 | complete | 12.60 | 20.205 | 24.425 | 46245 | 86.275 100.0
I l'[ Particular 16.81 10.16 6.420 20.775 34.900 10.935
mp  1p 2.20
60+40 | complete | 16.81 26.97 3339 | 54.165 | 89.065 100.0

The studies have shown that the natural sand of local quarries, belonging to the group of very small ones, contributes
to an increase in water consumption and cement consumption in concrete mixes. Thus its use is possible only after sub-
stantiating tests in concrete. While enriching natural sand with crushed concrete grains in the range from 20 to 40%, the
granulometric characteristic of the aggregate is improved by increasing the number of grains measuring 0.63-5.0 mm.

In order to assess the effect of the grain composition of the aggregate on the basic properties of fine-grained self-
sealing mixtures and concretes based on them, PK1 grade workability mixtures (cone spreadability 55-65 cm according
to GOST R 59714-2021 "Self-Compacting Concrete Mixtures") were prepared with a nominal cement consumption of
510 kg/m®. While the spreadability of the mixture was being identified, so were its viscosity, fluidity and stability.

The following factors were taken as those impacting the rheological and physico-mechanical properties of self-com-
pacting materials:

— the grain content of crushed concrete in the natural fine aggregate ranges from 20 to 40% with an interval of 5%;

— the dosage of the superplasticizer SP PK in the range from 0.5 to 1.5% of the cement weight with a range of 0,5%.

The composition and rheological characteristics of the concrete mixtures are in Table 2. The dependence of the vis-
cosity and fluidity of the mixtures on the composition of the filler and the dosage of the superplasticizer are shown in Fig.
2 and 3, respectively.
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Characteristics and stability assessment of the fine-grained concrete mixtures

Table 2

Compo | Content Dosage Viscosity,| Fluidity, | A d Visual characteristics Stability index VS|
y y verage cn- .
sition | ofSu,% |ofSPSK,%| V/C s mm | sity, ke/m’ of the mixture according to GOST R
59715
1FC | 20 1.0 049 | 53 | 250 | 2128 Homogeneoizs?”t getsthick | cpie
oFC | 25 15 049 | 60 | 255 | 2185 |Alightresidueonthemixture| oo
surface
3FC | 25 05 069 | 20 | 105 | 2082 Homogene‘;”nsc'eb“t fluids at 1— stable
4FC 30 1.0 0.49 6.5 26.5 2145 Homogeneous, flows well 0 — highly stable
5FC | 35 15 045 | 44 | 175 | 2215 |Alightresidueonthemixture |, oo
surface
6FC | 35 05 054 | 20 | 230 | 2195 | Homogeneous, butfluidsat 1— stable
once
Noticeabl i .
7FC | 40 1.0 047 | 28 | 145 | 2208 oticeable water separation |, o1 nstable
of the mixture
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Viscosity of the mixture, s

20

25

30

35

Content of the grains of crushed concrete in the natural fine filler, %

40

Fig. 2. Dependence of the viscosity of mixtures on the composition of the filler and the dosage of the superplasticizer:
o — dosage of SP PK 0.5%; o — dosage of SP PK 1.0%; A — dosage of SP PK 1.5 %

Fluidity of the mixture, mm
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Fig. 3. Dependence of the viscosity of mixtures on the composition of the filler and the dosage of the superplasticizer:
o — dosage of SP PK 0.5%; o — dosage of SP PK 1.0%; A — dosage of SP PK 1.5%
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Throughout the course of the study, it was found that in order to obtain stable self-sealing fine-grained mixtures, the
dosage of crushed sand should be no more than 30% (composition 4FC). An increase in the number of grains with a
rough, developed surface shape inevitably causes delamination of the mixture, and an increase in the dosage of the super-
plasticizer enhances this causing noticeable water separation.

An analysis of the dependence of the rheological characteristics of fine-grained mixtures on the composition of the
filler and the dosage of the superplasticizer shows that as the proportion of large grains of sand from crushed concrete
increases, the viscosity of the mixtures decreases, and the fluidity changes ambiguously. An increase in the yield index
was observed as the consumption of large grains in formulations with a minimum dosage of superplasticizer was rising.
In the compositions with the maximum dosage of SP PK, on the contrary, there is a decrease in the fluidity of mixtures
as the proportion of the enlarging additive in the composition of the sand was rising. This type of change in the fluidity
of mixtures validates the significant influence of the grain composition of the filler on the rheological properties of self-
compacting mixtures. For these compositions, a highly stable, homogeneous, non-delaminating mixture was obtained
with the consumption of crushed sand grains in the aggregate in an amount of 30% and a dosage of SP PK — 1.0%.

The structural parameters and physico-mechanical characteristics of fine-grained self-compacting concrete of the
compositions are in Table 3. The effect of aggregate composition and superplasticizer dosage on the strength of fine-
grained concrete tested at early (1 day) and design (28 days) ages is shown in Fig. 4.

Table 3
Design indicators and physico-mechanical characteristics of the self-compacting materials
Consumption of materials per 1 m3, kg Average density | Strength limit, MPa .
é;?tri':)% s s SP PK wi/C of concrete, . under Coe]f(flment
nat CR ke/m® compressive bending CR

1FC 1093 274 5.1 2.04 2116 46.1 6.46 0.140
2FC 1052 351 7.4 2.04 2126 48.6 551 0.113
3FC 960 319 2.7 1.45 2068 33.1 4.30 0.129
4FC 965 414 5.1 2.04 2156 52.6 6.37 0.121
5FC 933 502 7.6 2.22 2179 55.4 6.10 0.110
6FC 907 488 2.9 1.85 2157 459 4.63 0.101
7FC 855 570 5.3 2.13 2182 52.6 7.08 0.135

60 |

50

Compressive strength limit, MPa

Content of the grains of crushed concrete in the natural fine filler, %

Fig. 4. Dependence of the strength of mixtures on the composition of the filler and the dosage of the superplasticizer:
o — dosage of SP PK 0.5%; o — dosage of SP PK 1.0%; A — dosage of SP PK 1.5%;
- - - - — concrete strength at the age of 1 day; — — concrete strength at the age of 28 days

An analysis of the data shows that the effect of the consumption of coarsening grains and the dosage of the superplas-
sifier on the formation of the initial structural strength of concrete is insignificant. For concretes tested at the design age,
it was found that an increase in the content of large grains of sand from crushed concrete in the range from 32.5 to 40%
causes that in compressive strength by 25%. At the same time, the maximum strength of concrete is fixed for compositions
with the maximum dosage of the superplasticizer.

The influence of compounding and technological factors on the crack resistance of fine-grained self-sealing concrete
is shown in Fig. 5. It has been found that as the content of coarse grains of crushed sand in the aggregate increases, the
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coefficient of crack resistance of concrete CTE changes non-linearly. The formation of a fine-grained concrete structure
capable of resisting the development of cracks is associated with the rational granulometric composition of the aggregate
and the optimal content of cement stone.

0.160
_ 0,140 N
O
< 0,120 P ]
3
S 0,100 | -
g
S 0,080
3
5 0,060 | P
2 0,040 | -
X
(&)
8 0,020 -
(@]

0

1FC 2FC 3FC 4FC SFC 6FC 7FC

Concrete composition
Fig. 5. Dependence crack resistance coefficient of the self-compacting materials on prescription factors

Fig. 6 shows micrographs of a section of self-compacting materials samples, clearly showing the structure of concrete
with different concentrations of coarse grains of sand from crushed concrete.

0) d)
Fig. 6. Micrographs of a section of self-compacting materials samples containing crushed sand grains:
a— 20%; b — 25%; ¢ —30%; d — 40%
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In this study, it was found that, provided a highly stable mixture is obtained, the optimal structure of fine-grained
concrete is attained when the aggregate contains 30% large grains of crushed concrete and a dosage of SP PK — 1%
(composition 4FC in Fig. 6 c).

Discussion and Conclusion. The studies have shown that the enrichment of natural fine sand from local quarries with
grains of 0.63-5.0 mm from crushed concrete sand in an optimal amount enhances the granulometric composition of the
aggregate and with no loss of the fluidity of the mixture, increases the strength of concrete. It has been revealed that
prescription factors have a significant impact on the rheological parameters of fine-grained self-compacting mixtures. In
order to obtain stable mixtures characterized by cohesiveness and non-delamination, the proportion of large grains of
crushed sand in the aggregate composition should not b be over 30%, and the dosage of polycarboxylate superplasticizer
should be 1.0% by weight of cement.

The analysis of the strength characteristics of fine-grained self-compacting concretes with crushed concrete sand has
shown that the formation of a rational structure is related to that of the mixture and the technology of its transportation
and laying. The use of vibration-free concrete pump technology in the construction of monolithic reinforced concrete
structures made of self-compacting mixtures with sand from construction waste will help one reduce the estimated cost
of work and improve the environmental situation in the Don region [14, 19].
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Abstract.

Introduction. Concrete mix compaction is one of the most pressing topics in modern construction. Vibration compaction
is a key method used to ensure uniform distribution of concrete mix components and removal of air voids.

The process of manufacturing reinforced concrete products is complex and labor-intensive and requires significant re-
sponsibility and attention. The quality of compaction of mixtures affects the physical and mechanical properties of molded
products, including strength, water resistance, frost resistance and other important parameters. A correctly compacted mix
ensures uniformity of properties of finished products, accuracy of geometric shapes and good quality of its front surface.
The aim of this article is to study the existing works of the authors and identify the development area in the method of
assessing the density of concrete mixture during molding with the possible development of the device necessary for this.
Materials and methods. Concrete mix was chosen as the object of the study. Control of concrete vibration compaction
parameters requires careful planning, taking into account the type of mix, the shape of the structure and quality require-
ments. This section covers the development of a fundamentally new device “Shar-1".

Research results. The results of the development of a device for measuring the density of concrete mixture have been
successfully proved experimentally. The device makes it possible to evaluate the compaction of the mixture during the
forming process, recording data in real time and allowing further analyses of the concrete mixture compaction process.
This helps to improve the quality control of concrete mixtures at the stage of moulding, which is important for improving
the reliability and durability of concrete structures. The use of “Shar-1” simplifies and speeds up the testing process,
reducing the influence of subjective factors and increasing the objectivity of measurements.

Discussion and Conclusion. The section focuses on the difference between traditional research on control of concrete
mixture compaction and with the use of the device “Shar-1", which allows to measure the density of concrete mixture in
the process of moulding. The method allows to quickly obtain data on density, timely correct the technology if necessary.
It is planned to improve the device with additional functions in the future.

Key words: concrete, reinforced concrete, concrete mixture, compaction, vibration compaction, vibration platform,
vibrations
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OPMZMH(IJleOe amnupudecKkoe ucwzeéoeaime
MeTo/1 OLIeHKH TJIOTHOCTH 0€TOHHOI cMecH B npouecce (GopMOBaAHUS

C.B. Dquasan <, X.C. SIBpysiH
JIoHCKOM rocytapCcTBEHHBIN TeXHUUECKUH yHUBepcuteT, Poctos-Ha-Jlony, Poccuiickas deneparus
>4 spartak-edilyan@yandex.ru

AHHOTanMA.

Beedenue. YrnoTHeHHe OETOHHBIX CMecel SBISETCS OJHOM M3 HanOoee aKTyalbHBIX TEM COBPEMEHHOTO CTPOMTEIb-
cTBa. BuOpannoHHOe yNMIOTHEHNE — 3TO OAWH U3 OCHOBHBIX METOJIOB, HCTIONIB3YEMBIX I 00eCIIEYeHNSI PABHOMEPHOTO
pacIipeneneHns KOMIIOHEHTOB OETOHHOM CMECH 1 YAAJI€HHS BO3IYIIHBIX ITyCTOT. DTOT MPOLECC MO3BOJSIET JOCTHYb 00-
Jiee BBICOKOW IUIOTHOCTH M IIPOYHOCTH OETOHA, YTO, B CBOIO OUYEPENb, YIYUIIAET €r0 3KCIUTyaTallMOHHBIE XapaKTepH-
ctuku. [Iporece Mpon3BoACTBA KeIe300€TOHHBIX U3ACIHUI MPENCTaBIAET CO00H CIOXKHBIN U TPYJOEMKNH, TpeOyroIIuit
3HAYUTEIbHONW OTBETCTBEHHOCTH M BHUMaHMUS, nponecc. KauecTBo ymimoTHEHUs cMecel BIMseT Ha (PU3MKO-MeXaHHIe-
CKHe cBoOiicTBa ()OPMYEMBIX U3/ENHUI, BKJIIOYAsl IPOYHOCTH, BOJOHENPOHUIIAEMOCTb, MOPO30CTOHKOCTD U APYTHE BaXK-
HBIE TapaMeTpbl. BepHo ymioTHeHHas cMech 00ecrieunBaeT OJHOTHITHOCTh CBOMCTB T'OTOBOM POIYKITMH, TOUHOCTh I'€0-
MeTpH4YecKuX opM 1 Xopolliee KauecTBO €ro JIMIEBOi MOBepXHOCTH. Lleblo TaHHOW CTaThH SBISIETCS ONUCAHNE PAOOTHI
NPUHLIMIHAIEHO HOBOTO 000pynoBanus «lllap-1», HarpaBIeHHOro Ha COBEPLICHCTBOBAHNE METO/IOB OLIEHKH TNIOTHOCTH
OETOHHOM CMECH HEeTIOCPEICTBEHHO B Ipoliecce (GOpMOBaAHHMIO.

Mamepuanvt u memoosi. B xauecTBe 00beKTa Hcciae0BaHMU ObUIa BBIOpaHa OETOHHAS CMECh. YIIpaBICHHE Mapa-
MeTpaMH BUOPAIIMOHHOTO YIUIOTHEHUS OeTOHA TpeOyeT TIATENbHOTO INIaHUPOBAHMS ¢ YIETOM THIIA CMECH, (OPMBI
KOHCTPYKIIMN M TpeOoBaHUH K KauecTBy. MccienoBaHue BBIIOIHIOCH C MPUMEHEHHEM MPUHIUIHAIEHO HOBOTO
npubopa «Ilap-1».

Peszynomamul uccnedosanus. Pe3ynpraThl pa3paboTKu yCTpOHUCTBA JJIs U3MEPEHUS INIOTHOCTU OETOHHON cMecHu
YCHEIIHO J0Ka3aHbl HKCIIEpUMEHTAIbHBIM ITyTeM. [Ipubop mo3BosiseT olleHUBATh YINIOTHEHHE CMECH B Ipoliecce
(dopMoBaHusl, PUKCUPYS TaHHBIE B peaJbHOM BPEMEHH U MO3BOJISIS B JaJIbHEHIIEM aHAIM3UPOBATh MIPOLECC YIUIOT-
HeHUs OETOHHON cMecH. DTO CIIOCOOCTBYET yIyULICHHIO KOHTPOJISl KauecTBa OETOHHBIX CMeceil Ha cTaauu hopMo-
BaHUS, YTO BAYKHO JUIS MOBBIIICHUS HAJIEKHOCTH U JOJTOBEYHOCTH OETOHHBIX KOHCTPYKIMH. Vcrionp30Banne mpu-
6opa «lllap-1» ynporaer 1 ycKopsieT npouecc UCIBITAHUN, CHIKAs BIUSHNAE CyOb eKTUBHBIX ()aKTOPOB M MOBHIIIAS
00BEKTUBHOCTD U3MEPEHUI.

Obcyrcoenue u 3axnouenue. Pasien akueHTUPYeTCs Ha Pa3Indny TPAAUIMOHHBIX HCCIICAOBAHU 110 KOHTPOJIIO YIIOT-
HeHHs OeTOHHOW cMecH M ¢ ImpuMeHeHueM npubopa «lllap-1», KOTOpPHIHA MO3BOJAET U3MEPUTH IUIOTHOCTH OETOHHOI
cMecH B mpouecce GopMoBaHHUL. MeTo Mo3BoJIseT OBICTPO MOTyYaTh JaHHBIE O MIIOTHOCTH, CBOEBPEMEHHO KOPPEKTH-
pOBaTh TEXHOJIOTHIO IPH HEOOXOMUMOCTH. B nanpHeiIIeM ITaHHpyeTCs YCOBEPIIEHCTBOBATh NMPHOOP IOMOIHUTENb-

HBIMH (QYHKIUSIMH.
KiueBble c10Ba: OSTOH, JKeJie300€TOH, OETOHHAsI CMECh, YIUIOTHEHHE, BUOPOYIUIOTHEHKE, BUOPOILIOIIAAKA, KOTCOa !SI

s murupoBanus. DnwisH C.B., Aspysa X.C. MeTo] OIleHKH IDIOTHOCTH OETOHHOM CMecH B mporiecce OpMOBAHHUS.
Cospemennble meHOeHYUU 8 CMPOUMeNbemee, 2padocmpoumenscmee u nianuposke meppumopuii. 2025;4(2):67-74.
https://doi.org/10.23947/2949-1835-2025-4-2-67-74

Introduction. Vibration started being used for compacting concrete mixtures using pneumatic and ratchet vibration
devices in 1890. There had been no new scientific data on the topic until 1915. In 1915, studies of vibro-compacted
concrete and hand-made masonry accompanied with their comparative evaluation got underway causing new publications
for comparative analysis to emerge. The effectiveness of vibration forming of concrete products depends on whether
vibration modes and equipment parameters are chosen wisely. Telichenko V.I. and Vasiliev V.G. described a vibrating
table, which is a movable platform on spring-loaded supports with two vibrators creating directional vibrations transmitted
to the form and mixture [1].

However, lots of traditional concrete compaction methods might fail to provide the required quality, particularly while
working with rigid concrete mixtures, since these are most often either destructive or insufficiently fast, which restrains
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their use in mass production. It is to be noted that the quality of concrete directly depends on the degree of its compaction,
since this impacts the strength, durability and operational characteristics of structures.

In order to create strong and reliable concrete, it is critical to compact a concrete mix properly. This can be done by
using vibration, a movement that assists concrete particles in fitting tightly together.

Vibrating setups have a major role to play in compacting concrete mixtures, ensuring the removal of air and voids
from the mass of concrete, which causes a considerable increase in its strength and durability. If a mixture is sufficiently
liquid, even a slight vibration, for example, might be sufficient due to its own weight. For thicker mixtures, more powerful
vibration and, possibly, additional pressure are needed. Methods for optimizing the parameters of vibration setups, such
as the frequency and amplitude of vibrations, to maximize the efficiency of machines, as well as the analysis and im-
provement of designs of electric vibration machines with a longitudinal gap of a magnetic core were elaborated on in [2].

If a mixture is sufficiently liquid, even a slight vibration, for example, might be sufficient due to its own weight. For
thicker mixtures, more powerful vibration is needed. Owing to modern research, it is known that only 20—30 seconds is
enough for the initial compaction of concrete. During this time, the concrete particles are redistributed by gravity, forming
a solid and stable structure. As a result, the air is removed from a mixture, and eventually is not over 3—4% [3].

In the next stage, only a small combination of components is performed as some of the air is removed. The duration
of the second stage of technological conversion is longer than that of the first one and is 2—-3 minutes on standard vibrating
pads. The end of the second stage is based on that of compaction of a concrete mixture. Once it is over, the freshly laid
concrete can be considered ready to be processed further, as additional vibration causes no significant increase in the
density, strength or quality of its surface [4].

Vibration plays a major role in forming concrete, but its efficiency depends on a whole host of factors. Although the
vibration intensity might decrease as he source is moved away from due to the material properties and internal friction,
this opens up avenues for optimizing the process [5, 6].

The quality and strength of concrete directly depend on a proper technology of laying and compacting a concrete mix,
as these affect the uniformity of the material structure. By understanding how vibration waves propagate and interact in
a concrete mix, one is able to develop more effective compaction methods. Although vibration attenuation at a distance
from the source is a natural phenomenon caused by material properties and internal friction, it is not something impossible
to deal with. All of this would enable us to achieve a uniform concrete structure even in complex shaped products. Re-
search in this area is ongoing and we are sure that in the future the quality and efficiency of concrete products production
will be increased further [7-9].

Investigating the interaction of vibration with reflected waves and natural vibrations of concrete will allow one to
create optimal conditions for compaction even in complexly shaped products. The development of new vibration control
methods paves the way to increased production efficiency as well as life cycle of equipment, and creation of high-quality
concrete products [10].

Along with the modernization of equipment, scholars are working hard on a new method for assessing the quality of
a concrete mix which relies on its ability to resist delamination. This method makes use of a special coefficient that shows
how effectively cement is distributed in concrete. It is assumed that in a high-quality concrete mix, where all the compo-
nents are evenly mixed, water will wash out more cement with a slow flow than with a fast one. This will allow one to
quickly and precisely identify the quality of concrete and guarantee its strength and durability [11].

During the vibrational compaction of a concrete mixture, there are some mechanical effects leading to the permanent
destruction of the bonds between its constituent particles. This, in turn, helps to reduce the forces of friction and adhesion.
Due to its special consistency, a concrete mix is evenly distributed under the influence of gravity resulting in a homoge-
neous mass. In order to obtain the ultimate strength and durability of reinforced concrete products made from heavy
mixtures, high density must be attained. Scientists are striving to ensure that the actual density of concrete is almost
perfect. This is determined by the compaction coefficient, which should be at least 0.98, and preferably closer to a unit.
This method ensures the reliability and durability of reinforced concrete products [12].

For a long time, the effectiveness of concrete vibration compaction was believed to reach its maximum when the
particles of the concrete mixture are resonantly coupled to the vibration source. However, each fraction of the filler has
its own unique oscillation frequency. This implies that the optimal sealing effect can be attained via a multi-frequency
effect bringing all of the particles of a mixture into resonance. Self-synchronization is actually observed in a concrete
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]
mixture due to the binding effect of the cement paste uniting the individual grains of the aggregate. Therefore the effi-
ciency of vibration compaction can be increased by optimizing the operating mode of the vibrator, which helps to syn-
chronize the natural vibrations of the entire volume of a concrete mixture with the frequency of its operation [13].

The oscillation frequency determines the speed of movement of the particles of a concrete mixture. Changing the
frequency allows the speed and intensity of compaction to be controlled. For example, for denser concrete mixtures, a
higher oscillation frequency can be applied [14, 15].

Over the recent years, there has been a growing interest in optimizing vibration sealing parameters for increasing
production efficiency and reducing costs. There is thus a need for system analysis and control of vibration parameters
(frequency, amplitude, duration and exposure modes). In the future, this quality control method can be achieved by means
of developing an effective and accurate method for estimating the density of a concrete mixture directly during molding
improving the product quality and optimizing the production costs. This article looks at the main approaches to measuring
the compaction of concrete mixtures experimentally using the "Shar-1" device developed by the authors.

Materials and Methods. The control of vibration seal parameters calls for careful planning and control. It is necessary
to consider the type of a concrete mix, size and shape of the structure, as well as the requirements for the quality of
concrete. The use of a variety of methods and approaches makes it possible to attain the optimal results and ensure the
durability of concrete structures [16].

Vibration duration describes that of compaction. Time optimization makes it possible to achieve an even distribution
of a concrete mixture and eliminate voids and irregularities. An exposure to vibration which is excessively long might
cause the concrete mixture to separate, therefore a balance might be struck. Fig. 1 clearly shows the effect of the duration
of compaction on the strength of concrete. The strength does not increase over a short-term and long-term compaction
time, i.e., it is necessary to identify a point in time when the maximum compaction is recorded.
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Fig. 1. Effect of the duration of compaction on the strength of concrete

To understand the processes occurring in the concrete mixture during its compaction, we have developed a funda-
mentally new device "Shar-1" (Fig. 2, 3).
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Fig. 3. Internal components of the “Shar-1" device: 1 — rubber ball; 2 — metal tube; 3 — rubber tube; 4 — control panel; 5 — body;
6 — battery, 7 — power board

The main working body of the device is a rubber ball under pressure connected through a metal hollow tube and a
rubber tube to a pump in the control panel. Inside the rubber ball are a pressure sensor; a real-time clock; a vibration
sensor measuring amplitude and vibrations. The case contains an SD drive for recording parameters on a power board; a
battery for autonomous operation; a pump generating pressure in the ball for testing.

The pressure ball is at half the height of the metal mold, and this is when the process of compaction of a concrete
mixture gets underway. Based on the physics of concrete compaction, it is known that during vibrations large particles
tend to go down, and small ones go up respectively, which is called stratification. A ball under a certain pressure of 100
units placed in a mold starts contracting due to the pressure of a large fraction of a concrete mixture and reaches its
maximum value. The maximum value of the Shar-1 device is considered to be the one when there is an equilibrium during
compaction of a concrete mixture in the system, i.e., there will be no stratification. If there is one, theindices will start
declining rapidly, as there is no more the equilibrium in the system , and a large proportion of a concrete mixture will be
at the bottom, and a small (cement dough) fraction will be at the top. This indicates that the density between the upper
layer and the lower ones differs, i.e., aconcrete mixture has experienced stratification.

Building materials and products

71



https://www.stsg-donstu.ru

72

Edilyan SV, et al. Method for Assessing the Density of a Concrete Mix during Molding

Research Results. The development of the new "Shar-1" device is aimed at identifying the optimal quantitative indi-
cator reflecting the full degree of compaction of a concrete mix while maintaining its strength characteristics. In order to
identify this indicator, the working body of the "Shar-1" device is installed in a mold with a concrete mixture sequentially
intorduced. As compaction gets underway, the device identifies the pressure on the working body over time and records
the maximum values indicating the peak value of compaction of a concrete mixture.

The graph in Fig. 4 shows what the point of maximum compaction of the concrete sweep looks like through the course
of the experiments.

Pressure, Pa Point of maximum compaction

Time, sec

Fig. 4. Point of maximum compaction of a concrete mixture

The device is currently being tested and debugged. It is to be stressed that the use of devices capable of measuring the
degree of compaction of a concrete mixture is currently restrained. However, the introduction of this method and the
"Shar-1" device will be a breakthrough in concrete production technology with a positive impact on the economic growth
of enterprises.

Discussion and Conclusion. Ensuring high-quality compaction of a concrete mix is an important step in construc-
tion, which is of paramount importance for the strength of future structures.

While working on the manuscript, we investigated the work of lots of authors and found a promising field of devel-
opment, i.e., the development of a method for controlling the compaction of a concrete mixture during molding, which
was the inspiration behind a completely new device "Shar-1". This method of density estimation using the developed
device makes it possible to quickly obtain density data and allows for timely correction of compaction technology im-
proving the quality and durability of concrete products, as well as reduces test time as well as the cost of preparation and
measurement compared with traditional laboratory methods.

The mass use of this development in precast concrete production plants would involve an increase in the quality of
products, a reduction in the human factor, and thereby in the likelihood of frequent errors as well as the production costs.

We are planning to refine the device to a more ergonomic appearance and as it is tested further, additional functions
will be introduced to create an even more comprehensive and multifunctional device.

References

1. Edilyan SV, Yavruyan HS Analytical Review of Methods for Controlling the Parameters of Vibration Compaction
of Concrete Mixes. Modern Trends in Construction, Urban and Territorial Planning. (In Russ.) 2024;3(3):15-21.
https://doi.org/10.23947/2949-1835-2024-3-3-15-21

2. Dzhioev VK, Gobozov SF Analysis of Electrovibration Machines and Ways to Improve their Technical
Performance. Bulletin of the International Academy of Sciences, Ecology of Life Safety (MANEB). 2010;15(2). (In Russ.)

3. Storozhuk NA, Dekhta TN Optimal Control of Concrete Mixtures Compacting by Vvibration Method and its
Features.Bulletin of PDABA. 2018;4:243-243. (In Russ.) URL.: https://cyberleninka.ru/article/n/optimalnoe-upravienie-
uplotneniem-betonnyh-smesey-vibratsionnym-sposobom-i-ego-osobennosti (accessed: 05.04.2025).

4. Yavruyan KhS, Lotoshnikova EO, Edilyan SV. Production technology of small products from fine-grained con-
crete. Fundamental and Applied Scientific Research in the Development of Agriculture in the Far East (AFE-2022).
2024;733:527-536. https://doi.org/10.1007/978-3-031-37978-9 51



https://doi.org/10.23947/2949-1835-2024-3-3-15-21
https://cyberleninka.ru/article/n/optimalnoe-upravlenie-uplotneniem-betonnyh-smesey-vibratsionnym-sposobom-i-ego-osobennosti
https://cyberleninka.ru/article/n/optimalnoe-upravlenie-uplotneniem-betonnyh-smesey-vibratsionnym-sposobom-i-ego-osobennosti
https://doi.org/10.1007/978-3-031-37978-9_51

Modern Trends in Construction, Urban and Territorial Planning. 2025;4(2):67—74. eISSN 2949-1835

5. Yavruyan HS, Lotoshnikova EO, Edilyan SV, Gaishun AS. Methodology for the selection of the composition for
the production of products of hard-pressed concrete with industrial wastes. Environmental risks and safety in mechanical
engineering. 2023;376:03025. https://doi.org/10.1051/e3sconf/202337603025

6. Edilyan SV, Yavruyan HS Review of Methods for Optimizing Vibration Compaction Modes of Concrete Mixtures.
Actual Problems of Science and Technology. DSTU. 2023. 997-998 p. (In Russ) URL:
https://ntb.donstu.ru/conference2023 (accessed: 05.04.2025).

7. Garadzhaev A, Myradov Y, Ballyev G, Rakhymov B Placing and Compaction of Concrete Mixture. Symbol of
Science. 2023;12(2):173-175. (In Russ.) URL.: https://cyberleninka.ru/article/n/ukladka-i-uplotnenie-betonnoy-smesi
(accessed: 05.04.2025).

8. Starodubtsev VG, Goryainov DA Study of the Influence of Concrete Mixture Laying and Compaction Technology
on the Homogeneity of the Structure and Properties of Concrete. Auditorium. 2018. (In Russ.) URL:
https://cyberleninka.ru/article/n/issledovanie-vliyaniya-tehnologii-ukladki-i-uplotneniya-betonnoy-smesi-na-
odnorodnost-struktury-i-svoystv-betona (accessed: 05.04.2025)

9. Furmanov DV, Barulev AV, Tarasova NE, Chabutkin EK Dynamic Braking of Inertial Vibrators of Vibratory
Platforms for Compaction of Concrete Mixtures. Bulletin of the Siberian State Automobile and Highway Academy.
2019;16(2):134-144. (In Russ.) https://doi.org/10.26518/2071-7296-2019-2-134-144

10. Burkhanov RKh Compaction of Rigid Concrete Mixture by a Working Element Performing Complex Spatial
Movement. Bulletin of the Saratov State Technical University. 2013;2(71) (In  Russ.) URL:
https://cyberleninka.ru/article/n/uplotnenie-zhestkoy-betonnoy-smesi-rabochim-organom-sovershayuschim-slozhnoe-
prostranstvennoe-dvizhenie

11. Merkulov SI Viability of Reinforced Concrete Structures and Structural Systems. Construction and
Reconstruction. 2015;3:58-61. (In Russ.) URL: https://cyberleninka.ru/article/n/zhivuchest-zhelezobetonnyh-
konstruktsiy-i-konstruktivnyh-sistem (accessed: 05.04.2025)

12. Telichenko VI, Vasiliev VG. Investigation of the spectrum of concrete mixture pulses at shock-vibration moulding.
Bulletin of V.G. Shukhov BSTU. 2017;4:80-85. (In Russ.) URL:
https://bulletinbstu.editorum.ru/ru/nauka/article/16036/view (accessed: 05.04.2025).

13. Gritsyuk TV Influence of Molding Modes on the Surface Quality of Reinforced Concrete Products. The Author’s PhD
in Engineering Disseration. Moscow; 1992. Pp. 9-20 p. (In Russ.) URL: https://elibrary.ru/zkpudb (accessed: 05.04.2025)

14. Dvorkin LI Fundamentals of Concrete Science. Saint Petersburg; 2006. 692 p.

15. Banfill PFG, Teixeira MAOM, Craik RIM. Rheology and Vibration of Fresh Concrete: Predicting the Radius of
Action of Poker Vibrators from Wave Propagation. Cement and Concrete Research. 2011;41(9):932-941.
https://doi.org/10.1016/j.cemconres.2011.04.011

16. Itkin AF. Vibrating Machines for Molding Concrete Mixtures. Kiev. MP “Lesya”; 2009. 152 p.

About the Authors:

Spartak V. Edilyan, PhD Student of the Technological Engineering and Expertise in the Construction Industry
Department, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), ORCID,
spartak-edilyan@yandex.ru

Khungianos S. Yavruyan, Cand.Sci. (Eng.), Associate Professor of the Technological Engineering and Expertise in
the Construction Industry Department, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian
Federation), ORCID, khungianos@mail.ru

Claimed Contributorship:

SV Edilyan: formulating the aim and objectives of the research, analysis of the research results, formulating the
conclusions.

KhS Yavruyan: scientific supervision, formulating the main concept, refining the text, correcting the conclusions.

Conflict of interest statement: the authors do not have any conflict of interest.

All authors have read and approved the final version of manuscript

Building materials and products

73


https://doi.org/10.1051/e3sconf/202337603025
https://ntb.donstu.ru/conference2023
https://cyberleninka.ru/article/n/ukladka-i-uplotnenie-betonnoy-smesi
https://cyberleninka.ru/article/n/issledovanie-vliyaniya-tehnologii-ukladki-i-uplotneniya-betonnoy-smesi-na-odnorodnost-struktury-i-svoystv-betona
https://cyberleninka.ru/article/n/issledovanie-vliyaniya-tehnologii-ukladki-i-uplotneniya-betonnoy-smesi-na-odnorodnost-struktury-i-svoystv-betona
https://doi.org/10.26518/2071-7296-2019-2-134-144
https://cyberleninka.ru/article/n/uplotnenie-zhestkoy-betonnoy-smesi-rabochim-organom-sovershayuschim-slozhnoe-prostranstvennoe-dvizhenie
https://cyberleninka.ru/article/n/uplotnenie-zhestkoy-betonnoy-smesi-rabochim-organom-sovershayuschim-slozhnoe-prostranstvennoe-dvizhenie
https://cyberleninka.ru/article/n/zhivuchest-zhelezobetonnyh-konstruktsiy-i-konstruktivnyh-sistem
https://cyberleninka.ru/article/n/zhivuchest-zhelezobetonnyh-konstruktsiy-i-konstruktivnyh-sistem
https://bulletinbstu.editorum.ru/ru/nauka/article/16036/view
https://elibrary.ru/zkpudb
https://doi.org/10.1016/j.cemconres.2011.04.011
https://orcid.org/0000-0002-9746-9512
mailto:spartak-edilyan@yandex.ru
https://orcid.org/0000-0002-8901-5166
mailto:khungianos@mail.ru

https://www.stsg-donstu.ru

74

Edilyan SV, et al. Method for Assessing the Density of a Concrete Mix during Molding

006 asmopax:

Cnaprak BapaanoBud DamiisiH, acupanT Kadeapbl TEXHOJIOTHISCKOTO HHXXKUHUPUHTA U SKCIICPTH3BI B CTPOHUH-
nyctpuu JIOHCKOTO TOCynapcTBEHHOTO TexHudyeckoro yHuBepcurera (344003, Poccuiickas denepauus, r. PoctoB-Ha-
Hony, mi. I'arapuna, 1), ORCID, spartak-edilyan@yandex.ru

XynruaHoc CrenaHoBuY SIBpYsiH, KaHIUIAT TEXHHYECKNX HAyK, JOLUECHT Ka(eapsl TEXHOJIOTHIECKOTO WHKHHU-

pHUHTa ¥ SKCHEPTHU3BI B CTPOUHHAYCTPHH JJOHCKOTO roCcyIapCTBEHHOTO TeXHUIeckoro yauBepcutera (344003, PO, r. Po-
croB-Ha-Jlony, . Farapuna, 1), ORCID, khungianos@mail.ru

3anenenHwvlil 6K1a0 ABMOPOE:

C.B. Dauisin: GopMHpOBaHUE SN U 3a4a49H UCCIICIOBAaHMSA, aHAIN3 PE3yNIbTAaTOB MCCIEeNOBaHUS, (HOPMUPOBAHHE
BBIBOJIOB.

X.C. sIBpysiH: Hay4HOE PYKOBOJCTBO, (pOpPMHPOBAaHNE OCHOBHOT'O KOHIIEIIIIMHU, IOPa00TKa TEKCTa, KOPPEKTUPOBKA

BBIBOJIOB.
Kongnuxkm unmepecog: agmoput 3a261110m 00 omcymcmeuu KOHQIUKmMa uHmepecoe.
Bce asmopui npouumanu u 0006pusiu 0KOHUAMENbHBLIL 6APUANRT DYKORUCH.

Received / IToctynuaa B penaxuuio 10.04.2025
Reviewed / Iloctynuiaa nocie peuensupoBanus 26.04.2025
Accepted / llpunsaTa k nyosukanuu 12.05.2025


https://orcid.org/0000-0002-9746-9512
mailto:spartak-edilyan@yandex.ru
https://orcid.org/0000-0002-8901-5166
mailto:khungianos@mail.ru

Modern Trends in Construction, Urban and Territorial Planning. 2025;4(2):75-84. eISSN 2949-1835

LIFE CYCLE MANAGEMENT OF CONSTRUCTION
FACILITIES
YIIPABJIEHUE ’KU3ZHEHHBIM IIUKJIOM OB BEKTOB
CTPOUTEJIBCTBA

. e e o
BY

Original Empirical Research
UDC 69.05

https://doi.org/10.23947/2949-1835-2025-4-2-75-84
[=] 3 =]
Fr. .

Assessing the Benefits and Challenges of Implementing 4D Modeling
in Construction

Konstantin M. Kryukov x4 E
Don State Technical University, Rostov on Don, Russian Federation EDN: DTRROH
04 kkrioukov@gmail.com

Abstract

Introduction. Improved visualization is one of the results of the implementation of information modeling technology.
Information modeling technology was mainly used by designers when developing a digital 3D model of an object. 4D
modeling combines the organizational and technological sequence of works in the project with a parametric digital 3D
model of the object under construction. 4D modeling can potentially contribute to the effective implementation of the
project, but data on the scale of 4D implementation are limited, there is no empirical data in practice on the possibilities
and problems of using this technology. The purpose of the study is to study the state of implementation of 4D modeling,
the advantages of use, the main problems that hinder effective implementation, as well as incentives for implementation
in the construction sector.

Materials and Methods. The article used a qualitative analysis of the functionality of 4D modeling to form a questionnaire
for a survey among specialists in the construction industry. Based on the analysis of the array of data obtained, a statistical
analysis was carried out to identify key problems and incentives for the implementation of 4D modeling in the activities
of construction organizations.

Results. The main reasons for the insufficient implementation of 4D modeling technology in construction organizations
are identified along with high awareness of the benefits of use. Critical problems that hinder the implementation of this
technology are identified, as well as key factors that can stimulate the implementation of investment and construction
projects using 4D modeling.

Discussion and Conclusion. The results of the study provide a basis for theoretical analysis to solve the problems of
implementing 4D modeling in the construction industry. The study uses the theory of sustainable development and the
theory of the full life cycle as a theoretical basis, combines qualitative and quantitative research methods, and conducts
an in-depth study of various factors that affect the management of investment and construction projects using 4D model-
ing technology.

Keywords: 4D modeling; information modeling technology; implementation of BIM technologies
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OPMZMH(IJleOe amnupudecKkoe ucciedosamue
Ouenka npeumyiecTB u npoodsemM BHeaApeHusi 4D-MoeiMpoBaHusi B CTPOUTEIHLCTBO

K.M. Kprokos <
JloHCKOM roCyAapCTBEHHbIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas denepanus
< kkrioukov@gmail.com

AHHOTaLUA

Beedenue. Y coBepiIeHCTBOBAHHAS BU3YalU3alusl — OJMH U3 PE3YJIbTaTOB BHEIPEHHS TEXHOJIOTHH NH(OPMALIOHHOTO
MoJenupoBaHus. TexHomorus nHGOPMAINOHHOTO MOJEINPOBAHNS B OCHOBHOM HCIIOIb30BAJIaCh MPOEKTHPOBIINKAMH
npu paspabotke nupposoit 3D-Monenn oobekTa. 4D-MoaenMpOBaHHE 00BEIUHSET OPraHM3alMOHHO-TEXHOJIOTHIECKYIO
MOCTIEIOBATENEHOCTE PabOT B MPOEKTEe € MapaMeTpudeckoil mugposoit 3D-momenpio crposmerocs o0bekra. 4D-
MO/JIETIMPOBaHNE TOTEHIIMAIbHO MOXKET COCOOCTBOBATh d(h(EKTHBHON pean3aly NpoeKTa, HO JaHHBIE O MacITadax
BHenpeHHus 4D orpaHWYEHSBI, B MPAKTUYECKON JEATEIFHOCTH OTCYTCTBYIOT SMITUPHUUCCKHE JaHHBIE O BO3MOXKHOCTAX U
npoOJieMax UCIOJIb30BaHMsI JaHHOH TexHonoruu. Llespto ucciaenoBanus sIBISIETCS U3yYeHNE COCTOSIHUS BHeqpeHus 4D -
MOJIETIMPOBAHMS, IPEUMYIIECTB MIPH HCIIOIb30BAaHUU, OCHOBHBIX IPOOJIEM, Memamux dGEKTUBHON peaan3anui, a
TaKKe CTUMYJIOB ISl BHEAPCHUS B CTPOUTEIEHOM CEKTOPE.

Mamepuansl u memoodst. B cratbe ObLI HCIIONIB30BaH KaueCTBEHHBIH aHanu3 ¢yHKUuoHanta 4D-MoxenupoBanus s
(hOpMUPOBaHUS AHKETHI B IEJIAX ONPOCA CPEU CIIENNATNCTOB CTPOUTENBHON oTpacin. Ha ocHOBaHMM aHaIM3a MacCHBa
TMOJYYCHHBIX JaHHBIX IPOBCIACH CTAaTUCTUUECKUN aHaIn3 JUI BBISABJICHHUSA KIIFOUCBBIX HpO6HeM 1 CTUMYJIOB BHCAPCHUA
4D-MopenupoBaHus B IATEIBHOCTh CTPOUTEIBHBIX OpraHU3aLNi.

Ha ocHoBaHnu pa3paboTaHHOI aHKETHI OBLI TPOBEEH OIPOC CPEAN 3aKa3YMKOB U HOAPSITYUKOB CTPOUTEIILHOM OTPaCIy,
KOTOpBIE ObIIIM OTOOpaHbEI BEIOOPOYHBIM METOAOM. JlJI aHaNM3a MOTydCHHBIX JAHHBIX MCIIOIb30BaNCh METOIBI OIHCA-
TENbHOM cTaTUCTUKU. VIHAEKC OTHOCUTEIbHOM BaXKHOCTH HCHOJIB30BAJICS A PAHKUPOBAHUS MOKa3aTeael, 4ToObI Mo-
HSTh OTHOCHTEIBHYIO B)KHOCTH, KaK OHH BOCTIPHHUMAIOTCS PECTIOHJCHTaMH. 7-TECT UCTIOIb30BAJICS ISl TPOBEPKH CTa-
TUCTHYCCKON 3HAYMMOCTH TMPEAINOJIaracMbIX Pa3Uuuil MEXKAY KIMeHTaMu U moxapsmyukamu. Kosddwuiment Anbsda
Kponbaxa ncrons3oBaics i1t o0ecrieueHnsl BHYTPEHHEH COTTIACOBAaHHOCTH M HAJEKHOCTH JaHHBIX JJIS aHAIIN3A.
Pesynomamut uccnedosanus. OnpenelieHbl OCHOBHBIE TPUYNHBI HEJOCTATOYHOTO BHEAPEHHSI B CTPOUTENBHBIX OpraHu3a-
X Texaonorun 4D-monenpoBaHus HapsiLy ¢ BEICOKOW OCBEIOMIIEHHOCTBIO O MPEUMYIIECTBAX NCTIONb30BaHMs. Bhine-
JICHbI KPUTUYECKHUE MPOOJIEMBI, PEISATCTBYIONIUE PEATM3aI[HK JAHHON TEXHOJIOTHH, a TAKXKE KITFOUEBBIC ()aKTOPBI, KOTOPHIC
MOT'YT CTUMYJIMPOBAaTh PEATN3alNI0 HHBECTUIIMOHHO-CTPOUTEIBHBIX POEKTOB € MpUMEHEHHeM 4D-MonenpoBaHus.
Oébcyscoenue u 3axniouenue. Pe3ynbTaThl HCCIEIOBAHUS 00ECIIEYNBAIOT OCHOBY TEOPETHUECKOTO aHANIN3A [T PEIICHI
npoGiiem BHenpenus 4D-monenupoBaHus B CTpOUTENLHOM oTpaciu. MccnenoBanne UCIONb3YeT TEOPHIO YCTOHUMBOTO
Pa3BUTHSI U TEOPHIO MOJIHOTO )KU3HEHHOT'O LIMKJIA B KAYECTBE TEOPETHYECKOH OCHOBBI, COUETAET B ce0E KaueCTBEHHbIC U
KOJINYECTBEHHBIE METO/IbI NCCIIEOBAHNS 1 MPOBOAUT YIIyOJEHHOE U3yYEeHUE PA3IMUHBIX (PAKTOPOB, KOTOPHIE BIMSIOT

Ha YIpaBJeHHE HHBECTHIIMOHHO-CTPOUTEIBHBIMH IIPOEKTAMHU C UCIOJIB30BAHNUEM TeXHOJIOTHH 4 D-MoaenpoBaHus.
KroueBsbie cnoBa: 4D-mozenpoBaHue, TEXHOIOT U MHOOPMAIIMOHHOTO MOJIETIMPOBaHys, BHeApenue BIM Texnomoruii

Jas nutuposanus. Kprokxos K.M. Ouenka nmpenmyniecTs u npo0ieM BHeApeHHs 4D-MoaennpoBaHus B CTPOUTEIBCTBE.
Cospemennble meHOeHYUU 8 CMPOUMenbemee, 2padocmpoumenscmee u nianuposke meppumopuii. 2025;4(2):75-84.
https://doi.org/10.23947/2949-1835-2025-4-2-75-84

Introduction. Construction is an important industry in Russia’s economy and ranks 5" among the branches of
the national economy according to its contribution to the gross domestic product. The industry is witnessing a rapid
growth ! (Fig. 1).

The level of complexity of investment and construction projects is extremely high due to customers’ increasing de-
mands. Traditional project implementation systems are largely focused on project completion dates and costs. Unfortu-
nately, under the current conditions, designers, contractors and manufacturers of building materials are not always capable
of completing their tasks on time, within a set budget and cater for their customers’ needs. What is more, many fail to
achieve the desired outcome [1].

Building information modeling provides participants in investment and construction activities with a platform for
collaboration in a shared data environment for increasing the efficiency and improve the outcome. The 3D model of the
project documentation can be used for construction planning. When the "time" parameter is added to the model, 4D

1 The statistical data were accessed from https:/rosstat.gov.ru/
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modeling is implemented. 4D modeling enhances the efficiency of processes by reducing unproductive costs and helps
to complete projects on time within a set budget controlling the construction schedule and increasing value for customers
[2]. However, despite these opportunities, 4D modeling is not commonly used by construction project participants. It is
thus proposed that the degree of use is assessed and the point of view of key construction actors on the advantages,
obstacles and motivational forces of 4D modeling is understood.

16000 000,0
14000 000,0
12000 000,0

@3 10000 000,0
8000 000,0
6000 000,0
4000 000,0
2000 000,0
0,0

b

>
=
E..
1S

2016 2017 2018 2019 2020 2021 2022 2023

Fig. 1. Dynamics of the indicator "Amount of Work Performed Independently according to an activity type "Construction™

Traditional planning methods are not directly related to the design and construction model [3], the sections of the
plans are not in complete synchrony with the project making it difficult for project participants to make sense of the plan
and its impact on logistics management at the facility [4]. The lack of this connection causes alterations, unevenness and
improper use of resources, which increases construction time and costs [5].

4D modeling is also instrumental in speeding up construction thus reducing the number of errors that are easily eliminated
at the design stage, avoiding major problems that are rather expensive to resolve at a later stage of construction [6, 7].

4D modeling offers an expanded vision of planning, designing and building, developing or maintaining a single in-
formation model including all of the necessary information about the project lifecycle. 4D modeling plays a major role in
the coordination between designers and customers during the planning phase. The experience of contractors is crucial
while developing a 4D model for planning and is capable of providing valuable information about the feasibility of con-
struction, the estimated construction costs and the sequence of work [4]. This helps project stakeholders to identify prob-
lems during the construction phase and keep track of work progress [2, 8]. 4D modeling helps to design virtual projects
and stimulate them with various scenarios, which enables all stakeholders to gain a better insight into the risks of the
project at an early stage and their reduction by taking corrective measures.

The major advantages and applicability of 4D modeling are visualization of the progress of construction at any time
with possible forecasting [8, 9]; logistics planning (movement of resources on the construction site) [10]; site layout
(reduces losses that might take place during construction, thus improving construction opportunities) [9, 11]; location-
based planning [9]; a clear understanding of the construction process and construction methodology [9]; checking sched-
ules using modeling [12]; discussing progress in meetings for a better insight [12]; safety planning (visual representation
of hazards and a safety plan) [9, 11]; analysis of the documentation and claims (it is quite easy to prove which party is to
be held accountable for the delay and what potential outcomes are to be expected) [12]; reducing risks in the project [9];
increasing customer satisfaction [10]; monitoring the project with modeling a schedule that helps to reduce the amount
of necessary improvement [9].

Notwithstanding the advantages that 4D modeling offers to the construction industry, there are technical and non-
technical problems preventing 4D modeling from being commonly adopted [8]. The widespread adoption of BIM and 4D
modeling is more affected by non-technical barriers than technical ones. Information on the scale of 4D modeling imple-
mentation in Russia is rather limited. Hence the experience of using 4D modeling overseas where this method is most
common was investigated. These countries are Great Britain, France, Slovakia, the USA, Iran, etc. Scholars and practi-
tioners in all of these countries note the problems associated with the development of the 4D model (model volume, level
of detail, time components, decomposition and aggregation) and the lack of proper implementation plans, guidelines and
standards to be adhered for 4D modeling to be implemented. The inexpediency of spending time on training and the lack
of time for employees’ training is also noted. A major obstacle to implementation is the lack of 4D modeling experience
in the market, the lack of standards for 4D modeling, difficulties in understanding the methods, and the longer process of
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creating a 4D model [9-13]. There is also insufficient customer demand for the use of the 4D model, high software in-
vestment as well as training costs, lack of knowledge of 4D modeling among the workforce, employees’ resistance to
abandoning traditional construction planning methods and switching to 4D modeling, as well as problems with data ex-
change between software related to software compatibility.

The construction industry has become somewhat aware of the value of BIM and started using it during the design
phase, but the use of BIM during the planning and construction phases is growing at a slow rate. There have been no
studies on the implementation of 4D modeling in Russia. There is thus a need to investigate the status of 4D modeling
implementation in Russia as well as the perceived advantages and issues of various subjects of investment and construc-
tion activities in the construction sector. The aim of the study is to investigate the extent of the use of 4D modeling, the
views of the main stakeholders on 4D modeling when it comes to the advantages, obstacles and motivational forces in
the Russian construction.

Materials and Methods. The target audience of the study is customers and contractors of the construction industry.
A sampling method was employed in order to select the respondents. In order to conduct the survey, a questionnaire was
designed including information about the demographic data of the participants, as well as some questions on the applica-
bility of 4D modeling, the advantages of 4D models as opposed to traditional approaches to construction planning, the
challenges of implementing 4D modeling, and motivational efforts to implement 4D modeling.

Descriptive statistics methods were used in order to analyze the data. The relative humidity index is employed in order
to rank the indicators for a better insight into the relative importance of how they are seen by the respondents. The T-test
is used to verify the statistical significance of the perceived differences between the clients and contractors, if any. The
Cronbach Alpha coefficient is used to ensure the internal consistency and reliability of the data for analysis.

The survey tool was designed digitally and requests were sent to customers-developers and contractors of the Southern
Federal District by e-mail. 27 responses were received, including from 17 contractors and 10 from construction customers.
Cronbach’s Alpha is used to evaluate the internal consistency of the instrument and the reliability of the data collected
for further analysis. The calculated values of Cronbach’'s Alpha are made in Excel and shown in Table 1. All the values
are over 0.7 (the threshold for social research) making the data collected reliable and acceptable for further analysis.

Table 1
Reliability statistics
Name Cronbach’s Alpha Number of the indicators
Possibility of use 0.906 12
[TAdvantages 0.925 12
Issues 0.812 14
Incentives for use 0.835 6
Total 0.894 44

Research Results. Information modeling technology functions are used to assess the feasibility of applying the ad-
vantages, obstacles, and driving forces of 4D modeling. According to the study of the used sources, indicators were
designed that are to be further investigated (Table 2).

A quantitative approach based on a survey is used to examine construction professionals’ views on applicability,
advantages, obstacles and driving forces of using 4D modeling in implementing investment and construction projects.

There were 27 responses received, with most provided by large organizations (71.8%), whereas the remainde were
medium-sized (10.8%) and small (17.4%) organizations. The respondents are the top management (23.9%), middle man-
agement (54.8%) and operational (21.3%) levels in their organizations. The respondents' work experience in construction
is as follows: 35% have more than a 10- year work experience, 36% of the respondents have a 5-10 year work experience,
19% of the respondents have a 2-5 year work experience, and 10% of the respondents have less than a 2—year work
experience.

Knowledge and use of 4D modeling. It was noted that most (74%) of the respondents know about 4D modeling, but
have not used it, whereas 11% both know and use it, and 15% said that they did not know about 4D modeling (Fig. 2).
Some of the respondents use the concept of 4D BIM, which is essentially equivalent to the concept of 4D modeling.
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BIM functions, challenges, and incentives for using 4D modeling

Table 2

Ng (.)fthe Name of the indicator
indicator
1. Functionality implemented during the introduction of 4D modeling
11 Logistics planning
1.2 Planning the organization of the construction area
13 Interconnection of individual construction plans of the contractors involved in construction
14 Planning of the organizational and technological sequence of work
15 Construction process visualization
1.6 Planning accounting for the location
1.7 Checking the construction plan using modeling
1.8 Possible work meetings held during the construction
1.9 Safety planning
1.10 Documenting and analyzing claims
1.11 Risk management
1.12 Variant design with construction schedule modeling
2. Issues of introducing 4D-modeling
2.1 Lack of customer demand for using the 4D model
2.2 High software investment costs
2.3 High training costs
24 Employees’ insufficient knowledge of 4D-modeling
25 No experience of 4D-modeling in the market
2.6 Unnecessary time spent on training
2.7 Insufficient time for the employees’ training
2.8 Employees’ resistance to change
2.9 No 4D-modeling standards
2.10 Issues of developing the 4D-model
211 Challenges of understanding the 4D-modeling methods
2.12 Traditional methods of implementing the project/contract

2.13 A more lengthy process of designing 4D-modeling
2.14 Issues of data exchange between the software programs
3. Incentives for implementing 4D-modeling
3.1 Developing local 4D-modeling standards
3.2 State support of 4D-modeling
3.3 Improving the software functionality
34 Software providers’ support
35 Knowledge of the advantages of 4D-modeling and return on investment
3.6 Positive examples of the use of 4D-modeling in the market

15% 11%

Both know and use 4D-modeling

= Know but do not use 4D-modelin

Do not know about 4D-modeling

Fig. 2. Knowledge and use of 4D-modeling
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The results indicate a higher level of awareness about 4D modeling and a much lower level of use. An attempt was
made to make sense of the plan of the respondents who know about but did not use 4D modeling. Although some of the
respondents indicated that they were planning to use 4D modeling in the foreseeable future (11% within a year and 31%
within 1-3 years), a significant proportion (58%) of the respondents are planning to use 4D BIM only after 3 years
(Fig. 3). This implies an expected lower spread of 4D BIM in the short term.

5%

Over 1 year
= Over 1-3 years

65% In 3 years

Fig. 3. Plans to implement 4D-modeling

Applicability of 4D BIM. The participants were asked to express their opinion on the possibility of using 4D modeling
functionality on a five-point Likert scale (from "not applicable at all" to "very applicable") in relation to the various BIM
functions according to the list provided in Table 2. The distribution of the responses is shown in Fig. 4. Their structure
indicates that the respondents rated 4D modeling as applicable. Among the BIM functions, "Visualization of the Con-
struction Process" (1.5), "Interconnection of Individual Construction Plans of Contractors Involved in Construction™ (1.3)
and "Verification of the Construction Plan Using Modeling" (1.7) turned out to be the most preferred ones. Although
"Planning of the Construction Site Organization” (1.2) and "Logistics Planning™ (1.1) were ranked low, they can be con-
sidered applicable. On top of that, the clients rated "Variant Design with Construction Schedule Modeling” (1.12) as very
applicable.
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Fig. 4. Possibility of using the 4D-modeling functional

Advantages of using 4D modeling. In response to a question about the advantages and usefulness of 4D modeling,
participants rated the various BIM functions listed in Table 2 on a five-point Likert scale (from "not profitable at all" to
"very profitable™). The distribution of the responses is shown in Fig. 5.

It can be noted that the response pattern is similar to the one shown above (Fig. 4). "Visualization of the construction
process"” (1.5), "Interconnection of individual construction plans of contractors involved in construction™ (1.3) and "Ver-
ification of the construction plan using modeling" (1.7) were evaluated as the main advantages of 4D modeling. However,
respondents believe that "Variant design with modeling of the construction schedule” (1.12) is more useful than "Inter-
connecting individual construction plans of contractors” (1.3). It should be noted that high scores on other indicators
indicate the very beneficial nature of 4D modeling.
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Issues of 4D modeling implementation. The respondents believe that "Lack of knowledge of 4D modeling among
employees" (2.4), "Traditional methods of project/contract implementation™ (2.12) and "Lack of 4D modeling experience
in the market" (2.5) are the major obstacles to the introduction and use of 4D modeling (Fig. 6). "Unjustified costs time
for training” (2.6) and "Lack of time for employee training™ (2.7) were assessed as minor issues for implementation.
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Fig. 6. issues of implementing 4D-modeling
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Incentives for using 4D modeling. In response to a question about the driving forces contributing to the implementation
of 4D modeling in organizations, on a five-point Likert scale (from "very low" to "very high"), the respondents rated
"Knowledge of the benefits of 4D modeling and return on investment" (3.5) as the major criterion (Fig. 7).
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Fig. 7. Incentives for using 4D-modeling

Along with 3.5, "Government support” (3.2) and "Accessibility of 4D modeling experience in the market™ (3.6) are
also considered as the major factors. It can be noted that "Support from software vendors" (3.4) was ranked the lowest.

Hypothesis testing. Although there was generally agreement among the construction customers and contractors on
their responses, an attempt was made to test that statistically to ensure that this was not by chance. The independent t-test
is a statistical test that is used to identify the difference in averages.1 In addition, the t-test is applicable when only two
groups are compared, and the sample size is very small. The following hypotheses are tested using the t-test for two
independent samples assuming equal variance at a significance level of 5%.

Null hypothesis Ho: There is no significant difference in the perception by the customers and contractors of the ap-
plicability, advantages, challenges, and incentives of implementing 4D modeling.

Alternative Hypothesis Hi: To test the null hypothesis, there is a significant difference in the perception of the cus-
tomers and contractors regarding the applicability, benefits, challenges, and incentives of implementing 4D modeling in
the construction industry.

The test results are shown in Table 3. The p-value indicator was used to verify the test results, which indicates the
probability of obtaining the observed results if the null hypothesis is correct, or the probability of error if the null hypoth-
esis is rejected. As the p-value for all of the four variables is over 0.05, there is no sufficient evidence to reject Ho, and Ho
is thus accepted. This means that there is no significant difference in the perception by the customers and contractors of
the applicability, advantages, challenges, and incentives of implementing 4D modeling.

Table 3

Results of the t-criterion for the null hypothesis

Variables p-value
Applicability 0.134
Advantages 0.707
Issues 0.367
Incentives 0.132
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Discussion and Conclusion. According to the study, it can be noted that there is a high level of knowledge knabout
4D modeling in construction. However, the task is to turn this knowledge into practice. Despite the increased knowledge
and willingness to use 4D models, most of the respondents do not plan to use this information modeling technology in
the next three years. In order to be competitive in the market and successfully implement investment and construction
projects on time, with proper quality and within a set budget, there is a significant need to implement 4D modeling in
construction organizations as early as possible.

Reviews of the applicability and advantages of 4D modeling (1.5, 1.3, 1.7 and 1.12 of Table 2) emphasize the need
for improved visualization for communication between the general contractor and subcontractors for timely transfer of
the work, the possibility of preliminary organizational and technological modeling of a range of options for managing the
construction process in order to complete the project on time as stipulated by the contract. Building capacity and oppor-
tunities through education and training is critical to meeting these expectations. Construction customers can predict vari-
ous project implementation options with the modeling of the construction plan (1.12), which demonstrates a change in
priority towards project quality and timely logistics.

Itis also important to pay attention to the obstacles to the implementation of 4D modeling. "Lack of knowledge about
4D modeling tools among the employees of construction organizations™ (2.4) calls for special attention to training and
continuous professional development within organizations. In order to address these issues, it is necessary to change the
"Traditional approach to project implementation” (2.12), apply innovative procurement methods such as integrated pro-
ject implementation (IPD) and smart contracts using blockchain. "Lack of experience using 4D modeling in the market"
(2.5) calls for educational institutions to review curricula to ensure that students graduate with the necessary digital skills.
As "Unjustified time spent on training" (2.6) and "Lack of time for employees’ training” (2.7) were assessed as minor
issues, meaning that organizations and their employees are willing to accept these changes and implement modern mod-
eling approaches.

While focusing on the incentives for using 4D modeling, it can be noted that it is necessary to promote information
about the advantages of implementing 4D modeling, to prove the efficiency of investing in this stage of information
modeling technology (3.5). Therefore "Government support for the use of 4D modeling” (3.2) plays a key role through
the development of appropriate standards, training programs, and other incentive measures. Currently, there is no official
set of rules reflecting approaches to the use of 4D modeling. It is only SP 331.1325800.2017 "Information Modeling in
construction" that gives a definition of 4D.

It can be noted that the major advantages of using 4D modeling are found in studies conducted overseas. Certainly,
there are a few differences. E.g., in the UK [8], "Logistics planning” (1.1) was ranked high, and the lack of knowledge of
the project participants was attributed to crucial problems. The unavailability of qualified specialists has proved to be a
critical factor in Qatar's construction industry. In India, the use of existing project implementation methods and lack of
customer demand were identified as the major challenges facing 4D modeling.

Considering the relatively small sample size, the conclusions are to be trusted with some reservations. A wider study
among customers and contractors with an increased sample size might shed more light. It is also worth exploring the role
of visualization for communication in decision-making by all project participants in order to improve implementation of
investment and construction projects.
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Abstract

Introduction. Environmental development issues have become acutely relevant of late. Therefore eco-architecture is tak-
ing centre stage. By using sustainable design concepts and eco-friendly materials, eco-architecture reduces dependence
on natural resources, as well as energy consumption and waste emissions, thus effectively decreasing the burden on the
environment. Hence not only is eco-architecture an essential area of sustainable urban development, but also provides
one with a practical way of designing a more harmonious and high-quality living environment. The aim of the study is to
identify the principles of eco-architecture and assess its impact on the sustainable development of the urban environment.
The impact of eco-architecture on the entire construction cycle of buildings and structures from the moment of construc-
tion to the demolition of the building is examined, and the ways of sustainable development of urban architecture are
identified.

Materials and Methods. Ways of sustainable development of eco-architecture in the modern world are analyzed. Various
negative impacts such as air and water pollution, noise, landscape and ecosystem disturbance occur during the construc-
tion and opera-tion of buildings. To minimise these impacts, it is necessary to develop environmental protection measures
and take environmental aspects into account at all stages of design and construction.

Research Results. The study assessed the sustainability of the development of eco-architecture according on the analysis
of the life cycle of the building, accounting for the environmental impact at the stages of design, construction, use and
demolition of the construction site.

Discussion and Conclusion. The sustainability assessment of eco-architecture is based on the analysis of the building's
life cycle, accounting for the environmental impact at all the stages: from design and construction to use and demolition.
A comprehensive analysis of the resource consumption and environmental load of the building at different stages would
enable one to assess sustainability more accurately. As digital technologies are evolving, the use of intelligent buildings
and the Internet of Things (1oT) will enable data to be monitored and analyzed in real time. This will improve the sus-
tainability management of buildings during the operational phase by providing data support in order to optimize resource
efficiency.

Keywords: eco-architecture, sustainable development, ecological energy efficiency, low carbon content, resource recy-

cling, environmental friendliness, building lifecycle, urban development, environment
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IIyTn ycToiiunBoro pasBuTHs 1Js TOPOACKON IKO-apXUTEKTYPbI

Yxan Xaoxkans®' =, C.I. Illenna® ', B.B. Beaam? <

NIlanbayHCKUI TPAHCTIOPTHBIA YHUBEPCHUTET, T. LI3uHanb, nposuHums Lllansayn, Kuraiickas HapoaHas peciry6imika
2JIoHCKO# TOCYJapCTBEHHBIN TEXHUIECKUH YHUBEPCHTET, T. PocToB-Ha-JloHy, Poccuiickas ®eneparus
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AHHOTAIIMA

Beeoenue. B nocnensee BpeMsi BOIPOCH! SKOJIIOTHUECKOTO Pa3BUTUSA CTAIH OCOOCHHO aKTyalbHBI, IO3TOMY Ba)KHOCTh
9KO-apXUTEKTYPHl BEIXOIUT Ha MEPBBIH UaH. Vcrmomp3yst KOHIENIUN YCTOHIUBOTO MPOSKTUPOBAHUS U SKOJIOTUIHEIC
MaTepHUalibl, SK0-apXUTEKTypa CHUKACT 3aBUCUMOCTD OT MPUPOTHBIX PECYPCOB, YMEHBINACT NOTPEOIICHIE SHEPTUH U BBI-
OpOCHI OTXOJIOB, TeM caMbIM 3(h(heKTHBHO CHIDKAs HArpy3Ky Ha OKPYKaIOIMIyIo cpeay. B cBA3m ¢ 3THM 3K0-apXHUTEKTypa
SIBJISIETCSL HE TOJIBKO Ba)KHBIM HAIIPAaBJICHUEM YCTOWYHMBOIO PAa3BUTHSA FOPOJOB, HO U MPEAOCTABNIAET HAM MPAKTUUECKUIA
ITyTh K CO3TaHMUI0 O0JIee rTapMOHUYHOM U Ka4eCTBEHHOHU cpepl 00nTaHus. Llenhio JaHHOTO HCCIIeJOBaHUS SIBIISIETCS OTIpe-
JIeJIeHHe MIPUHIIUIIOB SKO-apXUTEKTYPHI U OIICHKA €r0 BIUSHUS Ha YCTOMYMBOE pa3BUTHE ropojckoi cpenbl. [Ipoananu-
3MPOBAHO BIISTHAE 3KO-apXUTEKTYPHl HA BECh IIUKJI CTPOHUTEIBCTBA 3MaHUH M COOPY)KEHUI C MOMEHTa CTPOUTEIHCTBA U
JI0 CHOCA 3/1aHUS, U OTIPEIENICHbI MyTH YCTOWYMBOTO PA3BUTHS TOPOJCKON apXUTEKTYPHI.

Mamepuanst u memoowt. [IpoBeieH aHaIH3 IMyTeH YCTOWIUBOTO Pa3BUTHS HKO-apXUTEKTYPHI B COBPEMEHHOM MHpE.
Pe3ynomamul uccnedosanusn. B xoae viccneoBaHus BBITIOTHEHA OIIEHKA YCTOMUUBOCTH Pa3BUTHS DKO-apXUTEKTYPhI Ha
OCHOBE aHaJIM3a YKHU3HEHHOTO MUKJIA 3JaHHS C YIeTOM BO3ICHCTBHS HAa OKPY KAIOIIYIO Cpely Ha dTamax MPOeKTUPOBAHMSA,
CTPOUTENBCTBA, UCTIONB30BAHUS M CHOCA O0BEKTa CTPOUTEIHCTBA

Oébcyscoenue u 3axntouenue. OICHKA YCTOHYMBOCTH PAa3BUTHS JKO-apXHTEKTYpHl OCHOBBIBACTCS Ha aHAJHM3E
JKU3HEHHOTO IIMKJIA 3JaHUs, YUUTHIBAsI BO3JEHCTBHE Ha OKPYXKAIOIIYIO Cpely Ha BCEX dTamax: OT MPOEKTUPOBAHUA U
CTPOUTENBCTBA JI0 HCIIONB30BAHUS U CHOCA. BeecTOpoHHMI aHATN3 TOTPEOICHHS PECYPCOB M SKOJIOTHIECKON HATPY3KH
3MaHKMsS HA Pa3HBIX 3TamaxX MO3BOJHUT MOJIYYHTH 0OJee TOYHYIO OLEHKY ycToiunmBocTH. C pa3sBUTHEM HU(PPOBBIX
TEXHOJIOTHH MpUMEHEHNE HHTEIUICKTYalbHBIX 30aHnid 1 MHTeprera Beme (IoT) caemaer BO3MOKHBIM MOHHUTOPUHT U
aHaIKU3 JaHHBIX B PeXKUME PEATbHOTO BPEMEHH. DTO MO3BOJUT yIYUIIUTh YIPaBICHUE YCTONUNBOCTBIO PA3BUTH I 3TaHUI
Ha 9Tare KCIUTyaTaIiH, 00eCIIeYHB MOACPIKKY TaHHBIX IS ONTHMH3AINH 3()(HEKTHBHOCTH UCTIOIH30BaHUS PECYPCOB.

KiroueBble CJIOBa: DKO-apXHTEKTypa, YCTOHUMBOE pa3BUTHE, JKOJOrHYECKas 3HEProdh(HEeKTUBHOCTh, HHU3KOE
COJICpIKaHUE Yriepoja, mepepadoTKa PecypcoB, IKOJIOTMYHOCTh, KU3HEHHBIH MK 3JIaHUS, TOPOACKOE Pa3BUTHE,
OKpY>XKarolias cpejia

Jas umtupoBanms. Yxan Xaoxanb, lenna C.I'., benam B.B. Ilytu ycTolunMBOro pa3Butus sl TOpoJACKON 9KO-apXHu-

TeKkTypel. Cogpemennvie meHOEHYUU 6 Ccmpoumenvbcmeae, 2padocmpoumenscmee U HIAHUPOBKE MepPUMopull.
2025;4(2):85-95. https://doi.org/10.23947/2949-1835-2025-4-2-85-95

Introduction. As cities are sprawling, pre-existing natural habitats are being exploited on an unprecedented scale
causing a dramatic reduction in biodiversity and puts lots of species under risk of extinction. Intensive urbanization affects
the quality of life leading to air and water pollution, increased noise, reduced green space, high density of buildings and
population. All of these did not only disrupt the balance of the ecosystem, but also posed a threat to the human environ-
ment as well as made it imperative to rethink the existing approaches to architectural and spatial organization of the urban
environment [1]. A way to address these challenges is the concept of eco-architecture combining respect for nature and
concern for human health and comfort. Ecological architecture dates back to the beginning of the last century to the theory
of "renewable resource management" which considered the issues around replacing traditional energy sources with alter-
native ones. It suggested using solar electricity produced by spherical collectors [2]. Variants of solar installations have
been developed that generate steam capable of turning turbines that produce electric current. However, in practice, none
of the options has been implemented. In Soviet Russia, in general, environmental attempts were confined to planning
landscaping areas of Soviet cities and to an extent to reducing the impact of industrial pollution on the environment. Those
were only the first steps in the development of green architecture [3].

In the West, during the 1970s energy crisis and an increase in global fuel prices that followed, there was a surge in
interest in renewable energy sources, saving fuel and energy resources used for heating construction structures. During
this period, there were a lot of projects for buildings that ran on solar energy [4].

In the 1980s, environmental problems got exarcebated. The negative impact on nature increased as there was more
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anthropogenic impact and the scientific and technical complex was experiencing an intense growth. Buildings emitted
almost half of all carbon dioxide into the atmosphere, so the new imperative was to protect the natural world. Compre-
hensive environmental reconstruction projects got underway [5]. For instance, the solution of traditional issues facing
landscape architecture is intertwined with environmental problems as environmental conditions must be accounted for in
order to create a sustainable urban environment. As the situation of the urban landscape is being exarcebated by the
oversaturation of technology and the corresponding displacement of natural components, it is becoming critical to main-
tain harmonious and environmentally friendly areas. Hence considerable efforts have been made in order to rehabilitate
and improve the environment [6].

A while later there were new trends in the formation of a green space, "...now nature is being ,,built* into the building."
The flora is becoming one of the elements in the improvement and development of urban ecosystems. There is a new
trend emerging — non-traditional design (greening flat roofs, including elements of the biotic environment in the archi-
tecture and interior of buildings: living plants; water; stone; materials imitating the wood texture; fragments of specific
natural areas with a maintained microclimate, etc.) [7].

Fig. 1 shows the Quai Branly Museum in Paris completed in 2006, which is a wild, disorganized jumble of colorful
boxes. In order to enhance the sense of confusion, the glass wall blurs the boundary between the exterior streetscape and
the interior garden. Passers-by cannot tell the reflections of the trees from the blurred images behind the wall. The French
architect Jean Nouvel is head of the project. It is designed in line with the principles of ecological architecture.

Fig. 1. Quai Branly Museum, Paris®

The concept of eco-architecture involves the use of processes that are responsible for the environment, the effective
use of resources throughout the life cycle of a building, which is its complete ongoing design, operation and disassembly,
including such stages as mining and production of building materials, design, construction of the building, its functioning,
including the supply of water, gas, electricity, waste disposal, routine maintenance, possible reconstruction, disassembly
following the end of the life cycle and reuse of the resulting materials [8].

Materials and Methods. The analysis of the environmental components of a construction site precedes construction,
reconstruction as well as repairs of buildings and structures involving identifying the nature, intensity, and degree of
danger this activity poses to the environment and public health. The aim of the analysis is to prevent environmental
damage, as well as to ensure environmental safety, protection, sensible use and reproduction of natural resources given
national, public and private interests.

1 Quai Branly Museum, Paris. URL. https://www.thoughtco.com/buildings-and-projects-by-jean-nouvel-4065275 (accessed: 16.04.2025)
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In order to develop environmental principles for designing construction facilities, it is essential to identify environ-
mental impact factors of construction. The direct negative impact is increased noise, various radiations, and emission of
harmful substances. The indirect impact lies in the fact that construction sites, buildings, structures, and roads annually
occupy more and more vital space for humans.

The factors affecting the environment at each stage of building construction will be analyzed. During the construction
phase, e.g., the most considerable negative impacts on the environment are as follows:

— atmospheric air pollution caused by gas and dust emissions (construction machinery and vehicles, welding and
paintwork, etc.);

— contamination of groundwater and wastewater (refueling of machinery and vehicles, spills of concrete mix and
various mortars, etc.);

— negative impacts on the acoustic environment (construction machinery, pile work, etc.);

— environmental pollution from construction waste;

— violation of the natural landscape of the area

— removal of soil following excavation which was stored in landfills (alienates territories, transforms the landscape,
generates erosion);

— increasing the amount of household waste;

— impact on animals, birds, fish, and their habitats.

At the stage of building operation, there are the following negative impacts:

— disruption of the regime of illumination of the Earth's surface by the sun (insolation);

— disruption of the wind regime;

— violation of the hydrological regime of the area;

— reducing the amount of vegetation;

—soil and water pollution;

— dust, thermal pollution;

— increased traffic flows and thus the effect on the acoustic environment.

In case a building is to undergo reconstruction, a negative impact will come from the air, surface, groundwater, veg-
etation pollution, waste generation and noise pollution with the impact of the reconstructed facility on adjacent buildings
accounted for.

For a more complete assessment of an impact of a project on the environment, its components are typically analyzed:
climate and microclimate, airspace, geological layers, reservoirs, soil, flora and fauna, historical and cultural heritage,
social and man-made environment.

All of this makes it necessary to come up with special environmental protection measures to ensure an ecological
balance between man and nature, as well as sustainable development of construction areas and adjacent areas as well as
cities in general. This is what is realized in the designing and constructing the entire life cycle of a building as a single
chain. An analysis is crucial as it allows one to address lots of issues occurring at the design, planning, construction and
other stages. After all, each stage is made up of lots of elements with incorrectly selected materials or design solutions
possibly increasing the costs due to low energy efficiency. It is necessary to account for the environmental aspect in an
analysis as legislation is tightening environmental standards and requirements. This is why choosing materials and tech-
nologies wisely determines how serious a footprint the project will leave in the environment will be. The use of the
principles of eco-architecture is thus particularly poignant.

For instance, the use of a building life cycle analysis methodology, LCA (Life Cycle Assessment), is being widely
implemented, which includes multiple steps: from collecting initial data to interpreting it [9, 10].

LCA life cycle analysis is a comprehensive methodology for assessing the full life cycle of a product, equipment,
building, or system. It covers all stages (from extraction of raw materials to disposal), revealing the impact on costs,
productivity and the environment [11]. This helps determine which of these needs attention: environmental friendliness,
costs, productivity, and environmental impact.

The issues of ecological construction and building maintenance are critical in solving a city’s environmental problems.
This is being addressed worldwide [12, 13]. As a result, the construction industry is witnessing some changes making it
possible to reduce the impact on the environment and use natural resources sensibly.
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The quality of life in a city is starting being characterized by the number of buildings certified according to interna-
tional "green" standards, such as The Leadership in Energy & Environmental Design (LEED) developed back in 1993. It
was followed by lots of new certification standards: from the British BREEAM, the American WELL and Fitwel, and
others to the Russian "Green Standards" and Green Zoom [14].

Green certification provides an opportunity not only to implement a construction project, accounting for environmen-
tal criteria, but also contributes to improving performance at all stages of a building's life cycle: from design and con-
struction to commissioning and subsequent disposal.

In Russia, there are environmental standards NOSTROY 2.35.4-2011 "Green Construction™, the Eco Village system
for cottage areas, and the GREEN ZOOM standard. Also in 2009, Federal Law No. 261-FZ "On Energy Conservation
and Energy Efficiency Improvement"” came into force which generated a new system of state regulation in the area [15].

Research Results. A negative impact on ecosystems and saving various resources, particularly non-renewable ones,
is reduced by creating conditions for the effective interaction of natural forms and man-made environmental objects. As
a result, there is improvement and stabilization of the microclimate parameters inside the facilities being designed with
the environment, which reduces energy consumption for the operation of the corresponding energy systems, and also
retains and enhances the stability of the ecosystem the facilities being constructed are being implemented [16]. How
exactly development and improvement of eco-architecture occur is guided by some principles. They are critical for effec-
tive realization of opportunities in developing urban environment.

The key principles of eco-architecture contributing to urban development are as follows:

1. The use of energy-saving technologies and alternative energy sources, which implies that of solar panels, wind
turbines, as well as highly efficient heating and cooling systems in buildings [17].

Fig. 2 shows The Edge, a 15-storey office building in the Zuidas financial district in Amsterdam. It was built in 2015,
with a total area of 40,000 m2. The building has almost 30,000 sensors collecting anonymous data on heating and cooling
systems, lighting, occupancy, etc. On 14 out of the 15 floors, the walls of the building can be freely moved enabling users
to change the workspace as they please. The British rating agency BREEAM awarded the building a record-breaking
98.4% sustainability rating, which is the highest ever in its history.
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Fig. 2. Office building in the business district of Zuidas?

2 Ogpucnoe 30anue The Edge. Dirk Verwoerd. URL: https://archi.ru/projects/world/9650/ofisnoe-zdanie-the-edge (accessed: 16.04.2025)
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2. Buildings should be designed with environmentally friendly materials as well as maintain energy efficiency and
provide a longer service life to minimize waste and the need for permanent renovation. In order to create an eco-friendly
environment, both previously unused and recycled materials can be used. On top of that, there are lots of alternative materials
that are more environmentally friendly. The use of renewable and recyclable construction materials does not only help to
reduce resource extraction, but also reduces carbon dioxide emissions through the course of construction [18].

Fig. 3 shows a solar power plant located on the roof of a building in Indonesia in Bontang. Such a solar power plant
produces clean energy and reduces carbon emissions into the atmosphere. Its capacities cover up to 30% of the energy
needs of office premises. The total area of the power plant is 6,500 m?, and the capacity is more than 1,000 kW with an
output voltage of 380 V.

IR AR R AR

Fig. 4. Energy-efficient buildings using the green design concept: « — Chengdu, Southwest China, Minjiang River Valley*;
b — Warsaw University Roof Garden®

% Solar power plant on the roof of a building. Indonesia, Bontang. URL: https://awsimages.detik.net.id/api/wm/2022/08/19/plts-atap-pkt-di-
bontang_169.jpeg?wid=54&w=650&v=1&t=jpeg (accessed: 16.04.2025)

4 Energy-efficient buildings. URL.: https://ad009cdnb.archdaily.net/wp-content/uploads/2012/10/5078dce228ha0d1640000085_zcb-zero-carbon-
building-ronald-lu-and-partners_zcb_01_and_one_planet_living_loop.jpg (accessed: 16.04.2025)

® Warsaw University Roof Garden. URL: https:/i.pinimg.com/originals/bd/cf/77/bdcf77be7986fd3f72fec3c6038f7ede.jpg (accessed: 16.04.2025)
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3. Designing a comfortable environment for humans. Green spaces and public parks are a key part of ecological
urban planning. They serve to reduce noise and air pollution, improve residents’ quality of life and contribute to the
conservation of biodiversity. This is where a human can feel one with nature [19].

4. Conservation of biodiversity. The creation of ecological corridors, park areas, and vertical landscaping of buildings
as shown in Fig. 5, helps preserve local ecosystems and plant and animal species inhabiting them, which is critical for
maintaining the balance of natural processes and biological diversity [20].

Fig. 5. Modern landscape design®

5. Sensible waste management. Urban architectural solutions should come with waste collection and recycling
systems in order to minimize a negative impact on the environment. It is also important to encourage waste separation
among general public [21].

The Crystal building in London, UK (Fig. 6) is an exhibition center devoted to sustainable development and
environmental responsibility. The building is equipped with photovoltaic and solar panels for generating electric energy,
and also makes use of a waste disposal system and energy-efficient technologies.

6. Adaptability. Urban architecture should be flexible and able to adapt to changing climatic conditions and
environmental issues. This includes the use of artificial intelligence, smart urban systems, and climate change forecasting
for effective management of a city [22, 23].

Let us consider the fundamental principles (Table 1) guiding eco-architecture and enabling reduction of negative
environmental impacts depending on the stage of the life cycle of a building [24].

® Beeredygtig klimasikring heedret med betonbranchens Oscar. URL: https://estatemedia.dk/dk/2023/06/02/baeredygtig-klimasikring-haedret-med-
betonbranchens-oscar/ (accessed: 16.04.2025)
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Fig. 6. The Crystal building, London, UK’

Table 1
Major paths of eco-architecture

1. Accounting for the environment at all the stages — from design
to demolition of a building.

2. Accounting for residents’ quality of life at all the stages of
construction.

3. Adesign allowing adaptation to the environment.

Design stage

1. Use of low-carbon materials and technologies.
2. Effective and sensible use of available resources and renewable
energy sources.
Construction stage 3. Restoration of the ecological balance in the surrounding areas.

4. Introduction of a waste management system.
5. Reuse of building resources and structural elements.
6. Use of non-toxic, sustainable materials.
1. Introduction of energy-saving technologies.

Operation stage 2. Introduction of a waste management system.

3. Reuse of building resources and structural elements.

The transition to sustainable urban development plays a key role in solving environmental problems facing cities.
Lots of people associate the term "green™ architecture with houses whose facades and roofs are completely covered with
greenery, which is not the only way to make a building more environmentally friendly [25]. Hence buildings are
constructed using natural materials, energy-saving technologies are actively used and the land allocated for building is
made the best use of. Of course, there is still no mass demand for green architecture in Russia, but some technologies are

" London: The Crystal is the world's greenest building. URL: https:/ru.baltic-review.com/2012/09/21/london-Kristall-the-crystal-samoe-e-
kologichnoe-zdanie-v-mire/ (accessed: 16.04.2025)
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already in use. For example, reducing energy consumption by regulating heating, using motion sensors and LED lighting
in the entrances of apartment buildings. In lots of countries, all of this has become well-known and commonplace, and
environmental solutions have been complemented by rainwater treatment systems and roof gardens [26].

On top of that, the future of sustainable urban development depends on a host of factors, including technological
innovation, political will, public participation, and global cooperation. The development of smart technologies such as
the Internet of Things (10T), artificial intelligence (Al), and big data opens up new avenues for optimizing urban processes,
improving residents’ quality of life, and reducing environmental impacts.

Residents’ and communities’ active engagement in planning and decision-making, as well as educational programs
for raising awareness of the principles of sustainable development, are fundamental to attaining long-term goals.

Ultimately, the future of sustainable cities will rely on our ability to adapt to change, innovate, and work together
for the common good.

Discussion and Conclusion. Eco-architecture naturally helps the planet by making sensible use of local materials
and energy. Utilization of its principles enables reduction in environmental pollution, nature conservation and health
maintenance.

The use of modern construction technologies and materials enables buildings that are more flexible and efficient
in the field of sustainable architecture to be designed. On top of that, the combination of new technological capabilities
and the experience gained in traditional architecture will allow for new solutions to ensure maximum functional
efficiency, durability and cost-effectiveness at all the stages of the life cycle of a building.
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Abstract
Introduction. Construction industry is currently in need of resource-saving technology that allows dismantling of coatings
during reconstruction and demolition of buildings with maximum preservation of the integrity of reinforced concrete
ribbed slabs for them to be possibly reused for their intended purpose, thereby not only preventing environmental pollution
with construction waste, but also saving energy, labor and material resources for their disposal, as well as for reproduction
of slabs.
Materials and Methods. While developing resource-saving technology, a set of methods and means for solving each of
the tasks was used, including:

— visual inspection of reinforced concrete ribbed slabs during dismantling of the supporting deck of the roof in order
to identify their suitability for them to be reused for their intended purpose;

— identification of the parameters of the equipment required in order to release seams and joints between slabs from
mortar and concrete based on a study of the factors affecting the filling of seams and joints;

— identification of the parameters of special grips and devices for lifting ribbed slabs with damaged slinging loops
using physical and computer models.
Results. As a result of the research, a new resource-saving technology for dismantling the load-bearing flooring of rein-
forced concrete ribbed slabs was proposed which is based on the methods developed by the authors:

- mechanical removal of the material filling the seams and joints between the slabs and the established parameters of
the necessary equipment;

- release of the slabs from the existing connections with the rafter beams and cover trusses;

- testing of the remaining slinging loops of the slabs;

- slinging of slabs with damaged slinging loops with specially designed load-gripping devices.
Discussion and Conclusions. The new resource-saving technology allows dismantling the load-bearing reinforced con-
crete decking without additional damage to the slabs with them possibly being reused with a minimum amount of waste,
saving labor and material resources, significantly reducing energy costs that would be required for the disposal of rein-
forcement waste and crushing concrete.

Keywords: reconstruction and demolition of buildings, dismantling of coatings, load-bearing reinforced concrete deck-
ing, ribbed slabs, monolithic seams and joints, sling loops
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

PecypcocOeperaomasi TeXHOJIOTUS IEMOHTAKA HECYLIEr0 HACTWIIA MOKPbITHI
U3 KeJ1e300eTOHHBIX PeOPUCTHIX IJIUT MPH PEKOHCTPYKIMH U CHOCE 31aHNI
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! ToHcKkol rocy1apCTBEHHBIN TEXHUYIECKUI YHUBEPCUTET, T. PocToB-Ha-lony, Poccuiickas ®enepanus
2AcTpaxaHCKHi apXMTEKTYPHO-CTPOUTENBHBIN YHUBEPCHTET, I'. AcTpaxaHb, Poccuiickas ®enepanus

P< Elena@rniiakh.ru

AHHOTALUA
Beeoenue. CtpoutenbHOE NPOM3BOJICTBO B HACTOSIEE BpPEMsl HYKAAETCs B pecypcocOeperaroniell TEXHOJIOTHH,
MIO3BOJIIOIIEH TPOU3BOAUTE PU PEKOHCTPYKLIUH M CHOCE 3[JaHUI IEMOHTaX ITOKPBITHH ¢ MAKCHMaJIbHBIM COXPAaHECHHEM
LETOCTHOCTH JKEIEe300€TOHHBIX PEOPHUCTHIX IIMT IJII BO3MOXKHOCTH WX MOBTOPHOTO HCIIOJIB30BAHUS IO IPSIMOMY
Ha3HAUEHHIO, TEM CaMbIM HE TOJIBKO NIPEJOTBpalliasl 3arps3HeHUE OKPY>KaIOIIeH cpeibl CTPOUTENbHBIMUA OTXOAaMHU, HO U
cOeperast SHEpreTU4ecKue, TpyI0BbIe U MaTepHalIbHBIE PECYPChI HA MX YTUIIM3AIMIO, a TAK)KE Ha BOCIIPOU3BOACTBO ILJIHT.
Mamepuanst u memoowt. IIpn pazpabotke pecypcocOeperammeil TeXHOIOTHH ObUT IPUMEHEH KOMIUIEKC METOJIOB H
CpCACTB PCUHICHUS MMOCTABJICHHBIX 3a4a4, B TOM YHUCJIC:

— BU3yasbHOE 00CIIeI0BaHHE JKeJIe300€TOHHBIX PEOPUCTHIX IUIHUT B IPOIIecce pa300pKU HECYLIETO HACTUIIA TOKPBITUS
JUTSL OIPENICNICHHS VX TPUTOAHOCTH AJIsI TOBTOPHOTO MCIIOIB30BAHMS 110 MPSIMOMY Ha3HAYEHHIO;

— OmpeJeNICHNe ITapaMeTpoB 000pYAOBaHMUS, HEOOXOANMOTO ISl OCBOOOKACHHS IIBOB U CTHIKOB MEXKAY IUIUTAMHU OT
pacTBopa ¥ OeToHa Ha OCHOBE M3Yy4eHHs (haKTOPOB, BIUSIONINX Ha 3aIIOJHAEMOCTb IIBOB U CTHIKOB;

— OIpenesieHHe C MOMOMIIBbI0 (DM3MYECKHX M KOMITBIOTEPHBIX MOJENCH HapaMeTpoB CIICHHANBHBIX 3aXBAaTOB U
MIPUCTIOCOOIEHHH U HOABEMAa PEOPHUCTHIX IUIUT C MTOBPEXKICHHBIMHU CTPOIIOBOYHBIMH HETIISIMH.
Pesynomamur uccnedoséanusn. B pesynprare BHIIOJHEHHOTO MCCIIEOBAaHM IPEJIOKEHa HOBasl pecypcocOeperaromnias
TEXHOJIOTUS JICMOHTa)Ka HECYILIEro HACTHJIA TMOKPBITUH U3 Kele300C€TOHHBIX PEOPUCTHIX IUIHT, B OCHOBY KOTOPOI
MIOJIO>KEHBI pa3paboTaHHBIE ABTOPAMU METOMBI:

— MEXAaHNYCCKOC YAaJICHUC MaTepuraja 3all0JIHCHHS IBOB U CTBIKOB MCXKAY MIIUTAMH U YCTAHOBJICHUE MTapaMETPOB
HEO00X0IMMOro 000pyAOBaHUS;

— 0CBOOOJKACHHE TUIUT OT UMEIOLIUXCS CBSI3€H CO CTPONMIBHBIMH OanKkaMu U (pepMaMu HOKPBITHUS;

— MCTIBITAHNE COXPAHUBIIMXCS CTPOIOBOYHBIX NETENb y IUIUT;

— CTpOIIOBKa IJINT C TMOBPEKACHHBIMU CTPOIIOBOYHBIMHU NCTIAMU CIICIIMAJIbHO CKOHCTPYHUPOBAHHBIMHA
IPy303aXBaTHBIMU YCTPOUCTBAMH.
Obcyacoenue u 3axnouenue. Hopas pecypcocdeperaromasi TEXHOJIOTHS TI03BOJSIET TIPOU3BOIUTE IEMOHTAXK HECYIIIETO
XKeJIe300€TOHHOTO HACTHIIAa MOKPHITHH 0e3 JONMOJHHUTENBHOTO MOBPEXICHUS IUIUT C BO3MOXKHOCTBIO TOBTOPHOTO HX
HCIOJIb30BaHUA ¢ MUHUMAJIbHBIM KOJHMYCCTBOM OTXOI0B, DKOHOMS IMPHU 3TOM TPYAOBLIC U MAaTECPpHUATILHBIC PECYPCHI, B
pasbl CHIDKast SHEPro3aTpaThl, KOTOPbIE MOTPEOOBATHCH OBl Ha YTHIM3AIMIO OTX0/I0B apMaTyphl M ApobiieHne OeToHa.

KiaroueBblie cjioBa: PEKOHCTPYKIHA U CHOC 3,Z[aHI/II\/'I, JCMOHTaX HOKpBITI/II\/‘I, HeCyH.[I/Iﬁ JKeJ1e300€ TOHHBII HaCTuUlI,
pe6pI/ICTI>Ie IIJIATBI, 3aMOHOJIMYCHHBIC BBl U CTHIKU, CTPOIIOBOYHBIC TIETJIN

E.]IaFOIIapHOCTI/l. ABTOpLI BbIpaKaroT 6Har0,[[apHOCTL pCAaKnun U peICH3CHTaM 3a BHUMATCIbHOC OTHOLICHUE K CTATHC
1 YKa3aHHbBIC 3aME€YaHUsl, KOTOPBIC [TO3BOJIMIN ITOBBICUTH €€ Ka4C€CTBO.

Jas uuruposanus. XKono6osa E.A., )Kono6os A.JI., IBanaukoBa H.A. PecypcocOeperarorias TEXHOJIOTHS IEMOHTaXa
HECYIIET0 HACTHJIa TOKPBITHII W3 IKEeJIe300€TOHHBIX PEOPHUCTHIX IUIMT IMPH PEKOHCTPYKLUUH W CHOCE 3JaHuil.
Cospemennble meHOEHYUU 8 CIPOUMenbCmse, 2padocmpoumenscmee u nianuposke meppumopuii. 2025;4(2):96-105.
https://doi.org/10.23947/2949-1835-2025-4-2-96-105

Introduction. The production of precast reinforced concrete structures is a highly material-intensive, labor-intensive
and energy-consuming process. Costly reinforcement products requiring significant energy consumption to be made as
well as high-quality cements are used in their manufacturing.

Ribbed coating plates are leading the way when it comes to the volume of production of precast reinforced concrete
structures. In compliance with GOST 9491-60 "Large-Panel Reinforced Concrete Ribbed Prestressed Slabs Sized 1.5x6
m for Coatings of Industrial Buildings" in this country from 1960 to 1978, reinforced concrete ribbed slabs of the same
standard size — 1.5x6 m were produced for coatings of industrial buildings. Such slabs have a thin shelf (30 mm thick)
and narrow ribs, which explains why the thickness of the protective layer in lots of places has a minimum allowable value
of 10 mm. It is such coating plates that are most commonly found at reconstructed industrial facilities of capital construc-
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tion. Under normal operating conditions, reinforced concrete load-bearing floor coverings, as well as other internal rein-
forced concrete structures of buildings, are capable of remaining operational for more than 150 years [1]. There is information
available that after many years of operation in a non-aggressive environment, the strength of the concrete of the ribbed
coating plates does not decline, but actually sees a slight increase with the reinforcement retaining its properties [2-3].

In case of reconstruction of buildings, it is frequently essential to partially or completely dismantle the load-bearing
flooring in good condition of the ribbed plates, e.g.:

—to be used in covering lighting and light-aeration lanterns, as well as mounting openings;

— while replacing existing slabs with those with increased load-bearing capacity or with special holes;

— during the demolition of a building or its components.

With large amounts of demolition work on buildings with a precast reinforced concrete frame, the load-bearing flooring
is commonly dismantled along with the frame using the collapse method of the so-called "concrete destroyers™ based on
tracked excavators with an elongated boom using hydraulic grinders as a working body [4-6]. The volume of waste generated
is beyond that of disassembled structures, and it is measured in tens of thousands of tons nationwide [7]. Researchers from
Denmark found that during the disposal of these wastes, 2 times as much carbon dioxide is released into the atmosphere than
during the reuse of the coating plates obtained during dismantling of reinforced concrete flooring [8].

In spite of attempts made by scientists and specialists to come up with efficient technological solutions, it has been
impossible to cut down the amount of waste as much as possible by piecemeal dismantling of reinforced concrete load-
bearing flooring of ribbed slabs for them to be possibly reused for their intended purpose, due to permanent, hard-to-reach
welded joints in sealed seams and joints between slabs, as well as to the massive damage of their sling loops [9-10].

In order to provide construction production with a resource-saving technology allowing dismantling of reinforced
concrete flooring with maximum preservation of the integrity of the ribbed slabs, thereby not only preventing environ-
mental pollution from construction waste, but also saving energy, labor and material resources for their disposal and
reproduction, a study was carried out at the Department of Technology of Construction Production of the Don State
Technical University to identify opportunities for:

— improving the method of removing mortar and concrete from joints and spaces between ribbed slabs;

— using slinging loops while slinging ribbed plates for lifting or developing special grips;

— increasing productivity and safety of dismantling flooring of ribbed slabs;

— expanding the field of reuse of ribbed coating plates.

Materials and Methods. The parameters of the resource-saving technology for dismantling the load-bearing flooring
of building coverings, as well as equipment and technological equipment for its use, directly depend on the shape and
size of the ribs, as well as the slinging loops of the reinforced concrete ribbed slab shown in Fig. 1.
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Fig. 1. Dimensions of the longitudinal ribs and slinging loops of the coating plates in compliance with GOST 9491-60

Accounting for these dimensions, the depth and possible thicknesses of the joints between the plates, the shape and
dimensions of the grippers for slinging plates with damaged slinging loops, and the dimensions of the release wedge for
tearing adjacent plates from each other were identified.

In order to identify the optimal parameters of the resource-saving technology being developed, as well as the necessary
equipment and tools, a set of methods and tools for solving each of the above tasks shown in Table 1 was applied.
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Table 1

Methods and tools used in solving the problems of developing a resource-saving technology for dismantling
load-bearing flooring of buildings made of reinforced concrete ribbed slabs

Tasks of investigating
the opportunities

Research methods

Research tools

Improving the method of remov-
ing mortar and concrete from
joints and spaces between slabs

Analytical:
— questionnaire;

— identification of factors impacting the fillabil-
ity of seams and joints

Instrumental: checking the fillability of seams

Electric perforator with a drill bit
with a diameter of 5mm and a
working length of 250 mm (as a

depth gauge)
Instrumental: identifying the adhesion of the PSO-10MG4AD device
solution (Fig. 2 a)
Using sling loops for lifting Instrumental: checking the load-bearing capac- Same

ity of the sling loops under a load of 10 kN

Detecting plate defects before
lifting

Visual inspection according to GOST 31937-
2024 "Buildings and Structures"

Increasing  productivity and
safety of dismantling the ribbed
flooring

Physical and computer modeling of grippers
for slinging ribbed plates

Physical and computer models
of grips

Expanding the area of reuse of
coating plates

Analytical:

— classification of ribbed slabs according to
their condition;

— studying the experience of reuse of slabs ac-
counting for their technical condition

The load-bearing capacity of the sling loops was checked using a PSO-10MG4AD device based on aluminum plates

with a total thickness corresponding to the height of the sling loop as shown in Fig. 2 b.

b)

Fig. 2. General view of the PSO-10MG4AD device (a) and the scheme of its application when checking the strength of sling loops
(b): 1 — force exciter; 2 — support; 3 — loading handle; 4 — electronic unit; 5 — rod of the force exciter; 6 — gripper;
7 — lodgment; 8 — aluminum plate; 9 — coating plate; 10 — sling loop
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Research Results. According to the analysis of the results of studying domestic and foreign experience in dismantling
precast reinforced concrete floors of building coverings, at least 50% of ribbed slabs experience additional damage during
dismantling, and about half occur due to the rupture of sling loops. In 5-15% of the slabs, the ribs are damaged while
seams and joints between the slabs are being cleaned using a mechanized impact tool, and in the remainder, while holes
are being punched in the corners of the slabs for access to the welded joints of the slabs at their resting points on rafter
trusses or beams.

Hence due to rib chips formed during dismantling of load-bearing flooring, in particular at their end sections, as well
as cracks, most of the coating plates are typically abandoned and disposed of as waste. It has also been found that in order
to lift slabs, holes are most commonly punched in the shelf of ribbed slabs near damaged sling loops for two loop slings
to pass resulting in a decrease in the load-bearing capacity of the slab.

Inspection of the side faces of the ribbed slabs after dismantling the flooring, as well as the results of selective drilling of
holes in the joints between the slabs showed that the seams were mostly filled with mortar to a depth of 5-15 cm (Fig. 3 a). This
might be due to the lack of requirements for the mobility of the mortar for sealing joints, as well as their low controllability.

It was fairly rarely that the seam turned out to be filled up to the ledges of the longitudinal ribs of the slabs, i.e., 20
cm deep. These are typical for ridge sections of a coating where the upper part of the seam opens by 90 mm at the standard
slope of the upper faces of the double-pitched rafter beams 1:12 (Fig. 3 b). It is to be noted that even in these cases, the
solution barely penetrated into the lower part of the seam between the ledges of the longitudinal ribs of the plates, just as
with the usual opening of the upper part of the seam — by 40 mm. (Fig. 3 a).

Along the roof endowment, the seams between the slabs of the coating turn out to be completely unfilled owing to the
lack of access to its cavity from above the slab. (Fig. 3 c).

»H,ﬂ

90

a)

Fig. 3. Shape and size of the cross-section of the seams between the ribbed plates: « — regular seam; b — expanded seam;
¢ — closed seam

Being aware of these features enabled us to identify the required cutting depth of the seam, which should correspond
to the height of the upper (expanded) part of the longitudinal seam and be equal to 200 mm. This should prevent accidental
damage to the ledges in the longitudinal ribs of the slabs by the rotating diamond cutter disc. In order to perform this
technological operation, a seam cutter with a maximum cutting depth of 200 mm can be recommended, e.g., the TSS RH-
500G brand, its general view is shown in Fig. 4.

Fig. 4. General view of the TSS RH-500G seam cutter with the diamond disc removed
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Through the course of the study, the amount of adhesion of the solution to the side faces of the slabs was identified
for 16 of them at four different sites. A large variation of these values (from 0 to 0.4 MPa) was observed, which can be
accounted for by the lack of any instructions on the preliminary preparation of the slab faces for improving the adhesion
of the mortar.

The resulting data enables us to conclude that after the slab has been freed from the welded joints with the rafter
structures and at least the joints and seams between the slabs from mortar and concrete have been partially freed, the
outermost slab in the row before lifting can be easily moved away from the adjacent slab using a self-contained wedge of
the KRA1150 brand with a force of up to 10 kN, its general view is shown in Fig. 5, or two mounting crowbars.

Fig. 5. General view of the self-contained release wedge of the KRA1150 brand

At the next stage, the authors looked at the possibility of pre-evaluating the suitability of the slab for reuse before they
had been lifted, even during dismantling of the flooring. With no visible defects, such as exposed reinforcement, cracks
in the longitudinal ribs, deep chips of the lower edges and corners of the ribs, as well as rust spots and areas of concrete
leaching, the slabs can be used for their intended purpose — when new or reconstructed coatings are being installed.

If there are minor defects, the plates can be used as permanent formwork for the construction of ribbed basement
floors with increased load-bearing capacity in industrial buildings erected on peat and permafrost soils. If the edges of the
slabs experience considerable damage with their shelf retaining its integrity, it is recommended that such slabs are used
for installing temporary sidewalks and footpaths on construction sites. Other than that, the slabs must be recycled into
crushed stone with scrap metal being separated.

The biggest challenge facing builders while dismantling decking is the most sling loops being non-operational and
might break while a slab is being lifted. GOST 9491-60 for reinforced concrete ribbed slabs provided for slinging loops
made of round hot-rolled reinforcement with a diameter of 10 mm. They should be positioned 1 m away from the end
face of the plate.

As a result of investigating the experience of dismantling precast reinforced concrete load-bearing flooring and its
individual parts, it was found that the most common damages experienced by sling loops are steel corrosion and mechan-
ical destruction during construction while bent by blows of a sledgehammer at the bend point (flattening of steel, fracture).
The statistical data collected and processed by the authors on the most common causes of sling loops being non-opera-
tional are shown in Table 2.

For mechanical testing of sling loops 70-80 mm high with a force of 10 kN, the authors employed the PSO-10MG4AD
device mounted above each loop on several aluminum plates (20 mm thick with a rectangular hole sized 100 x 20 mm
for the sling loop) used as a lining for the device, and a steel base for supporting the loop.

As a result of testing the sling loops (after the unbending), it was found that only 43% of the total number of straight-
ened loops were able to withstand the specified load. l.e., at least two of the four hinges in each slab are at risk of being
damaged while it is being lifted, and hinges that have been damaged are known to be beyond repair.

In order to make sure there can be slinging of plates with damaged slinging loops, the authors developed a special
lifting device using computer and physical models named a sliding support grip in compliance with the classification
given in GOST R 58520-2019 "Lifting Tools". The gripper is designed for a load-bearing capacity of 20 kN and can be
used multiple times, as well as for reliable protection against uncontrolled disconnection from the plate.
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Table 2

The most common causes of non-operability of slinging loops in reinforced concrete ribbed slabs

Causes of non-operability of sling Conditions of causes of non-operability of sling loops Average frequency
loops of the cause, %
Accumulation of atmospheric moisture in the coating
Significant corrosion of a sling | thickness under the most vulnerable areas of the roof 15
loop material (under the eaves and overhangs), as well as where
there is no vapor barrier or it was incompletely applied
Deformation of a cross section of | The use of a sledgehammer while bending the hinges 5
asling loop after laying the slabs in the design position
A bend with a radius of curvature The same 25
of less than 5 mm
Cracks and raptures The same 8
The diameter of the reinforcement . . . .
. . . Factory defect occurring while a plate was being rein-
is less than 10 mm in compliance forced 5
with GOST 9491-60
No sling loops The hipges we?rfa cut o_ff after the_ slabs had _bee_n laid in 1
the design position while the coating was being installed

The main gripper element is made of a 36P channel shorty in compliance with GOST 8240-97 "Hot-Rolled Steel

b)

Channels™ with a length of 100 mm and a mass of no more than 10 kg. The grippers must be installed at the pre-cut
slinging loops, i.e., at a distance of 1 m from the ends of the plate, as shown in Fig. 6 b.

Fig. 6. General view of the sliding support gripper (a) and the loop-free slinging scheme of the coating plates (b): 1 — sliding support
gripper; 2 — contour of the cross-section of the longitudinal rib of the plate; 3 — ribbed plate sized 1.5%6 m; 4 — four-branched sling
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According to the results of a production inspection, four sliding support grippers, temporarily installed on the ribbed
plate, allow not only lifting and moving it to the storage location, but also positioning it in a new manner or on a trans-
portation vehicle.

It is suggested that dismantling and the proper dismantling of the load-bearing flooring is prepared in the following order:

— the physical wear of reinforced concrete load-bearing flooring is identified according to the signs of wear such as
cracks in the joints between the slabs, cracks in the slabs, traces of leaks or freezing on the slabs, noticeable deflections
of the slabs with exposed reinforcement;

— the existing sling loops are cut off;

— cuts are made with a depth of 200 mm along the longitudinal seams and transverse joints between the ribbed plates
using a seam cutter, e.g., TSS RH-500G brand, with a diamond disc with a diameter of 500 mm;

— free access is provided to all of the three welded embedded parts of each coating plate, the load-bearing flooring in
the span or cell should be dismantled in the reverse order to the way it was installed while the building was under con-
struction. At the same time, plates can be freed from welds by means of an angle grinder or gas cutting equipment;

— plates with visible defects are identified that are unacceptable in compliance with GOST 9491-60 with the appro-
priate marking made;

—before aslab is lifted, it is made sure that it is completely released from attachment to the truss or beam of the coating
by shifting from the adjacent slab along the supporting rafter structures by means of a sliding self-contained wedge
KR2,5120 or two 20-30 mm mounting crowbars.;

—aslab is evaluated for further use in four possible ways;

— by means of a rack and pinion jack with a lifting capacity of 1-2 tons, free end of the plate by 20 mm is lifted by the
end rib and two wooden pads are placed under it;

— on each longitudinal edge of the coating plate two sliding support grips are installed at a distance of 1 m from the
ends of the plate;

— using a crane equipped with a four-branch sling, the plate is slung by the loops of the grippers, lifted and moved to
the temporary storage area of the plates in compliance with the chosen direction of their further use.

The slabs should be evaluated after the dismantling of the load-bearing flooring based on the results of their loading
tests in compliance with GOST 8829-2018 "Reinforced Concrete and Factory-Made Construction Products. Loading Test
Methods".

While single-floor industrial buildings are under reconstruction, cutting welds and installing one of the ends of the
plate on wooden linings is recommended from the mounting cradle of the hydraulic lift. The hazardous area for disman-
tling the load-bearing flooring must be fenced at the floor or ground level.

The above technological capabilities were validated over the years during the reconstruction and demolition of capital
construction facilities in the cities of Rostov-on-Don, Astrakhan and Arkhangelsk. At the same time, the authors made
use of the data from a questionnaire and expert assessments conducted by specialists with relevant experience in disman-
tling reinforced concrete structures of buildings.

Discussion and Conclusion. The study has allowed us to do the following:

— to justify the possibility and rational behind mechanized removal of mortar and fine-grained concrete from the joints
between the coating plates with no damage to their edges to the depth of the existing groove by means of a 200 mm deep
seam cutter;

— to prove the use of the known methods of slinging ribbed slabs during the dismantling of precast reinforced concrete
load-bearing flooring of building coverings dangerous and inefficient. An alternative method of slinging has been set
forth using the retractable support grips developed by the authors;

—expand the scale of possible use of coating plates in the presence of minor defects as permanent formwork for ribbed
basement reinforced concrete floors and large-sized paving slabs.

Therefore as a result, a new resource-saving technology has been developed that allows dismantling of the load-
bearing reinforced concrete flooring with no additional damage to the slabs with possible reuse with minimal waste, while
saving labor and material resources, considerably cutting down the energy consumption for disposal of reinforcement
waste and concrete crushing.

The resource-saving technology of dismantling the load-bearing flooring of reinforced concrete ribbed slabs is set to
be in common use in restorating damaged buildings in the territories of the Russia’s new territories liberated during the
special military operation.
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Abstract

Introduction. Strategic planning is important for effectiveness of investment and construction projects. Complexity of
solving problems increases with growth of variables in calculations and constraints. For effective planning of construction
sites, many factors need to be taken into account, such as spatial constraints and distances between objects. To solve such
problems, it is possible to use a mathematical machine learning model — a genetic algorithm (GA) to optimize the place-
ment of objects on a construction site. The aim of this study is to improve the accuracy and flexibility of solutions in the
organization of the construction site, reduce complexity of calculations and minimize the amount of data.

Materials and Methods. The realization of this goal is possible by introducing the Systematic layout planning (SLP)
method into the planning process to optimize space on construction sites. To confirm the effectiveness of optimizing the
location of objects, the SLP method was applied in the organization of planning the construction site of an administrative
building. The planning took into account the stages of work, the required economic facilities, data on safety and environ-
mental safety of the construction site. The use of the Dynamo plugin for analysis made it possible to adjust the location
of objects taking into account the utilization factor of the territory.

Research Results. As a result of the modeling of the construction site plan, it was found that using the SLP method, the
process is adapted, taking into account the location of objects according to the established values of the relationship matrix
using automation and color coding to simplify analysis. Flexibility in making informed decisions is important for design-
ers, given the safety and intensity of the workflow. The SLP method reduces distances through optimization of logistics,
optimizes the location of objects on the construction site, taking into account restrictions. This hybrid approach increases
the efficiency of implementing machine learning models in the design process of building master plans of facilities. The
integration of the genetic algorithm and BIM technologies into the construction site organization process helps to optimize
solutions based on optimal distances, improves the visualization of decisions and problem correction.

Discussion and Conclusions. The results of the study contribute to decision-making efficiently and quickly, minimizing
the time required for analysis compared to some other approaches. The result of the research is the creation of a system
that is not only flexible and adaptable, but also overcomes the limitations typical of previous methods. The use of machine
learning technologies to predict optimal design decisions and automate the establishment of key relationships can signif-
icantly reduce the need for manual data entry, thereby simplifying and speeding up development processes. Adding new
examples of diverse plans and spatial constraints will strengthen the foundations of the concept and enrich its application
in a variety of investment and construction projects.

Keywords: construction organization, construction site, machine learning algorithms, artificial intelligence, end-to-end
technologies
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

IIpumeHeHune Mo/1eJ1eil MAIIMHHOTO 00Y4YeHMs B IPOLECC OPTraHN3ANMHN CTPOUTEIHHON MJIOIIAIKH

C.E. ManzkuiieBckas <
JIoHCKOM rocy1apCTBEHHBII TeXHUYECKHI YyHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus
&4 smanzhilevskaya@yandex.ru

AHHOTAIIMA

Beeoenue. Ctparernieckoe IUIAHUPOBAHHE BAXKHO ISl 3((PEKTUBHOCTH HWHBECTHIIMOHHO-CTPOMTENBHBIX IIPOEKTOB.
CJ0)XKHOCTh pELIeHUs 3a/ad yBEJINYHUBACTCS C POCTOM IEPEMEHHBIX B pacuerax u orpanndeHuid. [[ns sddexrusaoro
IUTAHUPOBAHUS CTPOUTENBHBIX IIOIIAIOK HY’)KHO YYUTHIBATH MHOKECTBO (PAaKTOPOB, TAKMX KaK ITPOCTPaHCTBEHHBIE Orpa-
HUYEHUS U PACCTOSIHUS MEXy 0ObekTaMH. J{JIst pereHuns TakuX 3a/1a4 BO3MOXKHO IPUMEHEHNE MaTeMaTHYeCKOi Mo1esn
MAaIIMHHOTO 00y4YeHus1 — reHerudeckoro anropurma (GA) s oNTHMHU3AINN pa3MEIIeHNs! 00bEKTOB HA CTPOUTEIHFHOM
yuactke. Llenb maHHOTO MCClneoBaHN — YIyUIICHHE TOYHOCTH M TMOKOCTH PEIICHUH B OPraHU3alud CTPOUTEIBHON
IUTOIIAKH, YMEHBIICHHE CIOKXHOCTH BBIYUCICHIH M MUHUMHU3aLUs 00beMa JaHHBIX.

Mamepuansl u memoost. Peannzaiys 1eIn UCCIIeI0BaHI BO3MOXKHA C IIOMOIIBIO BHEAPEHHUS B IIPOIECC IUITAHUPOBAHUS
Mmeroza Systematic layout planning (SLP) st onrTHMH3AIHH IPOCTPAHCTBA Ha CTPOUTENBHBIX TUIOMAKaX. s moATBep-
KIeHus 3PpPEKTHBHOCTH ONTUMH3AIMH PACHIONOKEHUST 00beKTOB MeTo SLP Obu1 MpuMeHeH B OpraHu3aluy IIaHUpO-
BaHUs CTpOI/ITCJ’ILHOﬁ TJIOIAAKN aAMUHUCTPATUBHOT'O 31aHUA. B TJIaHUPOBAHUU YYUTBIBAJIN 3TAllbl IPOU3BOJACTBA pa-
00T, TpeOyeMble X035IICTBEHHBIE OOBEKTHI, IAHHBIE O TEXHUKE OE30IIaCHOCTH M DKOJIOTUUECKON 0€30aCHOCTH TEPPUTO-
puu cTpouTtenbeTBa. [Ipumenenue marnaa Dynamo 1yist aHann3a Mo3BOJIMIIO CKOPPEKTHPOBATh PacIoioKeHHe 00beK-
TOB C Yu4eTOM K03(h(HULIKEHTa HCTIOIB30BAHUS TEPPUTOPHUH.

Pezynomamut uccnedoganus. B pesynbrare NpoBeIeHHOTO MOECIHPOBAHHMS TUIaHA CTPOUTEIBHON TUIOMIAAKH YCTAaHOB-
JIEHO, YTO C MOMOIIBI0 MeToAa SLP nporiecc mpoucXoauT aganTHPOBaHO, yIUTHIBAS PACIIOI0KEHHE OOBEKTOB COTJIACHO
YCTaHOBJICHHBIM 3HAYCHUSM MaTPHUIIBI B3aHMOCBS3€H C TOMOIIBIO0 aBTOMATH3AIMH U [BETOBOM KOANPOBKH AJISI yTIPOIIE-
HUS aHanu3a. [ MOKOCTh B IPHHATHH 0OOCHOBAHHBIX PELICHUH BaXKHA JUISI TPOCKTUPOBIIMKOB, YIUTHIBas O€30IaCHOCTh
1 MHTEHCHBHOCTH padouero mnporecca. Metox SLP cokpamaer paccTosiHAS 4epe3 ONTHMHU3ANNIO0 JIOTHCTHKY, ONITHMHU3H-
PYET pacrmoiokeHHEe 00BEKTOB HA CTPOUTEIHHOM IUIOIIAKE C YIETOM OrpaHHYCHHA. DTOT THOPUIHBIA MOIXO. MOBBI-
maeT 3¢ GeKTUBHOCTH BHEAPESHUS MO/IENIEI MAIIMHHOTO O0YUESHHUS B IPOLIECC TPOSKTUPOBAHUS CTPOUTENLHBIX F'eHEpalIb-
HBIX [UTAHOB 00BEKTOB. HTErpaIyst TeHETHYESCKOTO aaroputMa 1 BIM-TeXHOIOTHiA B MPOIECC OPraHU3aluu CTPOUTEIb-
HOH TJIOHIAIKN IMOMOTA€T ONTUMU3UPOBATH PCHICHUA Ha OCHOBC ONITUMAJIBHBIX paCCTOHHHﬁ, COBCPIHICHCTBYET BU3YyaJIN-
3aIMI0 MPUHUMAEMBIX PEIICHUH U KOPPEKTUPOBKY Mpo0JIeM.

Oécyncoenue u 3akniouenue. Pe3ynbraTel IPOBEICHHON pabOTHI CIIOCOOCTBYIOT 3()(EKTUBHOMY M OBICTPOMY NPUHSTHIO
PELICHUH TP OpraHU3alnuy CTPOUTENIFHOH IIIOMIAAKH, MUHUMH3HPYS BpeMsi, HEOOX0JMMOe JUIsl aHaJIN3a, 110 CPAaBHEHUIO
C IpyTUMH HOAXOoAaMH. B pe3yibraTe McciaegoBaHus co31aHa CHCTEMa, KOTOpasi He TOJIBKO TMOKa M TOAJaeTCsl peryJiu-
POBKE, HO M IIPEOI0JIEBAET OrpaHNYEHHS, XapaKTepHbIe IS IPEIBIAYIINX MEeTO0B. [IpMeHeHe aIrOpUTMOB MaIlIH-
HOTO 00y4eHUs AJIsl IPOTHO3UPOBAHMS ONTHMAIBHBIX ITPOSKTHBIX PEIICHUH U aBTOMATH3aIM1 YCTAaHOBJICHHS KITOUEBBIX
CBSI3€¥ MOJKET 3HAYUTEIBHO YMEHbLUINTH HCO6XO)II/IMOCTI> BBO/JIa TAHHBIX BPYYHYIO, TEM CaMbIM YIIpOIas U YCKOPS IPO-
reccsl pa3pabotku. Jlo6aBieHre HOBBIX MPUMEPOB Pa3HOOOPA3HBIX IJIAHOB M IPOCTPAHCTBEHHBIX OIPAHUYEHHUH YKPETIUT
OCHOBBI KOHIICIIITUHU U O6OI‘aTI/IT €€ IPUMCHCHUE B pa3Hoo6pa3H1)1x HWHBCCTUIITMOHHO-CTPOUTCIIBHBIX ITPOCKTax.

KiroueBrble cjioBa: opranu3anus CTpOUTEIbCTBA, CTPOUTEIbHAA TJIOHIaAKa, aJITOPUTMbI MAIITMHHOT O O6y‘l€HI/I$[, HCKYC-
CTBEHHBIN HUHTCJIIJICKT, CKBO3HBIC TCXHOJIOTHH

E.]IaFOIIapHOCTI/l. ABTOp BBIPAKACT 6Har0,£[apHOCTb peAaKnu U peUCH3CHTAM 34 BHUMATCIbHOC OTHOLICHUE K CTaThE U
YKa3aHHbIC 3aMC€YaHUs, KOTOPbIC MO3BOJIMJIN MMOBBICUTL €€ KaUCCTBO.

Jas nurupoBanus. Mamxkwiesckas C.E. [Ipumenenne MoJeneit MamMHHOTO 00y4YeHHS B TIPOIIECC OPTaHU3AIMU CTPO-
UTENBHOU IIomanku. CogpemerHbie meHOeHYUlU 8 CIPOUmMeIbCmee, 2padocmpoumenbCmee U NIAHUPOSKe Meppumopui.

2025;4(2):106-116. https://doi.org/10.23947/2949-1835-2025-4-2-106-116

Introduction. Strategic planning transforms a construction site into a highly organized mechanism where each ele-
ment yields to the logic of optimal use of space, time and material resources. Innovative design methods enable the design
of the most adaptive and efficient working environments [1].

The logistical efficiency of construction sites depends not only on the technical parameters, but also on the quality of
the preliminary planning. There might be economic losses due to improper organization of the workspace creating delays
and reducing the employees’ overall productivity.
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Construction site facilities are complex systems where every element — from access roads to internal infrastruc-
ture — has a key role to play in the overall concept of sustainable development. The major aspect is not just the
physical location of the facilities, but their integration into the overall resource optimization strategy in order to
minimize unforeseen costs [2]. It is essential to realize that the initial planning of a construction site might have a
dramatic impact on the final effectiveness of an investment and construction project, transforming investments into
either considerable savings or additional unplanned costs.

The efficiency of the project enhances due to the competent planning of the location of economic facilities. This
approach does not only serve to optimize working processes, but also creates a safe environment conducive to higher
productivity levels. Unhindered movement around the facility and uninterrupted operation become possible if the space
is thoroughly organized, which ultimately leads to a higher overall performance and maneuverability on the site.

According to the theory of algorithms, organization of space on a construction site belongs to the category of NP-
complete problems involving high computational complexity [3]. As the number of variables and constraints goes up,
complexity of solving such problems rises, making it more daunting to identify the optimal location due to the rapid
increase in the number of possible options. In particular, the development of effective plans for construction sites calls
for a whole host of factors to be accounted for, including spatial constraints and the need to maintain certain distances
between objects [4]. A variety of approaches can be employed in order to address such complex problems, including
mathematical modeling, computer algorithms, and approaches based on rules and knowledge, each offering unique ad-
vantages for organizing space on a construction site [5].

While methods yielding the best results call for a great deal of computational effort and time, particularly while ex-
panding tasks, heuristic approaches stand out for their ability to perform quick calculations and adaptability to new con-
ditions and problems [6]. In spite of this, the major problem with heuristic methods is their inconsistency in delivering
the best result, which might force one to have to strike a balance between speed and accuracy. In conditions where time
is a crucial factor, particularly while working with large and complex tasks, it is customary to compromise choosing
between the speed of calculations and the accuracy of the results [7].

As part of improving the efficiency of developing a construction site plan and optimal placement of facilities on it, it
is recommended thatadvanced mathematical optimization techniques, particularly the “genetic algorithm™ (GA), are used
[8]. This optimization method is considered most suitable for planning the location of facilities on construction sites [9].
The genetic algorithm, inspired by the Darwinian theory of evolution, effectively deals with problems similar to the
processes of natural selection and genetic changes making it possible to find the best options for space allocation [10].

What sets Algorithms based on genetics apart are their global search capability and efficiency in solving nonlinear
problems of high complexity. However, their implementation can be confusing, and they typically perform slower in the
search process [11]. This, in turn, increases the likelihood of algorithms reaching imperfect solutions even before a truly
optimal answer has been identified.

While developing construction master plans, time-tested approaches are commonly used and based on past experience,
as well as guided by specialized standards and regulations such as NOSTROI 2.33.52-20111 and SP 48.13330.20192
which contain construction sites standards instead of relying on mathematical methods. The implementation of innovative
planning strategies in construction typically faces obstacles due to a range of factors. Existing mathematical approaches
to planning offer only partial solutions that cannot adequately adapt to the changeable and unstable conditions typical of
construction projects.

One of the major problems is the need for significant time for data processing by algorithms in their quest to identify
ideal solutions, which becomes particularly pronounced as projects start growing in size and complexity. A tool for de-
veloping a construction site plan should be easy to use, capable of working with a limited amount of source data, and
readily adaptable to a variety of construction projects and land plots. It should help to obtain results as soon as possible,
while accounting for the key aspects such as the duration of transportation, safety of work and financial costs, minimizing
the need for in-depth analysis for a better outcome.

In order to optimize the planning of the construction site, it is necessary to apply a hybrid approach combining pro-
fessional experience, standards and strategies for optimizing space. Its aim is to improve the accuracy and flexibility of
solutions, reduce computational complexity, and minimize the need for large amounts of data to be entered. In the context
of streamlining work on construction sites, the hybrid mathematical optimization method Systematic layout planning
(SLP), which is widely used in the organization of space in manufacturing enterprises and in the field of services (Fig. 1),
acts as a logical optimization strategy [12].
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Fig. 1. Space optimization using the SLP method

The SLP method is unique as it allows the application of norms developed based on an in-depth analysis of the rela-
tionships between layout elements and their location. In turn, BIM technologies provide an opportunity to efficiently
organize the construction process. The SLP principles focus on an integrated approach to the development of construction
site plans, accounting for interactions of construction processes and optimal use of space. Using the Dynamo visual pro-
gramming environment and Python automates processes and improves planning quality. The use of the Dynamo plugin
in Revit enabled us to optimize layouts in a BIM environment providing real-time analysis.

Studies designed to analyze the effectiveness of SLP and GA methods demonstrate that hybrid approaches lead to
successful results, despite being faced with some problems [13, 14].

In all of the analyses a specially developed method of arranging space was employed where the objects were arranged
in an automated mode. The spatial volume rigidly corresponded to the needs for placing the simulated objects which were
identical in size and shape. These analytical works enrich the practice with new information on the synthesis of different
strategies for space organization, however, they indicate the need to increase the flexibility of planning processes.

The aim of this study is to improve the accuracy and flexibility of solutions in the organization of the construction
site, reduce the complexity of calculations and minimize the amount of data.

Research Results. The use of technology to optimize the location of objects on a construction site through SLP (con-
struction site layout optimization — CSLP) is key to effective expansion of available space by means of integrating elements
into unused areas while observing a set of unique and interrelated tasks and co+nstraints. This approach to planning does not
only increase the overall efficiency of land use, but also causes a reduction in design costs, reduces the need for transportation
of building materials and provides a higher level of accessibility and safety for the employees on the site.

For a more in-depth understanding of CSLP, it is necessary to become familiar with some key terms including h the
concepts of space, time and aspects of structuring occupy a special place. In the context of spatial analysis, special atten-
tion is paid to the three major methods of representing the work area. One involves the use of fixed locations, which
greatly simplifies the CSLP process transforming it into a process of distributing objects to predefined positions. Another
approach divides the territory into sections using a grid where each cell is equipped with a control point for effective use
of every square meter for placing the objects.

In a method that recognizes space as continuous, objects can be placed anywhere in a specific area representing a
continuous zone. However, this raises the complexity of the process, as it is necessary to make use of more complex
algorithms in order to avoid conflicts between objects, and calls for more time for data processing.

Shapes such as cylinders and rectangles are employed to display objects on a construction site, which allows one to
accurately determine the location and dimensions. This provides a clear idea of the available resources and facilities on
the site. During the construction process, as the building is ready, the need for certain objects and the space they occupy
changes, which directly affects how long they are used on the construction site.

In the context of temporary changes that might take place during construction, there are three modeling methods. One
is static, which provides for the constant presence of all the facilities throughout the entire duration of the project ignoring
any time fluctuations [15].

The use of a method that divides the construction production process into different periods and provides for the develop-
ment of separate options at each stage serves to assist in overcoming some limitations. In contrast, the method that adapts to
the actual time frame of each stage of construction and adjusts plans in accordance with current changes on the construction
site differs from the sequential approach, where certain elements of the project remain unchanged over a few stages.

Parameter improvement strategies for CSLP modeling can be classified as accurate, experience-based (heuristic), and
mixed methods.

Various approaches are used for the best results to be delivered. In the case of using methods based on precise calcu-
lations, objective functions are employed in order to identify ideal answers, but these are costly in terms of computing
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resources, which reduces their effectiveness in large-scale investment and construction projects. On the other hand, heu-
ristic approaches are able to offer solutions that are close to ideal ones with no need to devote significant resources to
identifying the absolute optimum. Combining these two approaches, hybrid methods use mathematical modeling and
algorithmic strategies to improving the effectiveness of solutions. Optimization problems are formulated based on math-
ematical models includinge various quantitative analysis methods such as linear programming, integer programming, and
mixed programming [16].

As the complexity of the task rises due to the increasing number of goals and constraints, the solution becomes sig-
nificantly more time-consuming due to the exponential increase in complexity. Instead of focusing only on specific opti-
mization goals, applying rules based on personal experience enables one to form guiding principles making the task easier
for designers to deal with. Algorithms, in turn, are focused on identifying the best or near-best solutions for those optimi-
zation problems that are inherently highly complex, particularly in the context of computational complexity theory [17].

The SLP principles establish an approach to developing spatial plans through an integrated approach, starting with
data analysis and ending with the selection of the optimal layout option. The methodology relies on the importance of
understanding the interactions between different activities, as well as the need to identify the volume, shape and type of
each allocated space. The effective combination of these facilities within the framework of the project allows achieving
better planning results. Fig. 2 shows the sequence of SLP procedures with the results achieved at each stage.

Stages of modelling a construction site using SLP
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Material resources | Construction processes |
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Fig. 2. Stages of construction site modeling using SLP
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The SLP method is designed to optimize the building site space, which is not only functionally, but also rationally
organized — from the initial stage of data analysis to the final layout. The multi-step process enables the designer to
create balanced and thoughtful spatial concepts, building bridges between key objects to achieve the best results. At the
very initial stage, the interaction of resource flows in different areas and their impact on areas of activity is assessed using
preferred ways to visualize these relationships.

This method makes it easier to understand the connections between different objects by making it possible to design
diagrams visualizing these connections via activity. In the graphs (Fig. 2), each diamond-like element shows the level of
interconnection in numerical terms.

For SLP, certain designations of the levels of interrelation of objects were introduced: "A" — absolute, "S" — signif-
icant, "S" — standard, "A" — acceptable, "O" — optional and "U" — unacceptable. The number of lines between two
elements reflects the degree of significance of their relationship.

What the designer does first is collect and analyze the data to develop a diagram that shows how the objects will
interact with each other. This is followed by the second phase, where identifying the requirements for the area occupied
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by the object, the necessary equipment, mechanisms and the availability of free space to ensure optimal location is key.
The analysis then proceeds to a stage where potential design changes are evaluated to identify the level of their feasibility
and optimality, while taking into account costs, technical limitations and safety issues. The final stage of the design
process is to analyze alternative locations and select the most appropriate one looking at both their advantages and disad-
vantages.

This study employs a design approach known as Design Science Research (DSR) whose results are called artifacts
[18]. Design starts with a series of steps performed by a specialist designer with the aim of developing an artifact product.
Creating an artifact provides the researcher with a more nuanced understanding of the problem, which helps to improve
the design process by rethinking it. This evaluation and development process is commonly repeated multiple times until
the final design artifact is completed. These artifacts are also important for developing theoretical approaches. As part of
this project, a BIM technology-based platform was developed to optimize the planning of construction sites using SLP.

Fig. 3 shows the outline of the research project. The project is implemented in several stages: first, the issues are
identified followed by the stage of proposals as well as development, an assessment is then carried out with the outcome
at the final one. During each stage, specific steps were taken leading to the completion of the study, which ensures that
the idea is successfully implemented.

Stages Activity Results
o Identifying the research problem
{

Familiarization with the normative Svstematize the knowledae
guidelines for planning a construction y g

Identifying the problem site on p""‘””'!‘g o Iand_ plot .
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e SO 7S Research Identfying the theoretical and prac-
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results

Optimization of the project
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the research results

Fig. 3. Plan of the study implementation

The Dynamo visual programming environment, the Python programming language and the Revit 2023 software pack-
age were used for data processing providing automation of CSLP processes. The Dynamo environment served as a plat-
form for visual programming making it possible to create an information model for computing, thereby providing con-
venient and flexible management of software processes using a node system.

Python scripts were actively used in the processes of visual programming using the Dynamo environment for wider
modeling capabilities. They were also used for complex tasks, e.g., optimizing layouts using a genetic algorithm. This
approach in modeling allowed us to create lots of layout options, adjusting various parameters and selecting the most
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effective solutions. Interaction with the Revit software package through the Dynamo plugin provided a visual represen-
tation of optimized layouts in the BIM environment allowing for a thorough analysis and optimization of the planning
process in real time.

The information model for the analysis was refined step by step as the results were adjusted, which contributed to its
improvement and allowed for higher performance in the accuracy and efficiency. The meticulous study of the feedback
contributed to the improvement of the functionality of the model, including the ability to adapt to difficult construction
site conditions and develop optimal types of layouts. All of this resulted in a new, more reliable and flexible decision-
making model that integrated SLP approaches and provided handy tools for assessing the degree of interconnection and
importance of various elements and objects on the site.

First and foremost, a strategy was developed for plans for the territory of the building site based on design experience
and regulatory documentation. Next, the connections were assessed between the various objects necessary for the location
on the construction site, noting the importance of their mutual location, which generally made it possible to develop an
optimal model for the location of objects on the construction site. Using the Dynamo software, an estimation tool was
implemented that calculated the total length of paths between objects, accounting for the optimal distances and relative
positions of these objects. Using genetic algorithms, the optimal location of the objects was selected after the program
had automatically generated a reference plan. The progress was assessed using the DSR (Design Science Research)
method. The differences between the initial and optimized plan were revealed due to the territory utilization coefficient,
which indicated the degree of progress achieved by applying a reduced list of object interconnection levels in the SLP to
four to assess the degree of significance of the connections where the model were encoded under the symbols "H" — high
level, "M" — medium importance, "L" — low level of importance, and "U" is an undesirable interaction. The assessment
of facility interactions took into account factors such as operational activities, safety, and management preferences, which
may include, for example, management's desire to place temporary buildings near the entrance to the construction site to
facilitate access. In the procedure for assessing the level of interrelation between objects, each degree of significance of
the relationship was assessed on a scale with four levels: 0 — absent, 1 — minimal, 2 — medium and 3 — high. Com-
bining these estimates resulted in a proximity index ranging from 0 (no need for interaction) to 3 (high need for interac-
tion). The matrix of interrelations of objects is shown in Fig. 4.
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Fig. 4. Matrix of interrelationships of objects on the construction site

Through the course of the study, the CSLP method was tested during the planning of the construction site. The site
was modeled in order to compare the initial and optimized site plan, as a result of which the optimization efficiency was
evaluated. The object of the study was a plot of 300 m? with a building area of 158 m? designed for construction of an
administrative building.
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At the initial stage of the development of the plan, special attention was paid to the consideration of structures under
construction. Basic elements such as the workers’ entry points and transportation of materials, as well as the distribution
of the road network influenced the initial setup of the platform. In addition, an important and unchanging part of the
planning was the mounting crane whose location required significant computing resources exceeding the capabilities of
the algorithm used. In order to form a single space on the building site, 14 new facilities were added to the existing ones.
These have a variety of dimensions limited by the minimum dimensions established by the design documentation. The
compactness of the organization was prioritized making it possible to create a tightly connected matrix of relationships
as seen in Fig. 5.
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Fig. 5. Matrix of the interrelationships of objects on the construction site of an administrative building

Fig. 6 shows the initially designed plan of the construction site and the plan optimized by means of the CSLP method
where various functional areas are highlighted in different colors: green — stationary facilities, red — production and
warehouse facilities, yellow — temporary buildings.
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Fig. 6. Construction site layout: 1 — initial plan; 2 — optimized plan

The use of built-in Dynamo functions for analysis enabled the evaluation and adjustment of the location of the objects
accounting for the territory utilization rate. Table 1 shows the calculation results and a comparison of the final values of
the building coefficient for the two variants.
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]
Table 1
Indicators of the construction site layout

Construction site planning Coefficient of the area use

Initial 1.04

Optimized using the SLP method 1.2

Research Results. It was important for the CSLP process to adapt SLP procedures to better match the dynamics in
the planning of construction sites that differ from static layouts. During the manufacturing process, SLP combines both
stationary and mobile facilities, while temporary facilities in construction are moved during the course of work. CLP
allows one to improve the SLP relationship matrix, making it more convenient and intuitive by automating and using
colors to simplify relationship analysis. CSLP also accounts for the intensity of the workflow and safety aspects while
determining the interconnection of facilities, which contributes to more efficient layouts accounting for the progress of
the construction production.

Flexibility in making informed decisions is key for designers, as this enables them to consider the key factors such as
safety and workflow intensity. The main goal of the SLP method is to reduce unnecessary distances through logistics
optimization achieved by means of decision-making processes.

What makes the CSLP method different is that it allows optimization of the location of the objects on the construction
site for any area in compliance with the restrictions. This hybrid approach reflects the designer's choice during planning
and increases confidence in the tool, unlike the strict criteria of pre-established standards.

The integration of the genetic algorithm into the layout process makes it possible to implement a variety of solutions
and optimizes them based on optimal distances significantly expanding the possibilities of layout. BIM technologies have
a key role to play by providing visualization that improves the identification of problems and their subsequent correction.
The combination of SLP with BIM technologies and genetic algorithms enables one to maintain the optimization logic
adapting it to the layout of the construction site. Although real-time layout changes at various stages of construction
production are not yet accounted for in the design standards, this approach significantly increases work efficiency and
minimizes unnecessary movements.

Discussion and Conclusion. This paper presents an innovative approach to designing a collaborative computing en-
vironment that combines elements of strategic logistics planning (SLP) with the functionality of a BIM platform forming
aunique hybrid system. The key advantage of the system is the visualization of the design process, focusing on the optimal
organization of space for temporary facilities, accounting for such important aspects as workflow efficiency, safety and
consideration of management preferences. The innovation of this approach is integration of decision-making mechanisms
into the process of territorial distribution of administrative and economic facilities at the construction site, which ensures
improved labor productivity through the competent organization of logistics at the facility. This hybrid model is able to
combine machine learning algorithms with the involvement of expert experience, making it possible to efficiently gener-
ate various layout options with minimal requirements for source data, thereby speeding up the development process.

This platform makes use of modeling techniques that allow objects to occupy space with no reference to rigid coordi-
nates or predefined grids. This enables the optimization of the use of each square meter by automatically calculating the
optimal size of objects and their placement so that unnecessary occupied space is avoided. Effective adaptation and opti-
mization of space directly affects the increase in labor productivity on the construction site, minimizing the occupied
space on the building site and thereby financial costs.

The results of the work contribute to efficient and rapid decision-making, minimizing the time required for analysis
unlike some other approaches. The result of the work is a system that is not only flexible and adaptable, but also overcomes
the limitations found in previous methods. Unlike standard approaches that relied on standards or predefined templates,
the suggested system operates within the framework of a model of unlimited space, which makes it possible to freely
place elements. This approach provides designers with an unusually high level of control over setting constraints, selecting
available space, and identifying access points.

The analysis conducted using CSLP to improve the layout of the land for the construction of an administrative building
revealed that the possibilities for reducing inefficiently used space with no increasing costs vary depending on the size of
the project and its complexity.

Depending on the complexity of the conditions for planning a construction site, a range of factors such as area re-
strictions, the variety and characteristics of facilities, the need for a specific location, fixed locations of some facilities,
multi-level placement and non-standard shapes of sites might affect the ability of the platform to reduce unnecessary
distances. Despite these challenges, the CSLP method can significantly improve performance in both simple and more
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complex environments. However, the effectiveness of this tool is limited by the quality of the source data and designer’s
active involvement in the process of identifying the relationships.

For successful design, it is necessary for developers to gain experience to help prevent possible miscalculations from
occurring. However, it should be remembered that their personal views might unconsciously influence the final product,
particularly in aspects related to establishing connections and interactions in the system.

In the future, the introduction of machine learning models into the design process can be significantly transformed by
introducing optimization algorithms. They are designed to achieve a rational balance between speed and accuracy of data
processing, which is critical for complex tasks. Using machine learning algorithms in order to predict optimal design
decisions and automate the establishment of the key relationships can considerably reduce the need for manual data entry,
thereby simplifying and speeding up development processes. Adding new examples of diverse plans and spatial con-
straints will strengthen the foundations of the concept and enrich its application in a whole range of investment and
construction projects.
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Introduction. The study seeks to form a structured classification of green roofs essential for systematic development of
practices of green architecture and natural urbanism in Russian development. The lack of a holistic approach to typolo-
gizing such solutions causes difficulties in designing and implementing environmentally oriented technologies. The sys-
tem developed by the author covers four major characteristics and a set of sub-elements, which allows for a comprehen-
sive description and differentiation of various types of green roofs. Such a classification can serve as an effective tool for
specialists engaged in the field of design, construction and landscaping.

Materials and Methods. In order to look into the topic, a set of theoretical studies has been conducted. Regulatory
documents, including GOST and SNiP, as well as international standards LEED and BREEAM, were examined. The
works of specialists, practical examples and publications in specialized sources were also analyzed. The study describes
an analysis algorithm: the investigation of constructive solutions, environmental characteristics, principles of design and
operation. Green roofs are roofing structures with vegetation. Depending on their purpose, they are divided into exploited
(for recreation and activities) and non-exploited (environmental functions). The construction of green roofs is regulated
by such standards as GOST R 58875-2020, GOST R 54964-2012 and GOST R 58709-2019. These documents define the
types of green roofs, requirements for materials, structures, and indoor climate.

Research Results. Throughout the course of the research, a typology was developed includg extensive, intensive and
semi-extensive roofs, as well as classifications according to operational, structural, social and environmental criteria.
Examples of implementation in international and Russian practice are provided. The classification allows one to account
for the human use, placement and level of landscaping of roofs, offering a comprehensive description system.
Discussion and Conclusion. The introduction of green roof standards represents a totally new approach to building
lifecycle management, including not only construction, but also environmental improvement, energy conservation, and
quality of life, which is a lengthy and controversial process requring time for analysis and adaptation. They contribute to
energy efficiency, thermoregulation, improved microclimate, extended roof life, and the creation of new recreational
areas. The concept of green roofs is a synthesis of architecture, ecology and technology that can ensure the sustainable
development of cities and improve the quality of life. The ultimate aim of this study is to offer a universal tool for typo-
logical analysis of green roofs which can be applied domestically to improve the effectiveness of urban planning solutions
and sustainable urban environment development.

Keywords: classification of green roofs, types of roofs with landscaping, green roofs, hanging gardens, landscaping of
actively used roofs, intensive and extensive landscaping, semi-intensive landscaping
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

CrangapThl 3eJIeHbIX KPbIII B 00beKTAaX CTPOUTEILCTBA
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2[1laHbIyHCKUH TPAHCTIOPTHBIA YHUBEPCHTET, NpoBuHiys Illanbayn, r. [[3unans, Kuraiickas HapoaHas peciry6imika
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AHHOTAIIMA

Beenenue. Hacrosiiee nccnenoBanue HarpasiieHO Ha ()OPMUPOBAHUE CTPYKTYPHUPOBAHHOI KilacCH(DUKALNK 03eTIEHEHHBIX
KpOBEJIb, HEOOXOIMMOM JUISl CHCTEMHOT'O Pa3BUTHSI MPAKTUK 3€7I€HON apXUTEKTYpPBl  IPHPOAHOTO ypOaHM3Ma B YCIOBHSIX
poccuiickoit 3acTpoiiku. OTCYTCTBHE IEIOCTHOTO MOIX0/a K THITOJIOTH3AINH ITOTOOHBIX PEIICHUH CO3/1aeT CIIOKHOCTH IIPH
MPOEKTUPOBAHUN M BHEIPECHUM 3KOJIOTMYECKH OPHEHTHPOBAHHBIX TEXHOJIOTHH. Pa3pabarsiBaeMmasi aBTOpCKas chUcTeMa
OXBATBIBAET YETBIPE KIIOYEBBIE XapAKTEPUCTUKU M KOMIUIEKC MOJIBIEMEHTOB, YTO MO3BOJSAET KOMIUIEKCHO ONMHCHIBATh U
pa3rpaHNYMBaTh Pa3JIMIHBIC BUABI 3€JICHBIX KPBIII. Takas KiacCU(pHUKAINI MOXKET CIYXUTb 3()(EKTHBHBIM HHCTPYMEHTOM
B paboTe CIIeNNAaINCTOB, 3aHATHIX B 00J1aCTH POSKTUPOBAHHUS, CTPOUTEIBCTBA U OJIaroycTpoicTBa.

Matepuanbl 1 MeTOABI. C LIeNbI0 PACKPHITHS TEMBI IPOBEIEH KOMIUIEKC TEOPETUYECKUX UCCIIeN0BaHUN. BblTN H3yueHb!
HopMaTuBHBIe TokyMeHThI, BKIrouas ['OCT u CHull, a Taxoke mexayHapoauasie ctangaptsl LEED u BREEAM, npoana-
JIM3UPOBAHBI TPY/bI CIIEHUATINCTOB, MPAKTHYECKUE IPUMEPHI U ITyOIUKALUK B CHICHUAIM3UPOBAHHBIX UCTOYHUKAX. B nc-
CJIeJJOBAaHUH OIMCAH AJTOPUTM aHAJIH3a: H3yYeHHE KOHCTPYKTUBHBIX PELICHUH, 3KOIOTHYECKUX XapaKTepPUCTUK, IPUH-
LUIOB NPOEKTUPOBAHUS U DKCILTyaTallHH.

3erneHble KPBIIIX IPEICTABIAIOT COO0H KPOBEIBHBIE KOHCTPYKINH C PACTHTENHHOCTBIO. B 3aBHCMMOCTH OT Ha3HAYEHUS
OHH JIeJIATCS Ha SKCIUTyaTHpyeMble (JUIi OTAbIXa W aKTHBHOCTEH) M HEIKCILTyaTHpyeMble (IKOJOTHYecKHe (YHKIUH).
CTpOUTENBCTBO 3€JIEHBIX KPBILI peryaupyercs ctanaaptamu, TakuMu kak 'OCT P 58875-2020, TOCT P 54964-2012 u
T'OCT P 58709-2019. DT [OKYMEHTHI OTIPEACTISIOT TUIIBI 3€JICHBIX KPBITI, TpeOOBaHUS K MaTepHaliaM, KOHCTPYKIIHN U
MUKPOK/IMMATY IIOMELICHUH.

Pe3yabraTsl uccienoBanusi. B npouecce nccnenoBaHus pa3padoTaHa TUIIOJIOTHS, BKIIOYAIONIAs SKCTCHCUBHBIC, HH-
TEHCUBHBIC U MOJYIKCTCHCUBHBIC KPBILIH, a TAKXKe KJIACCH(UKALNK MO SKCIUTyaTallMOHHBIM, KOHCTPYKTHBHBIM, COLHU-
aJbHBIM U DKOJIOTHYECKUM KpurepusMm. IIpencraBneHsl NpuMepsl peajlu3alliid B MEXIyHapOJHOU U POCCUICKON IIpaK-
tuke. Kinaccudukanus no3BossieT yq4uThIBaTh Y€JI0OBEUSCKOE HCIIONB30BaHUE, Pa3MEIlleHNEe H YPOBEHb 03eJICHEHHs KPO-
BeJb, IpeAarasi KOMIUIEKCHYIO CUCTEMY OIMCaHUs.

OO0cy:xaenne U 3aK/I0YeHne. BHeapeHne cTaHAAPTOB 3€JCHBIX KPBIII MPEACTAaBISAET COO00I MPUHINIHNAIBHO HOBBIN
MOJXOJ K YNPABIECHHUIO )KU3HEHHBIM UKJIOM 3[JaHH, BKIIIOYasl HE TOJIBKO CTPOUTENIBCTBO, HO M YIyYIIEHHE YKOJIOTHY-
HOCTH, SHEProcOepeKeHNE U MOBBIIICHNE Ka4eCTBA )KU3HH, YTO SIBISETCS MPOLECCOM JUINTEIBHBIM M HPOTHBOPEUHBBIM,
TpeOyIOIMM BpEMEHH AJIsI aHalu3a 1 aganrtanui. OHU CIIOCOOCTBYIOT 3HEPT03((HEKTUBHOCTH, TEPMOPETYJIIALIUH, YITyd-
IICHUIO0 MUKPOKJINMATA, MIPOJICHUIO CPOKA CITY>KObI KPOBIIM U CO3JJaHHIO HOBBIX pEKPEallMOHHBIX 30H. KoHIlenus 3eme-
HBIX KPBIII — 3TO CHHTE3 apXUTEKTYPHI, SKOJIOTHH U TEXHOJIOTHH, CIIOCOOHBIN 00ECTIeYNTh YyCTOWINBOE pa3BUTHE TOPO-
JIOB M YJIyYIIUTh KauecTBO *KU3HU. KoHEeUHas 1eIb JaHHOTO NCCIIEA0BAaHH — IPEATIOKHUTh YHUBEPCABHBIN HHCTPYMEHT
TUTMOJIOTMYECKOT0 aHAJIN3a 3€JIEHBIX KPBII, KOTOPBI MOXET OBITh MIPUMEHEH B POCCUIICKOMN MPAKTUKE IS TIOBBIICHUS
3¢ PEKTUBHOCTH IPaIOCTPOUTENBHBIX PEIICHUI U YCTOWYMBOTO Pa3BUTHSI TOPOACKOM CPEJIbI.

KaroueBrble ci10Ba: KJ'IaCCI/I(I)I/IKaL[I/Iﬂ 3€JICHBIX KPOBEJIb, BU/bI KPBIII C 03CJICHCHUEM, 3€JIEHBIC KPOBJIM, BUCAYHME Caabl, 03¢-
JICHCHHE aKTMBHO MCIOJIb3yEMBbIX KpOBEJIb, MHTCHCUBHOE U YKCTEHCUBHOE 03€JICHCHHUE, IIOJJYUHTCHCUBHOC 03€JICHCHUE

Jas uutupoBanus. [llenna C.I'., banames P.B., [llaxues P.JI., [lucsio Y. CTaHmapThI 3€JIEHBIX KPHIII B 00bEKTaX CTPO-
ntenbctBa. Coepemennvie MeHOEHYUU 6 CMPpOUmenbCemee, 2padoCcmpoumenscmee U HIAHUPOBKe MeppUmopui.
2025;4(2):117-127. https://doi.org/10.23947/2949-1835-2025-4-2-117-127

Introduction. Modern challenges of urbanization and climate change are exacerbating the need for sustainable solu-
tions for the urban environment. Green roofs are complex systems combining natural elements with engineering structures
that can considerably improve the environmental and energy efficiency of buildings.

Despite the active development of technologies and positive international experience, there is no systematic classifi-
cation of green roofs in domestic practice. Existing studies only look at individual design or functional aspects resulting
in a lack of a unified approach in the design, evaluation and implementation of such solutions.

Hence there is a clear gap in the theoretical framework — the lack of a holistic typology of green roofs adapted to the
domestic conditions. This stands in the way of adopting of the technology and makes it difficult for processes to be
standardized.
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The aim of the study is to develop a structured classification of green roofs that accounts for architectural and spatial
parameters, functional purpose, landscaping intensity, social accessibility and technical characteristics applicable in the
domestic climatic and regulatory conditions.

Materials and Methods. Green roofs are roof structures where vegetation is planted. Depending on their functional
purpose, they are divided into exploited (intended for recreation, sports and other activities) and non-exploited (perform-
ing mainly environmental functions) ones. Designing such systems requires the use of integrated engineering solutions
for improving energy efficiency, sustainability and environmental effectiveness of buildings [1].

As part of the study, a comprehensive theoretical analysis was performed including:

—  review of regulatory documentation (including GOST standards, joint venture, international standards LEED,
BREEAM);

—  study of scientific publications on the design, operation and environmental aspects of green roofs;

— analysis of implemented facilities and standard solutions in different countries.

According to their functional purpose green roofs are classified into:

—  exploited (used for recreation, sports, recreation);

— mnon-exploited (perform mainly engineering and environmental functions).

Below are the key technological directions in the construction of green roofs:

1. Layered structure and vegetation cover. The design of the green roof includes a few functional layers: waterproof-
ing, drainage, filtering, substrate and vegetation (Fig. 1). Each uses specialized materials — from modern waterproofing
membranes to light, nutritious substrates.

Substrate

. —— Filtering layer
Water collecting and drainage layer of DSE

Protective layer
Separating film
Material for root protection

Fig. 1. Scheme of a green roof [1]

2. Water flow management. Effective distribution and use of precipitation is an important task. To this end, rainwater
collection, accumulation and reuse systems are used, as well as technologies reducing the risk of moisture retention and
damage to the waterproofing layer preventing leakage through roofing structures.

3. Improving energy efficiency. A green roof helps to reduce heat loss and overheating of buildings causing a
reduction in air conditioning and heating costs. This is achieved due to the thermal insulation properties of the soil layer
and can be complemented by energy—saving solutions, from solar panels to passive ventilation systems.

4. Air purification. Vegetation is involved in filtering pollutants and absorbing carbon dioxide. Particularly resistant
plant species are selected that can improve air quality, especially in urban areas.

5. Supporting biodiversity. Green roofs can be adapted for creating microbiotopes. Solutions for attracting beneficial
insects, birds and other representatives of fauna are employed.

6. Regulatory regulation. In order for green roof projects to be successfully implemented, it is necessary to comply
with current building standards and regulations that define:

— the requirements for the composition of the soil layer, accounting for the stability and viability of plants;

— the parameters of drainage systems ensuring the normal removal of excess moisture;

— safety and structural reliability, including the permissible load on the building's load-bearing elements.
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Standards and Regulation

In order to ensure the effectiveness of green roofs, there are standards and regulations that construction companies
and architects use in order to create environmentally sustainable facilities [1]:

— soil layers and composition: specific standards regulate the types of soil used on green roofs to ensure not only
aesthetic satisfaction, but also maximum vegetation viability.;

— drainage and sanitation: regulation includes drainage systems preventing excessive moisture retention and ensure
normal rainwater runoff.;

— security systems: an important aspect is to ensure the safety and stability of green roofs, including weight
management and structural integration.

In this country the regulatory regulation of green roofs relies on the following documents:

— GOST R 54964-2012 — establishes general requirements for the improvement of operational roofs;

— GOST R 58709-2019 — contains technical requirements and classification of green roofs;

— GOST R 58875-2020 — "the green standard" which defines the requirements for the environmental sustainability
of buildings.

In compliance with the provisions of the GOST R 58709-2019 standard "Green Roofs. General Technical Require-
ments", the classification of green roofs includes the following main types:

— Garden roofs are those with perennial vegetation that are in need of systematic maintenance;

— Roofs with lawn covering are structures where stable herbaceous plants are planted;

— Roofs with container landscaping are surfaces that are landscaped by placing vegetation in mobile containers.

The standard also provides the requirements for the key components of a green roof (Fig. 2): structural elements
(including the bearing capacity of the floor, waterproofing layers, drainage system, thermal insulation materials); used
materials (their environmental safety, resistance to moisture, durability); plant communities (permissible species, their
agrotechnical characteristics, seasonal sustainability).

Fig. 2. Constructive solutions of the green roof:
1 — roof surface, waterproofing; 2 — protective and accumulating layers; 3 — drainage; 4 — protection from root germination;
5 — soil layer; 6 — plants [1]

Particular attention in the regulatory framework is paid to ensuring a favorable microclimate inside buildings. Hence
according to GOST R 54964-2012, the temperature parameters in residential and public premises should range from 20
to 28°C at a relative humidity of 40 to 60%. Green roofs contribute to the thermoregulation of the interior of the building,
reduction of the air temperature in the warmer months and thereby improvement of the microclimatic performance.

Research Results. The history of green roofs goes back a few decades when the technology has witnessed considerable
changes. Approaches to standardization and classification of these structures were gradually formed. As a result of the
gained experience, a unified typology of green roofs has been developed recognized by the international professional
community, particularly by landscape architects.

The most common classification is based on the following criteria:

— load-bearing capacity of the roof;

— thickness and weight of the soil substrate;

— range and requirements for vegetation;

— the possibility and nature of human presence.
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According to this typology, there are three major types:

1) extensive roofs — minimal maintenance, thin soil, weather-resistant plants;

2) intensive roofs are complex plantings including shrubs and trees that are in need of maintenance and reinforced
construction;

3) semi-extensive roofs are an intermediate option combining elements of the two previous types.

The development of a classification system makes it possible to provide a comprehensive description of the types of
green roofs, their purpose, design features and social accessibility.

The classification of green roofs in this study is considered as a systematic approach allowing a description of a
complex multilevel structure of elements and their interrelationships. It is based on the interaction of three key compo-
nents determining the architectural, spatial and functional organization of a green roof: the roof surface, human presence
(use) and the vegetation layer. The ratio and degree of involvement of these elements make it possible to identify different
types of green roofs as shown in the diagram (Fig. 3) [5].

GREEN ROOFS

Operational Location in relation Intensity Social
purpose to the soil of planting class

Fig. 3. Classification of green roofs by gender [5]

Deciding whether a person will use the roof for their own purposes is a key point in the natural classification of roofs.
This classification includes the first aspect — the division into operational and non-operational roofs (Table 1).

Table 1
Classification according to the degree of exploitation
Ne Type of green roofs Description
1 |Operated (without vehicle access) Recreation areas, playgrounds, landscaped terraces (Fig. 4-7, 15)

2 |operated with the possibility of travel Parking lots, roofs with walkways and access to equipment

(Fig. 5, 9, 10)
3 |Partially exploited Used on separate sections of the roof
4 |Unexploited Perform only environmental and thermal insulation functions

The usable flat green roof offers a wide range of opportunities for recreation, physical development and rehabilitation.
If the roof is completely covered with plants and a person is there only for maintenance (e.g., a gardener or a professional),
such a roof is considered unused [5].

Depending on which type of green roof is being used, it performs various functions ranging from ecosystem-based
(e.g., improving air quality or supporting biodiversity) to functional (e.g., creating space for recreation or sports). Let us
consider the advantages of these species in the context of human interaction. Each type of green roof has its own charac-
teristics depending on the specific needs of a building or an area. Operational roofs, e.g., provide additional opportunities
for using space making them especially attractive in conditions of a limited urban area. Apart from the environmental and
aesthetic advantages, different types of green roofs have functional features that depend on the degree of their operation.
E.g., roofs intended for active use can be equipped to accommodate vehicles or install special equipment. It is to be noted
that the operation of such roofs (e.g., for parking) is possible only in accordance with the terms of reference regulated by
standards and building codes [5].

Green roofs are found on a variety of levels — on the ground, on the balcony, on the pedestrian passing and on the roof
of the building, regardless of the number of floors (Table 2).
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Table 2
Classification by location relative to ground level

Ne | Type of positioning Examples and features

1 |Green roofs of buildings |Roofs located on the upper floors of residential, public, and industrial buildings (Fig. 4)

2 |Terraced roofs Roofs located on the upper floors of buildings with terraces or terraced buildings (Fig. 6)

Roofs on underground|Roofs located on basements and ground floors of buildings, including various levels,
levels above parking lots, shopping malls, and technical floors (Fig. 6, 11, 12)

Gardens located on various levels of above-ground parts of buildings, special platforms,

4 [Hanging gardens bridges and overpasses (Fig. 8, 9)

Landscaped exploited roofs and gardens typically belong to different owners — from municipalities and owner asso-
ciations to private individuals forming their social accessibility (Table 3).
Table 3
Classification by social affiliation (access)

Ne | Type of social accessibility Description

publicly accessible, multifunctional territories with a high recreational load reducing
1 |Public operated roofs the total area of landscaping and requires the sustainability of the plant assortment used

(Fig. 7)

Penthouses, villas, clubhouses (Fig. 16-17). Plants of different types are used depend-
ing on the needs of the owner, the general style, but accounting for the climate, wind
load and care options in accordance with design standards.

Private green roofs and ter-
races

Operational green terraces of public buildings are designed for recreation and recreation,

3 |Public green terraces . . . . . .
ublicg various types of landscaping provided in special containers and flowerpots. (Fig. 6)

Operational green terraces in private properties decorate historical and modern build-
4 |Private landscaped terraces |ings, enriching the urban environment with a variety of plants and high-quality mainte-
nance. (Fig. 17)

Green roofs and gardens are becoming accessible to both municipalities and homeowners' associations or individuals,
which serves as a proof of their social importance. Besides, such roofs have an impact not only on improving the urban
environment, but also on tackling environmental problems related to the influence of the technosphere. In one of the
studies performed in order to identify the vulnerability of cities, it was found that the biosphere can play a major role in
balancing the impact of the technosphere and the economy. E.g., in some European countries, the temperature of tradi-
tional roofs in summer can reach as high as 90 °C, while on green roofs it does not go beyond 50 °C, which can dramati-
cally reduce the thermal impact on the environment. Hence the temperature difference between conventional and green
roofs can be over 40 ° C, which makes the latter an effective tool in combating overheating of urban areas.

Green roofs can vary significantly — from lawns to planting trees and shrubs. The classification function "greening
intensity" allows one to identify a few main categories (Table 4) [9].
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Table 4
Classification according to the intensity of landscaping

z

Type of a green roof

Characteristics

Hanging gardens

High density, large plants, including trees and shrubs, producing the impression of a garden
on a natural landscape (Fig. 8, 9)

Celestial oases

They occupy upper floors or flat roofs concentrated in the thick of the urban landscape, with
rich plantings of various textures. They are approaching mini-squares and public spaces in
scale (Fig. 5)

Earthly paradises

They are located on the Earth’s surface: on the roofs of underground structures, parking lots,
parks, etc. (Fig. 10-12). Landscaping with trees, shrubs and flowers is used to produce the
impression of a garden.

Sparse landscapes

Green roofs on artificial bases are sparse plantings of lawns, meadows and shrubs (Fig. 11).
The key function is recreation, sports, transit traffic. They are particularly relevant for court-
yards, business and shopping complexes.

Extensive roofs

Flat or curved structures covered with a single layer of lawns, groundcover, or meadow plants.
They serve ecological and aesthetic purposes and are not designed for permanent residence
(Fig. 13)

\Water worlds

They are created on artificial grounds to improve the microclimate. Water is the main theme
of the project. Ponds, cascades are water elements for a microclimate (Fig. 14)

Fig. 4. Children's playground on the roof on the roof of Fig. 5. Underground parking roof garden, Baden-Baden

a multi-storey parking lot. Copenhagen (2018) [8] (2019) [8]

Fig. 6. Terraced house and green terraces. Arch. Bjarke Flg. 7. Garibaldi Square - green roof in use,
Ingels Group. Copenhagen (2018) [8] Milan (2016) [8]
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Fig. 8. Hanging garden. Tsarskoe Selo (18th century, Fig .9. Hanging garden above De Sants Metro Station,
2017) [8] Barcelona (2022) [8]

1. Y

Fig. 10. Ground-level park - Zaryadye Park Moscow Fig. 11. Lawns of the operational roof of the shopping
(2021) [8] center on Amsterdam’s Museum Square (2013) [8]

Fig. 12. Schouwburgplein Square on the parking roof. Fig. 13. Green roof of the Museum of Modern Art.
Architect West 8. Rotterdam (2013) [8] Frankfurt am Main (2016) [8]

Fig. 14. Water garden above the parking lot. The Design Fig. 15. Operational green roof. Eco-hotel. Normandy
Museum. Barcelona (2022) [8] (2012) [8]

Fig. 16. Club green roof of the Skolkovo Business Fig. 17. Private terraces of the ”Vertical Forest" Architect
School. Moscow (2011) [8] Stefano Bori. Milan (2016) [8]
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The benefits of using green roofing (Table 5) are as follows [10]:

- possibility of a dramatic increase in the energy efficiency of buildings leading to a reduction in energy costs and
optimization of resource use;

- effective measures in order to combat the urban "heat island" by reducing the temperature in the urban environment;

- noise reduction by means of vegetation in order to absorb sound waves;

- rainwater capture, thereby reducing the burden on the urban sanitation system;

- improving air quality and reducing environmental pollution;

- extending the service life of roofs and reducing the need for them to be replaced,;

- creating additional green recreational spaces for public use;

- restoring the biodiversity of urban ecosystems and providing a natural habitat for different animal species [12].

Table 5
Positive effects of using green roofing [11]
Category Benefit Owners / investors| Users / tenants | Local community
Improving the nergy efficiency of a W W N
building
Reducing the load on heating, ventila- W W o
tion, and air conditioning systems
Increase in the value of real estate W N o
Economic Increasing the service life of a roofing W W \
Improving the efficiency of using solar W W J
panels
Reducing the cost of creating and main-
taining drainage systems and storm sew- W W o
ers
Increasing the aesthetic appeal of urban
Architectural and development, improying the physical ap- W W W
. pearance of buildings and structures
urban planning - — —
Improymg bundlng_energy efficiency W W J
and environmental friendliness evaluates
Reducing the ,,heat island* effect o W W
Improving the air quality o W W
Carbon sequestration (greenhouse gases) o W W
Stormwater runoff accumulation o W W
Environmental | Reduction of stormwawter runoff peaks o W W
Reducing urban noise levels o W W
Recreating the natural environment o o W
Conservation of biodiversity in urban ar- o o W
eas
Creating new jobs W o W
Social Creating new functional and public
I paces P W W W
Citizen involvement in urban/rural de- N W W
Social velopment
Opportunity for food production \ W W

\V — a great effect
N — a medium effect
o — a zero or an almost zero effect

Discussion and Conclusion. The introduction of green roof standards is not merely a new element in construction,
but a whole different approach to building lifecycle management. This approach includes not only the construction and
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equipping of facilities, but also ensuring environmental sustainability, energy conservation, and improving living stan-
dards. However, introducing green roofs into the construction sector is lengthy and ambiguous and also requires time to
be optimized and adapted.

The successful and common use of green roofs requires support at the legislative level, as well as a change in the minds
of those involved in the construction process who are willing to adapt to new standards and implement environmentally
sustainable solutions. From the standpoint of urban planning, the concept of green roofing is an indisputable benefit for
developers since it brings together improvement of physical appearance as well as environmental parameters of buildings
with effective technologies in order to reduce energy consumption and conserve resources. Therefore green roofing is beco-
ming an innovative solution combining functionality and aesthetics as well as environmental consciousness. Standards and
regulation in this context have a key role to play in ensuring sustainability and effectiveness of such systems, making them
an essential step to designing more environmentally friendly cities that contribute to public well-being.
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