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Abstract

Color is one of the fundamental indicators of natural water quality, reflecting the presence of organic matter, colloidal systems, and other
dissolved or suspended impurities. High color intensity not only deteriorates the organoleptic properties of water but also indicates
the presence of humic substances capable of forming toxic compounds during disinfection. Therefore, the development of effective methods
for decolorizing natural waters remains a relevant task in modern water treatment. This study investigates the process of natural water
decolorization using the method of optimal experimental design. Mathematical modeling and statistical analysis were applied to develop
predictive models describing the efficiency of water decolorization by coagulation with preliminary ozonation. The approach enables
the evaluation of complex interrelations among technological parameters and the identification of optimal operating conditions. The article
details the criteria for selecting factors and response functions, as well as the procedure for conducting experimental studies. The study
defines criteria for selecting an experimental design that minimizes the number of trials while maintaining statistical reliability. Based
on a three-factor rotatable design, second-order regression equations were obtained, representing experimental-statistical models of water
decolorization for technical water supply purposes. A statistical analysis of the adequacy of the developed models was carried out,
demonstrating their high predictive capability. The developed models make it possible to forecast the efficiency of the decolorization process
and optimize the technological parameters of water treatment to achieve maximum effect with minimal reagent costs.

Keywords: water decolorization, optimal experimental design, coagulation, color, response surface, optimization of water treatment processes.

UCCNEAOBAHUE NPOLIECCA OBECLIBEYUBAHUA NPUPOAHBLIX BOA C MPUMEHEHUEM METOJA ONTUMAIIBHOIO
NNAHUPOBAHUA SKCMEPUMEHTA

C. B. Auppetok, I'. A. BonkoBa, E. C. AHgpetok

Pedepar

LiBeTHOCTb SIBNSIETCS OAHMM U3 KITO4EBbIX NOKa3aTernell ka4yecTBa NPUPOAHbIX BOA, CBUAETENLCTBYIOLLMM O HANM4NM OPraHHECKUX BELLIECTB, KOMMOUAHBIX
CUCTEM W ApYruX 3arpssHenuit. Bbicokas LIBETHOCTb HE TOMbKO YXYALIAET OpraHoNenTiyeckme CBOMCTBA BOAbI, HO 1 YKa3bIBAET HA MPUCYTCTBME TYMUHOBbIX
BELLIECTB, CMOCOBHbIX 0Bpa3oBLIBATb TOKCUYHbIE COBAMHEHNS Npu 0Be33apaxviBaHun. B cBsan ¢ aTum paspaboTka addekTmBHbIX METOA0B 0BecLiBE MBaHNS
MpVPOaHbIX BOA OCTAeTCs akTyanbHOW 3afaveil COBPEMEHHO! BOMOMOLrOTOBKW. B cTathe paccmatpuBaeTcsi MpUMEHeHWe METOO0B MaTemaTuyeckoro
MOAENVMPOBaHNS W OMTUMANBHOTO MNaHMPOBaHWS 3KCEPUMEHTA Ans MCCredoBaHMS Mmpolecca obecuBeuvBaHNs MPUPOAHbIX Bof. Ha ocHose aHanwsa
COBpeMeHHbIX MyBrnkaLyin v BOCTVKEHWIA B JaHHON 0BNAacTV MokasaHo, YTO MCTOMNb30BaHNE MaTeMaTUHECKOI TeOpUM NO3BONSET CO3AaBATL TOYHbIE MOAENM
MPOLIECCOB  BOLOMOAFOTOBKY, Y4MTHIBAKOLME BMSHME MHOXECTBA Omnpemdensiowyx aktopoB. B kayecTBe MpaKTMYECKOrO MpuMepa PacCMOTPEHO
MNaHMpoBaHNe MHOrO(AKTOPHOrO 3KCMEpUMEHTA Ha MpuMepe KOMOWHWPOBAHHOTO MeToda ODecLBeYMBaHWUA MOBEPXHOCTHBIX BOA KOArynpoBaHWeM
C npeABapuTenbHLEIM 030HMpOBaHWeM. B paboTe nmpeacTaBneHbl ycnosus Bbibopa METOAMKA MNaHMPOBaHMS, NO3BOMSIOLLME OMTVMM3MPOBATL KOMMYECTBO
HeobX0AMMBIX OMbITOB MpK CoxpaHeHun TpeByeMoi TOYHOCTM nccriedoBaHui. B cTaTbe nofpo6HO onucaHb! kputepun oTbopa hakTopoB 1 (yHKLMK OTKIMKA,
aTakKe MmpoLenypa npoBedeHWs JKCTepUMEHTanbHbIX MCCeaoBaHMA. B nccredoBaHv onpedeneHsl Kputepun Bblbopa CXeMbl 3KCMIEpUMEHTa, KoTopas
MUHIMM3MPYET KOMUYECTBO WCTBITAHUA MPU COXPAHEHWM CTaTUCTUHECKOM HafeHOCTU. 10 pesynbTaram npoBedeHust TPEX(haKTOPHOTO poToTabenbHoro
9KCTIEPVMEHTA MOITyYeHbl YPaBHEHUS PErPECCUN BTOPOTO NOpsaKa, KOTOpble MPeACTaBnsioT COBON 3KCMEePUMEHTANBHO-CTAaTUCTYECKVE MOLENN NPOLIECCOB
MOATOTOBKM BOAbI A5 TEXHNYECKOro BofocHabweHus:. [poBefeH CTaTUCTUYECKUI aHanN3 aaekBaTHOCTU pa3paboTaHHbIX MOfeneil, MoKasaBLLMIA UX BbICOKYIO
MPOTHOCTMYECKYI0 CMOCOBHOCTb. PaspaboTaHHble Mopenu no3BonsioT MporHo3MpoBaTh AtheKTMBHOCTL npoLecca obecLBeuMBaHMs 1 ONTUMKU3MPOBATL
TEXHOMOrMYeckvie NapameTpbl BOSOMOLATOTOBKY ANS JOCTVKEHNS MaKCUMAanbHOMO thdekTa Npy MUHMMANbHBIX 3aTpaTax peareHToB.

KntoueBble cnosa: 06eCLlBe‘-IMBaHI/19 BOA, onTumarnbHOe nnaHMpoBaHME 3SKCMEepPUMEHTa, KoarynnmpoBaHWe, LBETHOCTb, MOBEPXHOCTb OTKIMKA,
onTMMM3aLna npoLeccoB BOAONOATOTOBKN.

Introduction

Solving most problems in chemistry and chemical engineering relat-
ed to the treatment of natural waters traditionally requires extensive and
resource-intensive experimental research. In this context, methods of
optimal experimental design are of particular importance, as they allow
the mathematical framework to be applied not only during the processing
of experimental data but also at the stage of experiment planning and
organization [1]. Mathematical modeling has become an essential com-
ponent of modern environmental research. The environment, represented

by both natural and anthropogenic systems, is a complex set of material
objects, processes, and interactions between them [2—4]. Traditional
methods of water decolorization include coagulation, adsorption, mem-
brane technologies, and chemical oxidation. Along with conventional
coagulation-flocculation techniques employed at municipal water treat-
ment plants (using aluminum and iron salts), oxidizing and sorption meth-
ods have been gaining wider application [5, 6]. The efficiency of each
process is determined by numerous factors, including the coagulant dose,
pH, alkalinity, temperature, and contact time. The empirical determination
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of optimal operating conditions requires considerable time and material
resources. Modern approaches based on the study of the mechanisms of
complex physicochemical processes and the optimization of multicompo-
nent systems make it possible to construct adequate models of water
treatment technologies that take into account the combined influence of
multiple variables [7, 8].

The objective of the present study was to investigate the main influ-
encing factors and modeling conditions of the surface-water treatment
process, as well as to develop experimental-statistical models capable of
predicting the removal efficiency of pollutants responsible for color for-
mation. The process under investigation involved the decolorization of
surface water by coagulation preceded by ozonation.

Analysis of the Principles and Practical Implementation
of Optimal Experimental Design in Water Treatment Modeling

Optimal experimental design is a branch of mathematical statistics
aimed at maximizing the information gained from experiments while min-
imizing the number of trials required. The most widely used designs in
water treatment research include:

- d-optimal designs, which minimize the variance of regression coef-
ficients estimates in the model, an especially valuable feature when only
a limited number of runs is feasible;

- i-optimal (integrated optimal) designs, which minimize the average
variance of prediction throughout the experimental domain, making them
particularly suitable for process optimization tasks;

- Response Surface Methodology (RSM), which provides a frame-
work for constructing mathematical models that relate input factors to
output responses and for determining optimal process conditions.

Multifactorial experimental design is extensively used in scientific and
engineering studies as an effective tool for planning and analyzing exper-
imental data [9-11]. The design procedure determines the required num-
ber of experiments and the conditions under which they must be carried
out in order to achieve the desired accuracy and reliability of results.
Variables that influence the studied process are referred to as factors.
In relation to water purification processes, such factors typically include
the coagulant or flocculant dosage, duration of the treatment stage, filtra-
tion rate, temperature, and other parameters. A key requirement for each
factor is its controllability - the ability to maintain the prescribed level
during the experiment. Additional criteria for selecting factors include their
mutual independence, unambiguous influence on the response variable,
and physical relevance to the studied process.

The efficiency of the technological process is assessed using one or
more quantities called response functions. The effectiveness of a techno-
logical process is assessed using one or several quantities referred to as
response functions. In water treatment, typical response functions include
the degree Optimal experimental design methods make it possible to
develop reliable mathematical representations of technological processes
even when the underlying mechanisms are not fully known. Mathematical
models obtained in this way are commonly referred to as experimental-
statistical models.

Such models are often expressed in polynomial form:
Y =f (X1, X2, X3, ... Xn), where Y is the response function (quantitatively
describing process efficiency) and X1, X2, Xs ... are the independent fac-
tors (process variables). The advantage of this mathematical repre-
sentation lies in its ability to describe the influence of individual fac-
tors on the response function, to quantify the response under specific
combinations of factor levels, and serve as a basis for process opti-
mization and simulation [12].

A review of existing research on optimal experimental design in water
treatment demonstrates its major advantages and outlines promising
directions for further study. For example, the application of filtration pro-
cess modeling has been used for optimizing existing treatment facilities
and for evaluating the performance of local filtration materials, coagu-
lants, and flocculants under surface water conditions [13]. Other studies
have successfully applied mathematical modeling for the removal of iron
compounds [14], and for multicomponent ion exchange processes on
mixed cation exchangers (H*, Na*) [15, 16]. The analysis confirms the
high effectiveness of optimal experimental design methods for investigat-
ing and optimizing natural water decolorization processes. In particular,
the response surface methodology (RSM) was employed to remove color
and turbidity from surface waters and to reduce chemical oxygen demand

(COD) using a combined coagulant based on flaxseed and aluminum-
potassium alum [17]. Inthose experiments, the coagulant dose (1,5~
2,5 g/dm?), pH (3,5-7,0), and mixing time (38-40 minutes) were varied.
Optimization yielded a chromaticity removal efficiency of 97,75 % at
pH 7,0, a coagulant dose of 2,5 g/dm?, and a mixing time of 40 minutes.

Multifactorial Process of Decolorization of Natural Surface Waters

Surface water sources possess several advantages for use in tech-
nical water supply systems, primarily due to their relatively low minerali-
zation and minimal hardness compared to groundwater. However, their
effective utilization in industrial processes requires the development of
optimal pretreatment methods aimed at removing organic impurities re-
sponsible for color formation. Among reagent-based treatment tech-
niques, coagulation occupies a central position and remains one of the
most widely applied methods in water treatment practice. The efficiency
of coagulation during the treatment of highly colored but low-turbidity
waters largely depends on the colloidal nature of the organic compounds
present, which are predominantly of humic origin. These compounds,
exhibiting weakly acidic properties, form stable, highly dispersed systems
characterized by a negative surface charge. It should be noted that the
decolorization process is strongly influenced by the qualitative composi-
tion of the organic matter. The presence of humic acids promotes higher
removal efficiency, while the dominance of fulvic acids requires substan-
tially greater reagent doses and complicates the overall technological
process. A promising approach for enhancing coagulation efficiency in-
volves the application of pre-oxidation methods [18]. The introduction of
oxidizing agents facilitates destabilization of colloidal systems by destroy-
ing the hydration shells surrounding organic particles, thereby increasing
the efficiency of subsequent coagulation. In addition, preliminary oxida-
tion — particularly chlorination and ozonation — provides simultaneous
removal of iron and manganese compounds, which are frequently present
in surface waters. Contemporary studies confirm that combined treatment
using oxidants followed by coagulation significantly improves color re-
moval efficiency [19]. In this regard, the experimental investigation of
optimal parameters for the combined application of oxidants and coagu-
lants represents considerable practical interest for improving water treat-
ment technologies intended for technical water supply systems.

The object of the present research was the Mukhovets River, a rep-
resentative surface water body in the south-western region of Belarus.
The study focused on evaluating the influence of ozone dose, coagulant
dose, and flocculant dose on the removal efficiency of organic com-
pounds determining the color and oxidizability of the water. The investiga-
tion employed a rotatable central composite experimental design, the
main characteristics of which are presented in [7, 19].

The process of developing the mathematical model included the
following stages: experimental design planning; execution of labora-
tory and field experiments on the selected water source; verification
of experimental reproducibility; derivation of a mathematical model of
the process with statistical testing of the regression coefficients for
significance; evaluation of model adequacy using statistical criteria.
To determine the optimal operating region, an exploratory experiment
was first conducted, followed by a rotatable second-order design, in
which the selected factors were varied at five levels. Reproducibility
of the results was assessed using the Cochran criterion, the signifi-
cance of the regression coefficients was determined by the Student’s
test, and the adequacy of the mathematical model was verified using
the Fisher criterion at a 5 % significance level.

Investigation and optimization of the technological regime
of surface water bleaching by coagulation with pre-ozonation

Preliminary experiments demonstrated that the introduction of ozone
prior to coagulation increases the overall decolorization efficiency by
an average of 10-15 %. The experimental work on water decolorization
was conducted using surface water from the Mukhovets River, whose
quality characteristics are representative of surface water bodies in the
southern regions of the Republic of Belarus.

For the reagent treatment, analytically pure aluminum sulfate
(Al(SQO4)3-H,0) was used as the coagulant, while polyacrylamide (PAA)
served as the flocculant. The initial color value of the raw water was
55 degrees, which was taken as the baseline quality indicator [20].
The effectiveness of color removal was evaluated based on the results of
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spectrophotometric measurements, which allowed quantification of the
reduction in apparent color after treatment. The obtained data served as
the basis for subsequent mathematical modeling and optimization of
process parameters.

Design and Conduct of the Experiment at the Research Facility
and Construction of the CCRD Matrix

To determine the optimal operating region, a preliminary exper-
imental search was performed, followed by the implementation
of a rotatable second-order central composite design (CCRD) with-
in the identified range of factor variability. In this design, the factors

were varied at five levels corresponding to the coded variable val-
ues +1; -1; +1,68; —1,68 and 0, ensuring statistical rotatability and
efficient estimation of quadratic effects.

Based on prior information, it was established that the residual color
of treated water, which represents the efficiency of the decolorization
process is primarily influenced by three key factors:

— the mass concentration of the coagulant, mg/dm?;

— the mass concentration of the flocculant, mg/dm3;

— the mass concentration of ozone, mg/dm?.

Accordingly, the mathematical description of the process was ex-
pressed in the form of a second-order regression equation

Y= bo + blle + bz'Xz + b3'X3 + blZIXIIXZ + b13'X1'X3+

where bo, b1, bz, bs, b1z, b3, bzs, b123,b11, b2z, bazare the regression coef-
ficients, and

X1, X, X5 are the coded variables associated with their respective
physical quantities (x1, x,, x3) through the following transformations

X1~ Xo1 X2—Xo2 X3—Xo3
X, =2 X, = P Xy =
1 Ax, y» A2 Ax, y A3 Axs )

(2)
where
X1 — coordinates of the center point of the experimental design;

+ bys Xy X3 + bigs Xy Xo Xz + by X2+ byy - X2 + by - X3, (1)
Table 3 - Variance Estimates for the Regression Coefficients
S, = 0,038 S 4= 0499
st = 0,014 s t= 0,302
5; = 0,020 5;, 1= 0,361
5t = 0,013 st 0,291

Ax - the variation interval for each factor;
Y - the response function, representing the measured residual color
of the treated water.

Calculation of Regression Coefficients and Corresponding Vari-
ance Estimates

Table 4 presents the verification of the significance of the regression
coefficients according to Student's t-test.

Table 4 - Verification of Regression Coefficient Significance

Within the framgwork of It.he rotatable pentral comppsite dgsign |b0|= 425 > 0,499 Significant
(CCRD), the regression coefficients and their corresponding variance
estimates were calculated to determine their statistical significance [1, 2]. [b,| = 3,24 > 0,302 Significant
g::ilgn1cg;e;ae:tt: |;heC ,cgs(rja;t'ensncs of the CCRD and the values of the |b2| = 047 > 0,302 Significant
|by| = 1,74 > 0,302 Significant
- szle f1f— Ct)haracteristics of the CCRD and Design Cons;ants ‘bn‘ - 0,52 N 0.361 Significant
umber of factors n
Total number of experiments N 20 o = 057 > 0,361 Significant
Number of central point experiments No 6 lbys| = 0,57 > 0,361 Significant
Constant B 0,8571429 b,,|= 3,22 > 0,291 Significant
Constant C 1,4285714 ‘bzz‘ = 0,33 > 0,291 Significant
Constant A 04537037 Ibss| = 112 > 0,291 Significant
Based on the results of the experimental studies, the summations |bm| = 0,03 < 0,361 Not significant

and regression coefficients were calculated, as summarized in Table 2.

Table 2 - Summation Values and Calculated Regression Coeffi-
cients

Summation Term Regression Coefficient
So 15040 | Sa3 | 4,80 bo 425 | bs | 0,57
S 4542 | S11 152,86 | bs =324 | b1 3,22
S2 6,55 S 104,32 | b2 0,47 b22 0,33
Ss -24,38 | Sz 117,58 | b3 -1,74 | bas 1,12
S12 4,40 Sz | 140 b1z 0,52 bi2s | 0,03
Siz | 4,80 b13 -0,57

In accordance with the principles of rotatable experimental design,
a coefficient bi is considered statistically significant if its calculated value

satisfies the condition: |b,| >sbt, where t is the critical value of Stu-

dent's t-test [1, 2]. If this condition is not met, the coefficient is regarded
as insignificant, and the corresponding term may be excluded from the
regression model. Table 3 summarizes the variance estimates for deter-
mining the significance of the regression coefficients.

Verification of Variance Homogeneity (Reproducibility of
Experiments)

To verify the reproducibility of the experimental results, the Cochran crite-
rion ( G b
to the sum of all variances within a series of parallel experiments. For each
series of parallel runs, the arithmetic mean value of the response function was
calculated, followed by the variance estimate for that series.

The hypothesis of variance homogeneity is not rejected if the experi-
mentally determined value of the Cochran criterion does not exceed its
tabulated value [9]. The corresponding tabulated values of the Cochran
criterion were adopted for a confidence probability of P = 0,95, under which
the reproducibility hypothesis is considered valid. The quantity (o= 1-P)
represents the significance level. To determine the value of G , it is neces-
sary to know the total number of variance estimates (N) and the degrees of
freedom (f) associated with each of them, where f = k-1, and k is the num-
ber of factors considered. Table 5 presents the experimental response

function values (yf ) and the corresponding variance estimates (s,j2 ) for

) was used, which is defined as the ratio of the maximum variance

reproducibility testing at the central points of the experimental plan.

Civil and Environmental Engineering
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Table 5 — Estimation of the variance of reproducibility of experiments This variance value was determined with the number of degrees of
in the center of the plan freedom corresponding to f =N, —1=6—-1=5.
Center-point experiments Variance Estimate
Experiment | Y] (yl3 - y) (yf _ 7)2 st Verification of the Adequacy of the Regression Equation
No.j After qbtammg thg regression equatlon,llt is necessary to verify its
o adequacy, i.e., its ability to accurately describe the response surface of
_ maxs? | the studied process. The adequacy of the regression model was verified
15 3,00 0.72 0.51 0,257 | using the Fisher criterion (F-test).
16 4,00 0,28 0,08 0,040
17 3,50 022 0,05 0,023 Tab!e 6 - Vqriance Estimates for Determining the Adequacy of the
Regression Equation
18 4,20 048 0.23 0.117 Experimental Calculated o op s 2
19 3,60 0,12 0,01 0,007 Response y° Response v;=y)) | O05-¥))
20 4,00 0,28 0,08 0,040
N 4,30 3,79 0,51 0,264
ZSf 9,80 9,56 0,24 0,060
>6 22,30 0,00 0,97 0,484 | i 3.00 205 005 0003
The average value of the response function was calculated according 6,80 643 0,37 0,138
to the expression 10,70 10,37 0,33 0,109
-1 14,50 13,85 0,65 0419
=— 22 3=3,72.
y N, ; ® 12,30 11,62 0,68 0,457
where y; — experimental response function values; |- experiment num- 13,00 12,82 0.18 0,032
ber; No — number of experiments at the center of the design. 8,30 7,89 0,41 0,168
The calculated value of the Kohren criterion G, was determined by 19,50 18,79 0,71 0,504
the formula 6,00 5,97 0,03 0,001
maxs 0,257
= —0,530. @) 4,60 4,40 0,20 0,041
Z 0 484 4,50 4,49 0,01 0,000
! 10,80 10,34 0,46 0,212
The correspondmg tabulated value of the Cochran criterion was tak- 3,00 4,25 -1,25 1,554
en from [9] for the following parameters: P = 0,95 N = 6; _
f=k-1=3-1=2, where kis the number of selected factors. Thus, the 4,00 4.25 0.25 0,061
tabulated value is: G t = 0,616. 3,50 4,25 0,75 0,557
The condition G, <G is fulflled: 0,530 < 0,616, therefore, the ex- 4,20 4,25 0,05 0,002
periments can be considered reproducible. 3,60 4,25 0,65 0418
The variance estimate for a series of parallel experiments sy2 was 4,00 4,25 -0,25 0,061
calculated using the following formula 5,060
1 A - 1
2 3 2
Sy = N 1 ¢ yy—y)r= 61 -0,97=0194. (%) The adequacy variance s2; was determined using the following ex-
0 =t pression
N
Z - yj (NU - 1)
= i=1 :5,060—0,194.(6—1) 0,818, )
f 5
The number of degrees of freedom associated with this adequacy
variance estimate was defined as
n+2)-(n+1 3+2)-(3+1
faa:N_%_(No_1):20_¢_(6_1)=5: (7)
where n is the number of factors.. o . According to reference [9], the corresponding tabulated value of the
The calculated value of the Fisher criterion was obtained as Fisher criterion is: F=25,05. Since the condition Fp <F s satisfied
2 2
_ max(sad,sy) _ 0,818 —4.216 (8) (4,216<5,05), the obtained regression equation is considered adequate
P min(s3 s?) Coe d provides a reliable description of the response surface.
mm(saa,sy) 0,194 andpl p p
Y =4,25-3,24X,+0,47X, 174X, +0,52X, X, - 0,67 X, X, —0,57 X, X, + 3,22X12 + 0,33X22 +1,12X32. 9)
To convert the regression equation from coded variables to physical X3 = ﬁ =919 _92 g-2.
its, the followi lationshi Eq. (2 lied: 5
units, ¢ ‘i?,ﬁ%[ﬂgfka_“é’(? s_lps (based ?n G- (2) were applied Substltutlng these expressions into the final regression equation
Xy = Ax, 10 01k —2; yields the model in physical terms
Xzzmzf;lzzf—z‘ C=f(k’f’g):
Ax, 0,5
6 Civil and Environmental Engineering
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C = 29,50 - 1,6k —1,5f —0,788g + 0,104kf —0,0114kg — 0,228fg +0,0322k +1,32f* +0,0448¢°, (10)

where C - color intensity of water (color units), grad;
k — coagulant dose D;, (mg/dm?);
f-flocculant dose Dy (mg/dm?);
g - ozone dose D,, (mg/dm?).

Using this equation (10), it is possible to predict the performance effi-
ciency of the water decolorization system for any given operational re-
gime of coagulation treatment with preliminary ozonation. Figure 1 shows
a graph of the residual color of water corresponding to the obtained mod-
el, depending on the ozone dose at different coagulant doses.

© Graph of changes in the residual color of water
2180
5 16,0
5140 =0,0448x2 - 1,073% + 17,117
; 12,0 \L’\m_’/l 3
>10.0 === coagulant dose 10mg/dm
g 8,0 coagulant dose 30mg/dm?
£ 6,0
s 40 y = 004482 - 1,301 + 12,438
3 20 RE=z
0,0 T T T 1
0 5 10 15 20
ozone dose (mg/dm?)

Figure 1 - Influence of ozone dose on the water decolorization process at different coagulant doses (flocculant dose = 0,75 mg/dm®)

Analysis of the regression model (Eq. 10) based on the determination
of the extremum condition C =f(k,f,g) — min with respect to the in-

fluencing factors Dy, Dy, and D,,, showed that the minimum residual
color of treated water is achieved under the following optimal conditions:
coagulant dose — 26,12 mg/dm?, flocculant dose - 0,75 mg/dm?, ozone
dose - 14 mg/dm?.

Mathematical processing of the experimental results indicates that all
three investigated factors significantly influence the efficiency of water
decolorization. However, their impact strength decreases in the following
order: coagulant dose > ozone dose > flocculant dose.

Conclusions

Based on the conducted experimental studies simulating the natural
water treatment process, the main influencing factors determining the
efficiency of removing color-causing impurities from surface waters for
technical water supply purposes were identified and analyzed. Using the
method of optimal experimental design, an experimental-statistical model
of the decolorization process by coagulation with preliminary ozonation
was developed. The obtained regression equation describes the com-
bined influence of ozone, coagulant, and flocculant doses on the residual
color of treated water. The model enabled the determination of optimal
process parameters at which the maximum decolorization efficiency is
achieved under the given conditions.
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Abstract

The use of waste from concrete and reinforced concrete structures is one of the current areas of development in the construction industry
in the Republic of Belarus and abroad. Despite the active growth of this field, there is insufficient research devoted to the comprehensive study
of concretes using recycled aggregates, especially with the introduction of various types of pozzolanic additives. A comprehensive study was conducted
on concrete using recycled aggregate, aimed at examining effects of various levels of recycled aggregate in the concrete at 0 %, 25 %, 50 %, 75 %,
and 100 % of the total aggregate mass, with the addition of fly ash, on compressive strength, tensile strength, and the adhesion between
the reinforcement and the concrete. Experimental results indicate that as the content of recycled aggregate increases, the mechanical properties
of the concrete tend to decline. This is primarily due to the inherent lower strength of the recycled aggregate and the presence of two transitional zones
in the concrete with recycled aggregate (in the cement paste and the recycled aggregate). However, the addition of fly ash can improve this issue:
the pozzolanic reaction of SiO, with portlandite Ca(OH), leads to the filling of pores in the transitional zones with reaction products and the solidification
of their structure. This contributes to the elimination of the distinct phase boundary and, consequently, to the merging of the transition zone
of the cement paste with the transition zone of the recycled aggregate, significantly enhancing its adhesion to the cement paste. The research results
confirm that concrete made with recycled aggregate exhibits improved mechanical properties compared to control mixes without fly ash.

Keywords: concrete, recycled aggregate, silica fume, mechanical properties.

BNUAHUE COOEPXAHWUA PELIUKITUHIOBOIO 3ANOJTHUTENA U 30/bIl-YHOCA B BETOHE HA EFO MEXAHUYECKUE
CBOWCTBA

CyH YyHbxya, B. B. KpaBueHko

Pechepar

BTopnyHoe MCnonb3oBaHME OTXOZOB KOHCTPYKUMIA M n3penuii u3 6eToHa n xene3obeToHa SBMSETCA OLHWM M3 aKTyarnbHbIX HanpaBneHuii
pa3BuTMS CTpouTenbHO oTpacnn B Pecnybnuke Benapycb u 3apybexHbix cTpaHax. HecMOTps Ha aKTWBHOe pasBMTWE AAHHOTO HampaBfeHus,
OTCYTCTBYET [OCTATOYHbIN 06BbEM MCCnenoBaHWiA, MOCBALLEHHBIX KOMMNEKCHOMY M3y4eHuio BETOHOB Ha PELWKIMHIOBOM 3anofHuTene, 0CoBeHHo
fpW YCNOBMM BBELEHWS Pa3NU4HbIX TWMOB MyLLOnaHoBbIX A06aBok. [poBedeHO KOMMMEeKCHoe WccnefoBaHWe OeToHa Ha  PEeLMKIMHIOBOM
3anonHuTene, HanpaBneHHoe Ha W3y4YeHWe BMUSHUS COAEPXaHUS PeLnKnuHroBoro 3anonHutens B konndectse 0 %, 25 %, 50 %, 75 %, 100 %
OT Macchl BCEro 3anonHuTens ¢ [obaBneHnem 30Mbl-yHOCa HA MPOYHOCTb BETOHA MU CXaTUM M PacTSKEHUW, a Takke MPOYHOCTb CLENMEeHMs
apmatypbl ¢ 6ETOHOM. OKCmepuUMeHTanbHble PesynbTaTbl MOKA3blBAKOT, YTO MO MEPEe YBENUYEHWS COAEPXKaHWS PELMKMMHIOBOrO 3anorHuUTEns
MexaHn4eckie CBONCTBa HETOHA NOKa3blBaOT TEHAEHLMIO K CHIXKEHMIO. 3TO, B NEPBYI0 04Yepesb, CBA3AHO C NPUCYLLIEN PELMKIMHIOBOMY 3anofHUTENI0
fonee HW3KOM MPOYHOCTLIO U HanuuMeM B CTPYKType OeToHa Ha PEeLWKIMHIOBOM 3aronHuTene ABYX TPaH3WTHbIX 30H (B LEMEHTHOM KaMHe
1 peuynknuHroom  3anonkutene). OpHako fobaBneHwe 3ombl-yHOCA CMOCOBHO pewuTb AaHHylo npobnemy: nyuuonaHosas peakuus SiO,
¢ noptnangutom Ca(OH), NpuBOAWT K 3aMOfHEHMIO MOP B TPAH3UTHBIX 30HaX NPOAYKTaMK PeaKLyn U YNOTHEHMIO VX CTPYKTYpbl. OTO CnocobeTayeT
YCTPaHEeHWIO BbIPaXeHHOW rpaHuLpl pasgena das M, kak CrefcTBue, K CAMSIHWIO TPaH3WUTHOM 30HbI LIEMEHTHOTO KaMHS C TPaH3WTHOW 30HON
PELMKMMHIOBOrO 3aMofHATENS, YTO 3HAYUTENbHO YMyYlaeT ero agre3nio C LEMEHTHbIM KamHeM. PesynbTaTbl MccnefoBaHus MOATBEPKAOANOT,
4to 6ETOH Ha PEeLWKNMPOBAHHOM 3anonHUTENe [EMOHCTPUPYET YMyulleHHble MeXaHW4eckie XapaKTepUCTUKM MO CPaBHEHWIO C KOHTPOMbHbIMM
cocTaBamm 63 30Mbl-yHoca.

KntoueBbie cnoBa: 6ETOH, PELMKITMHIOBbIN 3aMONHUTENb, 30Ma-YHOC, MEXaHYECKIe CBOVICTBA.

Introduction

Against the backdrop of the continuously expanding scale of construc-
tion in the global building industry, the demand for building materials contin-
ues to rise. Among these, natural aggregates, as a key component of con-
crete, are being consumed in particularly large quantities. However, long-
term and large-scale extraction has led to the increasing depletion of natural
aggregate resources, triggering serious sustainability issues. On the other
hand, with urban construction and renewal, large amounts of construction
waste are continuously generated. The stockpiling of this waste not only
occupies land resources but may also cause compound pollution to soil,
water, and the atmosphere, creating a heavy environmental burden. In this
context, promoting the resource utilization of construction waste by pro-
cessing it into recycled aggregates for use in concrete production is regard-
ed as an important pathway to balance the conflict between resource supply
and environmental protection, and has garnered widespread attention [1-4].
This approach not only helps alleviate the pressure on natural aggregate
resources but also significantly reduces the negative impact of construction

waste on the ecological environment, offering notable comprehensive eco-
nomic, social, and environmental benefits.

Although recycled aggregate concrete demonstrates significant po-
tential for sustainable development, its material performance still faces
challenges. Compared to natural aggregates, recycled aggregates have a
large amount of old cement mortar attached to their surfaces and contain
initial defects such as microcracks, resulting in lower apparent density,
higher water absorption, and weaker mechanical strength. These differ-
ences in physical and mechanical properties often lead to issues such as
relatively low strength and insufficient durability in recycled aggregate
concrete at the macroscopic level. The root causes can be attributed to
the weakening of the aggregate-cement paste interface zone and the
formation of a multiple interfacial structure. To enhance the practical
performance of recycled aggregate concrete and promote its application
in high-standard engineering projects, it is of great importance to system-
atically study its performance evolution mechanisms and develop effec-
tive enhancement technologies.
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Among various modification methods, incorporating silica fume
is considered an effective approach to enhance the performance of recy-
cled aggregate concrete. Chen's research findings indicate that the incor-
poration of silica fume accelerates the setting of cement paste and signif-
icantly reduces its fluidity. However, silica fume has a very notable effect
on enhancing the later-age (28-day) compressive strength of the paste
[5]. Zhao's study found that the incorporation of silica fume can signifi-
cantly improve the compressive and flexural strength of cement mortar,
and there exists an optimal dosage range (approximately 5 % in the
study) [6]. Li's research discovered that the pozzolanic reaction of silica
fume consumes calcium hydroxide, a hydration product, and generates
more dense calcium silicate hydrate (C-S-H) gel with a low calcium-to-
silica ratio, thereby optimizing the microstructure of the mortar, making it
denser, reducing porosity, and strengthening the interfacial structure [7].
Yang's study found that silica fume significantly enhances the frost re-
sistance of concrete and effectively reduces the diffusion coefficient of
chloride ions in concrete. This is because silica fume densifies the con-
crete structure, hindering the penetration pathways of moisture and cor-
rosive ions [8]. Liu's research found that in low-temperature environ-
ments, silica fume can also effectively improve the compressive strength
and impermeability of cement mortar. The study revealed that silica fume
overcomes the adverse effects of low temperature on cement hydration
and microstructure development by optimizing pore structure and promot-
ing hydration [9]. Silica fume is characterized by its extremely fine particle
size (approximately 0,1-0,2 um), large specific surface area, and high
pozzolanic reactivity. When added to concrete, silica fume can undergo a
secondary reaction with calcium hydroxide, a product of cement hydra-
tion, generating additional calcium silicate hydrate gel. This effectively fills
capillary pores and microcracks, optimizes the pore structure, and there-
by increases the density of the matrix. More importantly, silica fume sig-
nificantly strengthens the interfacial transition zone between recycled
aggregates and the cement paste, improving the bond between the old
and new mortar and alleviating stress concentrations caused by the pres-
ence of the old mortar. Consequently, it enhances the overall mechanical
properties and durability of the concrete [10-12]. In recent years, Hama-
da et al. [13] provided a comprehensive review of using plastic waste as
aggregate in concrete, synthesizing a broad set of laboratory and field
studies and assessing environmental and economic implications. Danish
and Ozbakkaloglu [14] examined the role of nano-silica in mortars con-
taining e-waste plastic used as fine aggregates, showing that nano-silica
can partially recover the strength loss caused by replacing natural sand
with plastic particles by (1) filling micro-voids, (2) accelerating pozzolanic
reactions that densify the binder, and (3) improving the interfacial transi-
tion zone around irregular plastic fragments. Alhajiri and Akhtar [15] pro-
duced a systematic review focused on silica fume as a sustainability and
economic lever in concrete production.

Some scholars have also studied the use of recycled concrete ag-
gregates and various plastic wastes as aggregates, systematically evalu-
ating their impact on the workability, mechanical properties, and durability
indicators such as chloride ion migration of concrete. In addition, the
incorporation of steel fibers has been proven to be an effective means to
improve the compressive and flexural properties and toughness of con-
crete, including geopolymer concrete. These studies not only promote the
progress of concrete technology, but also provide important technical
paths and practical cases for achieving sustainable development and
carbon reduction goals in the construction industry [16-18]. Fernando
etal. [19-20] investigated strategies to produce high-strength recycled
aggregate concrete (RAC) by combining multiple supplementary cementi-
tious materials (SCMs). The study systematically examined the effects of
fly ash, silica fume and rice husk ash (RHA) used both as cement re-
placements and as treatments for recycled aggregates. Shamass et al.
[21] combined mechanical testing with environmental assessment to
evaluate concretes formulated with blast furnace slag (GGBS), silica
fume and recycled aggregate, emphasizing both engineering perfor-
mance and global warming potential (GWP). Nasir, Butt and Ahmad [22]
focussed on recycled plastic aggregate concrete (RPAC) and demon-
strated that coupling silica fume with fiber reinforcement (steel and poly-
propylene fibers) significantly improves mechanical and axial (column)
resilience of RPAC.

Therefore, investigating the synergistic effects of recycled aggregate
content and silica fume addition on the mechanical behavior and micro-

structure of recycled aggregate concrete holds significant theoretical
value. It will also provide critical technical foundations for material design,
performance optimization, and engineering application of recycled aggre-
gate concrete, contributing positively to advancing the green and low-
carbon transformation of the construction industry.

1 Experimental Materials and Methods

1.1 Experimental Materials

This experiment used ordinary Portland cement as the cementitious
material. Its physical and chemical properties comply with national stand-
ard requirements, ensuring stable and reliable hydration reactions and
binding capacity for the concrete system.

Natural siliceous river sand was selected as the fine aggregate. This
sand features rounded particle shapes and a continuous, well-graded
distribution, effectively filling the voids between the coarse aggregate
skeleton and significantly enhancing the compactness and homogeneity
of the concrete.

The coarse aggregates used in the experiment included two types:
The first was natural pink limestone gravel with a maximum particle size
of 20 mm, characterized by uniform texture and stable physical proper-
ties, as shown in Figure 1. The second was recycled coarse aggregate
sourced from construction and demolition waste, as shown in Figure 2.
This was processed by manually breaking with a steel hammer, sieving,
and cleaning waste concrete components with different mix proportions,
cement types, and ages. lts particle size distribution was ultimately con-
trolled within the range of 4,75-19 mm to meet the experimental compari-
son requirements.

Figure 1 - Pink limestone natural coarse aggregate

To improve the interfacial structure and mechanical properties of the

recycled aggregate concrete, reactive silica fume was incorporated.
Its main chemical component is amorphous silicon dioxide, characterized
by a fine average particle size, large specific surface area, and excellent
pozzolanic reactivity.
Furthermore, to ensure the workability of the fresh concrete under condi-
tions of relatively high aggregate content, a polycarboxylate-based high-
range water reducer was used to control fluidity, maintaining good plastic-
ity and uniformity during mixing and pouring.

Figure 2 — Recycled coarse aggregate
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From the perspective of aggregate gradation characteristics, the nat-
ural coarse aggregate, sourced from mechanically crushed limestone,
has a relatively concentrated particle size distribution and a relatively
ideal gradation curve. In contrast, the recycled coarse aggregate, limited
by its complex sources and crushing process, has a wider particle size
distribution range and a slightly higher fine powder content. The fineness
modulus of the natural sand is 2,6, classifying it as medium sand. It effec-
tively fills the voids between coarse aggregates, forming a rational parti-
cle grading system and laying a good foundation for the overall workabil-
ity and mechanical properties of the concrete.

1.2 Experimental Design

This study systematically investigated the synergistic effects of recy-
cled aggregate content and silica fume addition on the properties of recy-
cled aggregate concrete. To comprehensively evaluate the influence of
recycled aggregate, five replacement levels were set: 0 %, 25 %, 50 %,
75 %, and 100 % by mass of the total aggregate, allowing for systematic
observation of the evolution of concrete properties with varying recycled
aggregate content.

Regarding the modification with silica fume, the experiment focused
on a reference mix proportion with a cement content of 250 kg/m® and a
water-to-cement ratio of 0,60. Silica fume was added at 10 % of the ce-
ment mass to analyze its improvement effects on the microstructure and
macroscopic properties of concrete within this specific material system.

The experimental design carefully considered practical engineering
application needs, selecting two typical cement contents of 400 kg/m?® and
250 kg/m?, representing common mix proportion ranges for reinforced
concrete elements and plain concrete elements, respectively.

To ensure the accuracy and comparability of the experimental re-
sults, the dosage of the chemical admixture was adjusted differentially
based on the cement content: when the cement content was 250 kg/m?,
the admixture dosage was 1,75 % of the cement weight; when the ce-
ment content increased to 400 kg/m?, the admixture dosage was corre-
spondingly adjusted to 0,75 % of the cement weight.

By precisely controlling the mix proportion parameters, the workabil-
ity of all concrete mixtures was consistently maintained within the range
of 120 + 30 mm, effectively ensuring consistent testing conditions and
reliable data.

This experimental scheme considers both the systematic variation of
recycled aggregate content and provides an in-depth investigation into
the modifying effects of silica fume under specific mix proportions, estab-
lishing a scientific experimental basis for a comprehensive evaluation of
the performance characteristics of recycled aggregate concrete.

1.3 Experimental Methods

1.3.1 Specimen Preparation

After precisely weighing all raw materials according to the estab-
lished mix proportions, the concrete was mixed using conventional me-
chanical mixing procedures. The feeding sequence strictly followed the
order of cement, aggregates, silica fume, chemical admixtures, and finally
water to ensure thorough homogenization of all components. Upon com-
pletion of mixing, the fresh concrete was immediately placed into the
respective molds for casting. The specimen dimensions were specifically
designed according to the different testing items: Compressive strength
tests utilized standard 150 mm x 150 mm x 150 mm cubic specimens;
Tensile strength tests employed cylindrical specimens with a diameter of
75 mm and a height of 150 mm. Bond performance tests used cylindrical
specimens with a diameter of 150 mm and a height of 150 mm. A 16 mm
diameter deformed steel bar was pre-embedded along the central axis of
the specimen before casting. All specimens were demolded and immedi-
ately transferred to a standard curing room. They were continuously
cured under constant temperature and humidity conditions (20 + 2 °C,
relative humidity = 95 %) until the designated testing ages.

This preparation protocol, incorporating standardized mold selection,
regulated mixing procedures, and strictly controlled curing regimes, effec-
tively ensured consistency among the test specimens and comparability
of the test data. The design of the different specimen types fully consid-
ered the standardization requirements of the respective test methods.
Specifically, the unique configuration of the bond strength specimens with
the pre-embedded steel bar accurately simulates the interaction between
concrete and reinforcement.

1.3.2 Performance Testing

In accordance with standard testing procedures, systematic evaluations
of mechanical properties and physical indicators were conducted on all
specimen types at designated ages. Compressive strength tests were per-
formed at 7, 28, and 56 days. Standard cubic specimens were positioned
centrally on the loading plates of a compression testing machine. Axial
pressure was applied at a constant loading rate while monitoring the load
value continuously until specimen failure. The peak load was recorded, and
the compressive strength was calculated using the standard formula.

Tensile strength was characterized using the splitting tensile test
method. Upon reaching the specified testing age, cylindrical specimens
were placed horizontally in a splitting test fixture. A continuous linear load
was applied through the upper and lower bearing plates, inducing uniform
tensile stress along the diametral plane until splitting failure occurred.
The splitting tensile strength was calculated based on the measured
failure load and specimen dimensions according to the standard formula.

Bond performance tests were conducted specifically at the 28-day
age. Cylindrical specimens with pre-embedded deformed steel bars were
used. A specialized pull-out setup was employed to apply an axial tensile
force to the steel bar. The ultimate load at which slippage occurred at the
concrete-steel interface was precisely measured, and the bond strength
between them was determined through calculation.

This testing framework comprehensively covers the macroscopic
mechanical properties of the concrete material. All testing procedures
strictly adhered to relevant standard specifications, ensuring the accuracy
and comparability of the results. The bond strength test protocol effective-
ly simulates the actual stress state in reinforced concrete elements, while
the multi-age strength testing reveals the development pattern of the
material's properties.

2 Results and Analysis

2.1 Influence of Recycled Aggregate Content

2.1.1 Compressive Strength

The effect of different recycled aggregate replacement levels on the
compressive strength of concrete with a cement content of 400 kg/m?® is
shown in Figure 3.

40-

36 1

28-day Compressive Strength

28 r r r r r T
-20 0 20 40 60 80 100

Recycled Aggregate Content

Figure 3 — Compressive strength of concrete with different recycled ag-
gregate content

Based on the experimental results, the influence of recycled aggregate
content on the compressive strength of concrete exhibits distinct phase
characteristics. When the RA content is limited to within 25 %, the 28-day
compressive strength shows no significant difference compared to the ref-
erence group (with no recycled aggregate). Specifically, the compressive
strength of specimens with 25 % recycled aggregate content was only
3,0 % lower than that of the control group. This minor variation falls within
the acceptable engineering margin of error. This phenomenon is primarily
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attributed to the uniform distribution of recycled aggregates within the con-
crete matrix at this replacement level, forming a well-graded combination
with natural aggregates. Furthermore, strict gradation optimization of the
recycled aggregates effectively ensured the compactness of the internal
concrete structure, allowing its mechanical properties to be maintained.

However, when the recycled aggregate content exceeds the critical
threshold of 25 %, the compressive strength begins to show a significant
declining trend. The fundamental reason for this phenomenon lies in the
performance disparity between the old cement mortar adhered to the
surface of the recycled aggregates and the fresh cement paste. This
disparity causes the interfacial transition zone (ITZ) between the two to
become a mechanical weak link. As the recycled aggregate content in-
creases, these weak interfaces interconnect and form continuous paths
within the concrete, significantly compromising the structural integrity of
the material. Under external compressive load, stress tends to concen-
trate in these weak areas, initiating and propagating micro-cracks, ulti-
mately leading to premature failure of the material, which macroscopically
manifests as a significant reduction in compressive strength.

2.1.2 Tensile Strength

The influence pattern of recycled aggregate content on the tensile
strength of concrete under the mix proportion with a cement content of
250 kg/m® is shown in Figure 4. Research indicates a clear negative correla-
tion between the tensile strength of concrete and the recycled aggregate con-
tent. As the proportion of recycled aggregates in the concrete increases, the
tensile performance of the material shows a systematic decline.

This strength degradation primarily stems from the structural defects
in the interfacial transition zone between the recycled aggregates and the
new cement paste. Compared to natural aggregates, the old cement
mortar attached to the surface of recycled aggregates creates a more
complex multiple interfacial structure with the fresh cement paste. When
subjected to tensile stress, these interfacial transition zones, due to their
lower bond strength and higher number of micro-crack defects, become
areas of stress concentration and are highly prone to initiating cracks.

As the recycled aggregate content increases, the number of weak in-
terfaces within the concrete correspondingly rises, forming denser poten-
tial failure paths. This makes it easier for micro-cracks to propagate and
interconnect under load, ultimately accelerating the tensile failure process
of the material, which macroscopically manifests as a significant reduc-
tion in tensile strength. This mechanism fully illustrates the importance of
controlling the recycled aggregate content to ensure the tensile perfor-
mance of concrete.
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Figure 4 - Effect of different recycled aggregate content on tensile
strength of concrete

2.1.3 Bond Strength
Figure 5 illustrates the influence of recycled aggregate content on the
bond strength of concrete under the mix proportion with a cement content

of 400 kg/m®. The experimental results indicate that the bond perfor-
mance between concrete and steel reinforcement is highly sensitive to
changes in recycled aggregate content, showing a significant negative
correlation. As the proportion of recycled aggregates increases, the bond
strength demonstrates a systematic declining trend.

This phenomenon is primarily attributed to the adverse effects of the
unique surface characteristics of recycled aggregates on the interaction
at the interface with the steel reinforcement. The old cement mortar coat-
ing the surface of recycled aggregates not only reduces the mechanical
properties of the aggregates themselves but also alters the structural
characteristics of the steel-concrete interface at the micro-level.
The presence of the old mortar layer weakens the mechanical interlock
between the concrete and the steel bar surface, while simultaneously
reducing the chemical adhesion at their interface. This leads to a signifi-
cant reduction in the bond between the steel bar and the concrete.

This degradation of interfacial performance accumulates with in-
creasing recycled aggregate content, ultimately significantly affecting the
composite action of reinforced concrete. Test data indicate that when the
recycled aggregate content reaches 100 %, the bond strength of the
concrete decreases by approximately 20 % compared to the reference
group without recycled aggregates. This quantitative result fully confirms
the significant impact of recycled aggregates on the interfacial perfor-
mance of reinforced concrete and provides an important reference for
rationally controlling the recycled aggregate content in engineering appli-
cations. The research findings offer positive guidance for promoting the
application of recycled concrete in structural engineering.
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Figure 5 — Bond strength of concrete with different recycled aggregate
content

2.2 Influence of Silica Fume Addition

2.2.1 Compressive Strength

Figure 6 presents the influence of silica fume content on the compressive
strength of concrete. Under the reference mix conditions with a fixed cement
content of 250 kg/m® and a water-cement ratio of 0,60, the incorporation of
10 % silica fume produced a significant enhancing effect on the concrete's
compressive strength.

This notable strength improvement is primarily attributed to the dual
improvement mechanisms exerted by silica fume in the concrete. Firstly,
silica fume, characterized by its extremely fine particle size (average
particle size approximately 0,1-0,2 um), effectively fills the microscopic
pores between cement particles and the defects in the aggregate-paste
interface transition zone. This significantly refines the microscopic pore
structure of the concrete and increases the material's density.

Secondly, silica fume is rich in amorphous silicon dioxide, possessing ex-
cellent pozzolanic activity. It can undergo a secondary hydration reaction with
calcium hydroxide, a product of cement hydration, generating additional calci-
um silicate hydrate (C-S-H) gel with cementitious properties. These newly
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formed gel products not only further fill capillary pores but, more importantly,
strengthen the interfacial transition zone between the cement paste matrix and
the aggregates, forming a more stable three-dimensional spatial network
structure. This ultimately leads to a significant increase in the macroscopic
compressive strength of the concrete.

It is noteworthy that the improvement effect of silica fume is
more pronounced in concrete with high recycled aggregate content.
This is mainly because it effectively compensates for the weak
interfaces caused by the old mortar layer on the surface of recycled
aggregates, achieving targeted reinforcement of the shortcomings
inherent in recycled concrete.
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Figure 6 — Effect of silica fume content on the compressive strength
of concrete

2.2.2 Tensile Strength

Figure 7 details the influence of silica fume content on the tensile
strength of concrete. Research indicates that, under the mix proportion
with a fixed cement content of 250 kg/m?, incorporating 10 % silica fume
significantly improves the tensile performance of recycled aggregate
concrete.
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Figure 7 — Improvement in concrete tensile strength with silica fume
addition

This notable performance enhancement primarily stems from the
multiple optimizing effects of silica fume on the concrete's microstruc-
ture. On one hand, due to its ultra-fine particle characteristics (parti-
cle size ~0,1-0,2 pm), silica fume effectively fills the micro-pores
within the cement paste and the structural defects in the aggregate-
paste interface zone, significantly reducing stress concentration in-
side the material. On the other hand, the amorphous silicon dioxide
abundant in silica fume undergoes a pozzolanic reaction with calcium
hydroxide, a product of cement hydration, generating calcium silicate
hydrate gel with cementitious properties. These newly formed gel
products not only enhance the density of the cement matrix but, more
importantly, strengthen the interfacial bonding performance between
the aggregates and the cement paste.

Through this dual mechanism of microstructural improvement, the
concrete exhibits enhanced crack resistance when subjected to tensile
stress: the initiation of micro-cracks is suppressed, and the propagation
paths of existing cracks are obstructed by a denser gel network, thereby
significantly increasing the material's macroscopic tensile strength. It is
particularly noteworthy that the improvement effect of silica fume is espe-
cially pronounced in concrete with high recycled aggregate content. This
is mainly because it effectively compensates for the weak interfaces
caused by the old mortar layer on the surface of the recycled aggregates,
achieving targeted reinforcement of the material's inherent deficiencies.

2.2.3 Bond Strength

Experimental research indicates that incorporating 10 % silica fume
significantly improves the 28-day bond strength of recycled aggregate
concrete. This performance enhancement is primarily attributed to the
positive role of silica fume in the concrete's microstructure. The active
silicon dioxide component abundant in silica fume undergoes a poz-
zolanic reaction with calcium hydroxide, a product of cement hydration,
generating calcium silicate hydrate gel with cementitious properties.
These newly formed gel products effectively fill the micro-pores and de-
fects at the interface between the steel reinforcement and the concrete,
significantly improving the compactness of the interface zone.

Concurrently, the micro-filling effect of silica fume optimizes the mi-
crostructure of the interfacial transition zone, enhancing the concrete's
ability to encapsulate the steel bar surface, thereby increasing both the
mechanical interlock and the chemical adhesion between the two.

It is noteworthy that the improvement effect of silica fume on bond
strength diminishes as the recycled aggregate content increases. This is
mainly because a higher recycled aggregate content introduces more
initial interfacial defects. Although silica fume effectively improves the
interfacial properties, it struggles to fully compensate for the inherent
strength loss caused by the old mortar layer on the surface of the recy-
cled aggregates. This phenomenon suggests that silica fume is more
suitable for use as an enhancing material in concrete with moderate recy-
cled aggregate content.

Conclusion

This study systematically investigated the effects of recycled aggre-
gate content and silica fume addition on the key mechanical properties of
recycled aggregate concrete, including compressive strength, tensile
strength, and bond strength. The main conclusions are as follows:

1) the recycled aggregate content is a critical factor influencing the
mechanical properties of concrete. Experiments demonstrated that when
the recycled aggregate content is limited to within 25 %, the compressive
strength shows no significant difference compared to the reference group.
However, once the content exceeds this critical threshold, the compres-
sive strength exhibits a clear declining trend;

2) under the mix proportion with a cement content of 250 kg/m? and
a water-to-cement ratio of 0,60, incorporating 10 % silica fume significant-
ly enhances the overall mechanical properties of recycled aggregate
concrete. Micro-mechanism analysis reveals that silica fume, through the
physical filling effect of its ultra-fine particles and the pozzolanic reaction
of its active SiO, component, effectively refines the pore structure of the
cement matrix and strengthens the bond at the aggregate-paste interface.
This consequently leads to notable improvements in the concrete's com-
pressive strength, tensile strength, and bond strength with steel rein-
forcement;
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3) based on the experimental findings, a graded utilization strategy is
recommended for practical engineering applications: For structural com-
ponents with high strength requirements, the recycled aggregate content
should be controlled within 25 %. For non-load-bearing elements or appli-
cations with lower strength demands, the recycled aggregate content can
be appropriately increased, but it should be accompanied by the simulta-
neous addition of a suitable amount of silica fume (recommended around
10 %) to compensate for the associated strength loss. This technical
pathway of "content control + performance enhancement" can provide
reliable assurance for the engineering application of recycled aggregate
concrete, thereby promoting the sustainable development of construction
resource.
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Abstract

This article provides an overview of Fiber-reinforced self-compacting concrete (FR-SCC)-related research and findings, focusing on new
and challenging features, practical applications, sustainability, and design and technology developed for the FR-SCC standards. The FR-SCC study
investigated the impact of fiber, fiber fraction, and composite design on performance, strength, toughness, and durability. Clinical studies have shown
that adding fiber to SCC improves its mechanical properties including tensile strength, fracture toughness, etc. The interactions between the fibers
and other components of the concrete matrix were analyzed to understand the mechanisms behind the development of FR-SCC. Sustainability factors
and environmental considerations are important in the development and usage of products.

Fiber-reinforced self-compacting concrete (FR-SCC) combines the high flowability of self-compacting concrete with the crack control and ductility
provided by fiber reinforcement. Its ability to flow under its own weight, fill congested formworks, and resist segregation has made it an advanced
material for modern infrastructure. In Belarus and similar cold-climate regions, where concrete structures face freeze-thaw damage, de-icing salts,
and dynamic mechanical loads, FR-SCC offers improved durability and lower maintenance costs.

This review outlines its engineering applications, mix design considerations, mechanical and durability performance, and current implementation
challenges. Future directions include local adaptation, sustainable fibers, and field validation for long-term structural performance.

Keywords: fiber-reinforced self-compacting concrete, flowability, ductility, freeze-thaw resistance.

WHXXEHEPHOE NPUMEHEHUE CAMOYMNOTHAIOLWErOCA ®UEPOBETOHA: OB30P

Uxan YyHbxyan, WU. M. Masnosa

Pechepar

OTa cTaThs NpefocTaBnseT 0630p uccnesoBaHWA M pesynbTaToB, cBs3aHHbIX ¢ CY®B (camoynnoTHstowmines (ubpobeToH), akLeHTMpoBaHO
BHUMaHWE Ha HOBbIX CBOWCTBAX, MPAKTUYECKOM MPUMEHEHUW, a TaKkKe AW3aliHe U TEXHOMoruM, paspaboTaHHbix Ans ctaHgaptoB CY®B. B cratbe
npuBeAeHbl AaHHbIe MO BAVSHWIO TMNa 1 pasmepa ubpbl, CTPYKTYpbl 6eTOHA Ha OCHOBHbIE CBOWCTBA CamoynmnoTHstoLerocst 6eToHa, Bkntoyas
MPOYHOCTb, KECTKOCTb W [OMrOBEYHOCTb. JKCMEepUMEHTamNbHble McCnefoBaHus nokasanmu, 4yto fobasneHve ubpel B CYB ynydywaeT ero
MexaHU4eckue CBOWCTBA, BKIKOYAs MPOYHOCTb Ha PaCTSHKEHWE, MOPO3OCTOMKOCTb W T. A. [lpoBeAeH aHanu3 B3auMomencTus Mexay ¢ubpoi
11 [PYTIMU KOMNOHEHTaMn HETOHHON MaTPULbI ANS MOHUMaHNS MEXaH3MOB npoekTupoBaHns CY®B.

CamoynnoTHsiowmitcs  pubpobetoH (CY®PB) coueTaeT BbICOKYO MMACTMYHOCTb CaMOYMMOTHSIOWErocs 6eToHa C  TPELLMHOCTOMKOCTbIO
1 AMHaMUYeCKon BSASKOCTbIO, obecrneunBaeMblx BBegeHneM ubpbl. CnocobHocTe CYB pactekatbcsi Noa CBOMM COBCTBEHHBIM BECOM, 3amOMHsTh
CFOXHYI0 11 TyCTOapMMPOBaHHY0 onanybKy, MPOTUBOCTOATb Cerperauum chenana SToT Matepuan nepefoBbiM AN COBPEMEHHON MHA(PACTPYKTYPbI.
CY®b B benapycy n aHanmormyHbIX pervoHax C XONOAHbIM KnuMaToM, rae OeTOHHble KOHCTPYKUMM CTankuBaloTCs C MOPO3HOM AECTPpYKUMeR,
npuMeHeHemM aHTUobneaeHUTenei N AMHaMUYECKUMU MEXaHUYECKUMN Harpy3kamu, oBecneynBaeT NoBbILIEHWE [ONTOBEYHOCTM U CHXKEHWe 3aTpaT

Ha TEXHN4YecKoe 06CJ'Iy)KIABaHVIe.

OTOT 0030p Y4UUTHIBAET MHXEHEPHbIE NMPUIMOXEHUS, NMPOEKTUPOBAHNE, UCCNENOBaHIE MEXAHNYECKNX CBOWNCTB W AONTOBEYHOCTY, @ TakKe TekyLine
npobnembl BHeapeHus. B panbHeiiluem aBTopamu MNaHWpyeTcs NpoOBEAEHWe MOMHOMAcLITAabHOro 3SKCMepUMEHTa C Bblgayel pekoMeHaauui

MO NPOEKTMPOBAHWIO COCTABOB M OCHOBHbIX CBOMCTB CYDB.

KntoueBble cnosa: camoynnommou.\whcsl Cbl/l6p069TOH, TEKY4eCTb, MOPO30CTONKOCTb, AONMOBEYHOCTb.

Introduction

Concrete remains the most widely used construction material global-
ly, and in Belarus and other Eastern European countries there is an in-
creasing demand for the repair and reinforcement of bridges, road pave-
ments, industrial structures, and hydraulic facilities. Traditional concrete
casting typically requires vibration to achieve full compaction, which not
only results in noise and high labor intensity, but can also lead to inade-
quate compaction in heavily reinforced regions — a problem that is exac-
erbated under low-temperature conditions. To address these issues,
Self-Compacting Concrete (SCC), first developed in Japan in the 1980s,
has become a highly attractive alternative: SCC flows under its own
weight, enabling dense packing without mechanical vibration, improving
construction efficiency, and ensuring better quality in congested rein-
forcement zones.

However, despite its advantages, SCC has inherent drawbacks: its
brittleness and susceptibility to shrinkage-induced cracking limit its
long-term durability, especially when exposed to environmental stressors.
To overcome these limitations, researchers introduced fibers (such as

steel, polypropylene, basalt, and glass) into SCC, producing Fi-
ber-Reinforced Self-Compacting Concrete (FR-SCC), which combines
the flowability of SCC with improved tensile toughness, crack resistance,
and post-cracking behavior. In cold climates like Belarus, FR-SCC is
particularly promising, since its enhanced resistance to freeze-thaw cy-
cles, chloride ingress, and fatigue can significantly extend the service life
of infrastructure and reduce long-term maintenance costs.

In Belarus, although studies on fiber-reinforced SCC are still relative-
ly limited, there is foundational research on SCC itself and on fi-
ber-reinforced concrete systems, which provides a basis for future
FR-SCC development. Batyanovskiy et al. [1] reported on the develop-
ment and deployment of a self-compacting heavy structural concrete for a
massive foundation slab in Minsk (about 9,100 m?), achieving a mix of
class C35/45 with water impermeability up to W20, and demonstrating
technological control of hydration heat to avoid thermal cracking during
continuous multi-day pours. This work shows that SCC technology is not
only feasible in large-scale Belarusian practice, but can also meet de-
manding project requirements; however, it does not directly address fiber
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reinforcement or long-term durability under environmental loading. An-
other important study by Maskalkova and Rzhevutskaya [2] from the
Belarusian-Russian University examined expanded-clay lightweight con-
crete reinforced with polypropylene fibers (0,5 %, 1,0 %, and 1,5 % by
cement mass). They found that with 1,5 % fiber content, the compressive
cylinder strength increased by up to ~13 %, and more importantly, the
deformability (compressive strain at peak stress) improved markedly,
showing plastic (rather than brittle) failure, which is highly relevant for
crack control and toughness.

While these Belarusian contributions are significant, they often focus
on mechanical properties rather than environmental durability (e. g.,
freeze-thaw resistance, chloride ingress). To gain a broader picture, it is
instructive to look at key international research. In Lithuania,
Wawrzenczyk, Molendowska, and Kfak [3] studied SCC modified with
steel fibers (up to 60 kg/m?) and air entrainment (via polymer micro-
spheres) under cyclic freeze-thaw. They observed that non-air-entrained,
high-fiber SCC performed poorly: specimens partially submerged in water
failed after about 100 freeze-thaw cycles. They concluded that air en-
trainment, together with fiber addition, is highly effective for improving
frost resistance and reducing internal cracking and scaling.

In another study by Chen et al. [4], macro-polypropylene fibers
(formed by bonding thin fibers together to avoid “balling”) were added to
SCC at volumes up to 1,5 %. Through extensive freeze-thaw, sulfate
attack, and acid attack tests, they found that a fiber content of 1,0 % gave
the best durability, with a 72 % improvement in resistance to freeze-thaw
damage (in terms of compressive strength loss) after 92 days. This pro-
vides strong evidence that polypropylene fibers can significantly enhance
the long-term durability of SCC in aggressive environmental conditions.

From the perspective of combined modifications, Zhagifarov,
Akhmetov, Suleyev, et al. [5] (Kazakhstan) developed SCC with a com-
plex modifier composed of a hyperplasticizer, polymer, microsilica, and
fiber (they used “fibro fibers”) and demonstrated improved hydrophysical
properties, frost resistance, and corrosion resistance. Their modified SCC
achieved water resistance up to W16, frost resistance up to F = 500, and
reduced mass loss under corrosion leaching by about 50 %. This kind of
spatial reinforcement of the cement matrix suggests a promising pathway
to enhance SCC durability in both freeze-thaw and chemically aggressive
environments.

Similarly, in more recent studies, researchers have explored hybrid
fiber and waste utilization. Onyelowe, Hanandeh, et al. [6] investigated
FR-SCC incorporating hybrid fibers and industrial wastes under elevated
temperature treatment, showing that such hybrid systems can maintain
mechanical integrity and resist degradation, which is relevant to both
sustainability and resilience. Their results reinforce the idea that fibers
plus supplementary materials can synergistically improve the perfor-
mance of SCC.

Another important direction is structural foam concrete: Beskopyiny,
Shcherban’, Stel'makh, et al. [7] studied a fly-ash based structural foam
concrete reinforced with polypropylene fiber, focusing on lightweight con-
struction. Although this work is not strictly SCC, it shares the theme of
flowability, fiber reinforcement, and durability; it demonstrates that even in
lower-density, highly porous concretes, fibers can play a critical role in
maintaining structural and durability performance.

Finally, recent work by Onyelowe, Ebid, and colleagues [8] explored
FRSCC with industrial waste materials under high-temperature exposure.
This further underscores the potential of FR-SCC for sustainable, high-
performance applications, and provides insights into optimizing fiber
combinations for both mechanical and environmental resilience.

Taken together, the Belarusian studies [1, 2] establish a solid local
foundation — showing that SCC is viable at large scale and that polypro-
pylene fibers can improve strength and ductility — but leave a gap in du-
rability research under harsh exposure. International studies [3-8] strong-
ly support the inclusion of fibers combined with air entrainment or matrix
modifiers to enhance freeze-thaw performance, scaling resistance, and
long-term durability. Therefore, there is a clear and compelling research
opportunity to adapt and validate these international FR-SCC strategies
for Belarusian (or Eastern European) contexts, particularly under cold-
climate infrastructure demands. Such work could enable the broader
adoption of FR-SCC in bridges, pavements, and hydraulic structures in
Belarus, with tangible benefits in service life, maintenance, and resilience.

Mix Design and Material Considerations

The mix design of fiber-reinforced self-compacting concrete (FR-
SCC) is guided by two parallel objectives: (i) fulfilling the fresh-state rheo-
logical requirements essential for self-compaction, and (i) achieving en-
hanced mechanical and durability performance through optimized fiber—
matrix interactions. A comprehensive review of experimental studies
conducted across Eastern Europe and other regions provides a solid
basis for establishing rational binder composition, aggregate gradation,
fiber dosage, and admixture selection under various environmental and
structural conditions.

Early investigations from Belarus demonstrated that large-volume
SCC used for massive foundation blocks required binder contents of
420-460 kg/m?* incorporating limestone and quartz fillers, with water-to-
binder ratios (w/b) of 0,36-0,40 and polycarboxylate ether (PCE) super-
plasticizer dosages of 0,9-1,1 % by binder mass. Such mixtures achieved
slump-flow values of 650-720 mm under low-temperature conditions,
highlighting the importance of maintaining adequate paste volume and
flowability in cold climates [1]. In expanded-clay FR-concretes, the incor-
poration of polypropylene (PP) fibers at 0,6-1,0 kg/m® improved deforma-
bility and stabilized compressive strength development for mixtures con-
taining 350-380 kg/m* cement and w/b ratios of 0,40-0,44, providing
guidance for the design of SCC with enhanced crack control in low-
temperature environments [2].

International studies further emphasize the sensitivity of FR-SCC per-
formance to fiber type, dosage, and the use of supplementary cementitious
materials (SCMs). Steel-fiber SCC with dosages of 20-40 kg/m® has been
shown to significantly improve frost resistance in pavement applications
when designed with 450480 kg/m® binder and w/b ratios near 0,40 [3].
Macro-PP fiber SCC typically requires slightly higher paste volumes
(=32-35 %) to offset the increase in mixture viscosity associated with fiber
addition, with mixes containing 420450 kg/m*® binder and fiber volume
fractions of 0,25-0,40 % exhibiting substantial improvements in impact
resistance and durability [4]. Modified SCC incorporating nanofillers and
corrosion-inhibiting additives often utilize binders exceeding 480 kg/m?® to
ensure microstructural densification and enhanced long-term performance
[5]. Furthermore, hybrid-iber SCC and industrial-by-product-based mixtures
employ broader binder ranges (360-520 kg/m?®) and SCM contents (10-35 %)
to optimize both mechanical properties and cost-effectiveness [6-8].

In the present study, these empirical insights were used to define the
binder-aggregate—fiber system. Consistent with methodologies employed
in previous works on prolonged mixing of FR-SCC, particularly the study
by Ghodousian et al. on rheology degradation and fuzzy logic-based
predictive modeling [9], the proposed mixtures aim to balance stability
and flowability, enabling subsequent integration into a predictive modeling
framework. Binder contents were selected within 420-480 kg/m?, with a
target wib ratio of 0,36-0,40, ensuring sufficient paste volume for self-
compaction even under extended mixing times. Aggregates were propor-
tioned following a continuous gradation with a maximum particle size of
12-16 mm to optimize packing density and minimize the risk of blocking.

Fiber types and dosages were carefully tailored to achieve specific
mechanical and durability objectives while maintaining fresh-state worka-
bility. Steel fibers (20-35 kg/m®) were incorporated to enhance post-
cracking toughness, flexural performance, and freeze-thaw resistance.
Their high tensile strength and energy absorption capacity facilitate crack
bridging under both static and cyclic loading, which is critical for pave-
ments and structural elements exposed to low-temperature or dynamic
conditions [3, 10]. Polypropylene fibers (0,6-1,2 kg/m®) were included to
mitigate plastic shrinkage cracking and improve early-age deformability.
The low density and high aspect ratio of PP fibers promote uniform stress
distribution during shrinkage, reducing surface cracking and enhancing
dimensional stability [2, 11]. Basalt fibers (1,0-2,0 kg/m®) were introduced
to improve thermal stability and fatigue resistance. Their high elastic
modulus and chemical durability make them suitable for high-temperature
applications and repetitive loading scenarios, while hybridization with
steel fibers can further enhance post-cracking performance [6, 12]. Glass
fibers (1,0-3,0 kg/m?) were selected to increase tensile stiffness and
control micro-cracking without significantly affecting fresh-state flow.
Alkali-resistant fine glass fibers efficiently bridge micro-cracks, enhancing
tensile performance and reducing permeability, which contributes to long-
term durability in aggressive environments [7, 13].
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The target performance requirements for the designed FR-SCC mix-
tures were defined as follows: slump flow of 650750 mm, Tso flow times
of 2-5 s, V-funnel flow time < 12 s, and passing ability measured by J-
ring with a blocking step < 10 mm. The 28-day compressive strength is
expected to range from 40-70 MPa depending on fiber type, while dura-
bility indices include freeze-thaw mass loss < 3 % and chloride migration
coefficients < 10 x 107'2 m?%s for modified mixes. These targets ensure

that the mixtures exhibit sufficient self-leveling ability, deformability, and
mechanical robustness for structural applications.

Table 1 summarizes representative mix design envelopes derived from the
reviewed literature, focusing on material categories rather than individual studies.
The table integrates binder composition, fiber dosage ranges, fresh-state param-
eters, and expected mechanical performance benchmarks, providing a struc-
tured framework to guide the experimental program of this work.

Table 1 - Representative Mix-Design Envelopes for Major Categories of FR-SCC [1-9]

Concrete Binder Content . , Target Fresh Target Hardened
Category (kgim?) w/b Ratio Fiber Dosage SCM Content Properties Properties
i 3 0-20 % Slump flow feos = 50-70 MPa; high
Steel-Fiber SCC 450-480 0,38-0,42 20-40 kg/m (FA, SF) 650-720 mm | frost durability
' Slump flow High deformability;
— 3 ! 0,
PP Fiber SCC 420-450 0,36-0,40 0,6-1,2 kg/m 10-25 % 650-750 mm | reduced shrinkage
Basalt-Fiber SCC 430-470 0,36-0,40 1,0-2,0 kg/m® 0-20 % Slump flow | Improved _ fatigue/thermal
650-700 mm | performance
. Slump flow High tensile stiffness;
- ! 3 - 0,
Glass-Fiber SCC 420-460 0,36-0,40 1,0-3,0 kg/m 10-20 % 650-720 mm | moderate toughness
- - Slump flow Improved  ductility and
_ | _ ! 0,
Hybrid-Fiber SCC 360-520 0,38-0,45 Multi-fiber blends 10-35 % 650-700 mm | energy absorption
- g g 0,5-1,0 kg/m? 0o Slump flow Very low permeability;
Modified SCC 480-520 0,32-0,38 (PPIBF) 15-30 % 680-750 mm | high durabilty

Engineering Applications of FRSCC

Fiber-Reinforced Self-Compacting Concrete (FR-SCC) has emerged
as a versatile construction material combining the advantages of self-
compactability, high flowability, and enhanced mechanical performance
due to fiber reinforcement. Its potential applications span bridges, pave-
ments, tunnels, and precast elements. In Belarus, the combination of
aging infrastructure, extreme thermal variations, and increasing urban
and industrial development underscores the importance of materials that
ensure both structural performance and durability. Over the past two
decades, experimental studies and field trials worldwide have established
that FR-SCC improves crack control, fatigue resistance, and post-
cracking behavior, while maintaining high workability, even in congested
reinforcement zones [14-17]. This chapter details engineering applica-
tions of FR-SCC, presenting extensive data derived from laboratory and
field investigations.

Bridge Decks and Structural Strengthening

Bridge decks and girders represent some of the most demanding ap-
plications for concrete due to cyclic traffic loads, environmental exposure,
and structural geometry constraints. Incorporating steel fibers (0,5-1,0 %
by volume, lengths 30-60 mm) into SCC significantly enhances both
mechanical and durability characteristics. Recent laboratory studies show
that stabilized crack widths under service loading decrease by 30-60 %
when steel fibers are added, primarily due to crack bridging and distribut-
ed microcracking mechanisms [14, 15]. Fatigue tests under four-point
bending reveal that FR-SCC can endure 1,5-4 times the number of cy-
cles to failure relative to plain SCC, depending on stress magnitude and
fiber content. Post-cracking flexural toughness indices improve by 100-
250 %, which increases residual load capacity and contributes to service-
ability under repeated loading.

Table 2 - Mechanical performance of FR-SCC in bridge decks [14, 15]

Field implementations in European bridge rehabilitation demonstrate
extended overlay service life by 10-20 years, attributable to reduced
crack propagation, enhanced fatigue resistance, and improved imperme-
ability. These benefits are particularly relevant to Belarus, where many
bridges constructed in the 1960-s — 1980-s exhibit dense reinforcement
and suboptimal initial consolidation. The high flowability of FR-SCC
(slump flow 680-740 mm, Tso flow time 2,5-4,0 s) allows complete en-
capsulation of reinforcement without mechanical vibration, minimizing
honeycombing and improving long-term durability. Mechanical perfor-
mance of FR-SCC is shown in Table 2.

Chloride Diffusion: Tunnel Linings

Chloride Diffusion Coefficient
(x10-12 m?/s)

Plain SCC

FR-SCC (Basalt Fibers)

Figure 1 - Diffusion Curve [14]

Property / Test Plain SCC FR-SCC (0.75 % Steel Fibers) Relative Improvement
Compressive strength (MPa) 55-65 62-70 12-15% 1t
Flexural strength (MPa) 6,0-7,5 9,5-11,0 40-50 % 1
Flexural toughness (J) 18-25 42-68 133-172 % 1
Stabilized crack width (mm) 0,38-0,52 0,16-0,30 40-60 % |
Fatigue life (cycles x10) 0,7-1,4 1,5-5,8 1,5-4x 1

Recent case studies in Belarus indicate that FR-SCC bridge overlays
reduce maintenance frequency by up to 30 %, due to lower cracking and
improved surface durability. Moreover, incorporating FR-SCC in strength-
ening applications, such as column jacketing and beam retrofits, allows

for a reduction in additional reinforcement while achieving superior struc-
tural performance. In-situ load testing on retrofitted beams indicates re-
sidual flexural capacity increases of 25-35 %, while strain distribution
along steel fibers mitigates the initiation of major cracks [16, 17].
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Pavements and industrial floors

FR-SCC pavements are increasingly utilized in traffic-heavy and indus-
trial environments due to their excellent durability, load-bearing capacity,
and crack resistance. The addition of steel or synthetic fibers (0,5-1,2 % by
volume) significantly enhances performance under repeated traffic loads.
Experimental studies indicate that FR-SCC pavements exhibit 20-45 %
lower surface crack density after 3-5 years of service compared to conven-
tional vibrated concrete with equivalent compressive strength [18, 19]. Re-
sidual flexural and compressive capacities under repeated loading are also
substantially higher, often 2,5-3,2 times those of plain SCC.

Thermal variations in Belarus, particularly freeze-thaw cycles in
northern and central regions, pose challenges to conventional concrete
pavements. FR-SCC mitigates these effects through both crack net-
work refinement and reduced permeability. Basalt or polypropylene
fiber inclusion reduces freeze-thaw scaling, with 56-cycle mass loss
decreasing from 600-850 g/m? in plain SCC to 250-350 g/m? in FR-
SCC [20]. Additionally, rutting depth under accelerated wheel-tracking
tests decreased by 30-50 %, reflecting superior resistance to perma-
nent deformation under high-stress applications. Mechanical perfor-
mance of FR-SCC is shown in Table 3.

Table 3 - Performance metrics for FR-SCC pavements and industrial floors [18-20]

Property / Test Plain SCC FR-SCC (0.75% Steel Fibers) Relative Improvement
Surface crack density (%) 12-18 6-10 40-50 % |
Rut depth after wheel-tracking (mm) 6,5-8,2 3,545 30-50 % |
Residual load capacity (MPa) 15-18 38-45 2,5-3,2x 1
Freeze-thaw scaling (g/m?, 56 cycles) 600-850 250-350 45-60 % |

Tunnel Linings and Underground Works

The application of FR-SCC in tunnels addresses the dual challenge of
difficult access and vibration-sensitive environments. By employing high-
flow concrete with fibers, contractors can achieve uniform coverage around
complex reinforcement geometries without mechanical vibration. Basalt
fibers at 15-25 kg/m?®, combined with low-permeability SCC matrices, pro-
vide enhanced crack resistance and long-term water tightness [18-20].

A project in the Minsk metro expansion demonstrated the efficacy of
FR-SCC in tunnel linings. Digital monitoring indicated reduced crack
widths and better stress distribution compared to conventional concrete.
Permeability tests showed a 40-50 % reduction in water ingress, confirm-

Freeze-thaw Resistance

FR-SCC also exhibits superior performance under freeze-thaw condi-
tions. Fibers limit crack widening and improve resistance to frost-induced
damage, as demonstrated in cyclic freeze-thaw tests (Table 6). For ex-
ample, SCC with 1,0 % polypropylene fibers showed a 17,9 % compres-
sive strength loss after 150 cycles, while steel fiber-reinforced SCC with
1,5 % fibers only lost 15,2 %, compared to 31,6 % in plain SCC. These
results underscore the importance of fiber type and dosage in mitigating
frost damage [24].

Table 5 —Crack Width Reduction in FR-SCC [22-23]

ing the suitability of FR-SCC for water-resistant underground structures. Average Crack
Mechanical performance of FR-SCC is shown in Table 4 [19-21]. Fiber Volume Width under 3- Reduction vs. Plain
Fraction (%) Point Bending SCC (%)
Table 4 -Performance metrics for FR-SCC tunnel Linings and un- (mm)
derground work [19-21] 0 (Plain SCC) 0,35 _
. Conventional | FR-SCC (Basalt
Parameter Unit sce 20 kgim?) 05 0,25 28,6
Compressive MP 55 58 1.0 0.18 48,6
Strength @ 15 0,15 57,1
Flexural Strength MPa 6 9 N
Crack Width mm 038 0.22 Table 6 — Freeze-thaw Durability of FR-S(C:)C [24] .
— . . 0 ompressive Streng
Permggbmty x10-2 m/s 52 27 Fiber Type Fiber Content (%) Loss after 150 Cycles (%)
Coefficient -
Surface Plain SCC 0 31,6
Smoothness mm 15 08 Polypropylene 1,0 17,9
(Roughness) Steel Fibers 1,5 15,2

Durability and Long-Term Performance

The incorporation of discrete fibers into self-compacting concrete
(SCC) has proven to be an effective strategy to enhance both mechanical
performance and long-term durability. In fiber-reinforced SCC (FR-SCC),
steel and synthetic macro-fibers contribute to crack bridging, microcrack
control, and increased toughness, collectively delaying crack initiation
and propagation under mechanical and environmental loading. These
effects are particularly important for structures exposed to repeated or
impact loads, freeze-thaw cycles, and chloride-rich environments.

Crack Width Reduction

The effectiveness of fibers in controlling crack propagation can be
quantified through three-point bending tests. As shown in Table 5, increas-
ing fiber volume fraction significantly reduces the average crack width. For
instance, the addition of 0,5 %, 1,0 %, and 1,5 % fibers by volume led to
reductions in crack width of 28,6 %, 48,6 %, and 57,1 %, respectively, com-
pared to plain SCC. This demonstrates that higher fiber content enhances
post-crack ductility and structural integrity, crucial for service-life extension
in infrastructure [22-23].

Chloride Penetration Resistance

Chloride ingress is a major factor in reinforcement corrosion. Fibers
enhance durability by refining the microstructure and reducing crack
widths, thereby limiting ion penetration. As shown in Table 7, the rapid
chloride migration coefficient decreased from 6,5 x 1072 m?s in plain
SCC t0 3,0 x 107 m?/s in 1,5 % steel fiber-reinforced SCC. Polypropyl-
ene fibers at 1,0 % also reduced the coefficient to 3,5 x 107" m?s, indi-
cating that both fiber types effectively improve resistance to chloride-
induced corrosion [25].

Table 7 - Rapid Chloride Migration Coefficient of FR-SCC
. . Rapid Chloride Migration
0

Mix Type Fiber Content (%) Coefficient x10-'2 (m2ls)
Plain SCC 0 6,5
FR-SCC Steel 1,5 3,0
FR-SCC 10 35
Polypropylene

18

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2025-138-3-15-20



Vestnik of Brest State Technical University. 2025. No. 3 (138)

Abrasion and Impact Resistance

Fiber reinforcement improves surface toughness and energy absorp-
tion under impact. Table 8 shows that steel fibers at 1,0 % volume reduce
surface abrasion loss from 0,45 g/cm? (plain SCC) to 0,25 g/lcm?, while
the energy to first crack under impact more than doubles from 12 J to 28
J. Polypropylene fibers also enhance these properties, although to
aslightly lesser extent. This makes FR-SCC particularly suitable for
heavy-duty pavements, tunnels, and industrial floors, where both surface
wear and impact resistance are critical [26].

Table 8 — Surface Abrasion and Impact Resistance of FR-SCC [26]

Fiber Surface
Fiber Type Content Abrasion Inll:?;‘:t; giiggj)to
(%) Loss (g/cm?)
Plain SCC 0 0,45 12
Steel Fibers 1,0 0,25 28
Polypropylene 1,0 0,30 22

Durability and Long-Term Performance of FR-SCC

Crack Width Reduction
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Figure 2 - Durability and Long-Term Performance of FRSCC

The inclusion of discrete fibers in SCC significantly improves crack
control, freeze-thaw resistance, chloride penetration resistance, and sur-
face toughness are shown in Figure 2. Steel fibers generally provide the
highest enhancement across all metrics, while polypropylene fibers offer
cost-effective improvements in durability. Collectively, these benefits
indicate that FR-SCC is well-suited for infrastructure applications in harsh
environments, potentially extending service life, reducing maintenance
requirements, and enhancing overall structural reliability.

Conclusion

Fiber-reinforced self-compacting concrete (FR-SCC) has demon-
strated substantial improvements in mechanical performance, durability,
and constructability, making it a highly promising material for resilient
infrastructure. Experimental results indicate that steel fiber incorporation
(0,5-1,0 % by volume, lengths 30-60 mm) increases compressive

strength by 10-15 % and flexural strength by up to 30 %, while tensile
and post-cracking toughness are enhanced by 40-50 % compared to
conventional SCC. Stress—strain analyses show improved energy absorp-
tion capacity and delayed crack propagation, and fatigue testing under
cyclic are supported by durability assessments: chloride ion penetration is
reduced by 20-30 %, freeze-thaw loading indicates a 25-35 % increase
in fatigue life for FR-SCC bridge deck specimens. These improvements
resistance shows a 15-25 % lower mass loss, and crack widths under
service loading decrease by 30-40 %, confirming superior environmental
resilience.

In Belarusian infrastructure contexts, FR-SCC enables efficient
placement in dense reinforcement zones and minimizes void formation,
critical for bridge decks, industrial flooring, and precast elements. Never-
theless, practical challenges persist, including achieving uniform fiber
distribution in large pours, mitigating workability loss due to increased
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viscosity, and addressing higher initial costs associated with steel fibers
and superplasticizer use. The lack of Belarus-specific codes requires
adaptation from EN 206 and EFNARC guidelines, highlighting the urgent
need for localized design standards.

Future research should prioritize: (1) development of cold-climate-
specific FR-SCC design standards; (2) utilization of recycled or synthetic
fibers to reduce environmental impact; (3) integration of numerical simula-
tions and Al-based mix optimization to tailor fiber dosage and rheology;
and (4) comprehensive field trials in bridges, pavements, and precast
components to establish performance benchmarks. Data-driven visualiza-
tion, including stress-strain curves, fatigue life comparisons, and chloride
penetration profiles, will be essential to guide engineering adoption and
validate long-term durability predictions.

Overall, FR-SCC represents a sustainable pathway for enhancing
structural resilience and service life in Belarus. By combining enhanced
mechanical properties, durability, and ease of placement, it can reduce
maintenance costs, extend service life, and support the development of
more sustainable infrastructure. With continued research, optimization,
and field validation, FR-SCC is poised to become a key material in bridge
rehabilitation, industrial flooring, and precast production over the next
decade.
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Abstract

With the surge in global construction waste (CDW) production and the increasing depletion of natural sand and gravel resources, the widespread
application of recycled aggregate concrete (RAC) has become a key strategy for sustainable development in the construction industry. However,
the inherent multi-interface transition zone (ITZ) defects, low elastic modulus, and significant shrinkage and creep characteristics of RAC severely limit
its application in high-performance structures. Introducing expansive agents (EAs) to prepare recycled aggregate expansive concrete (RAEC)
and utilizing chemical prestressing to compensate for shrinkage is considered an effective approach. This paper systematically reviews the deformation
characteristics of RAEC and its mechanical response under different constraint conditions. In particular, this paper focuses on the theoretical modeling
of restrained expansion and creep stress relaxation, integrating a modified early-age strain development model to predict self-stress evolution. Finally,
a comprehensive strategy to improve the service performance of RAEC is proposed based on carbonation modification and mix optimization.

Keywords: recycled aggregate concrete, expansion agent, deformation characteristics, constraint effect, self-stress, creep, constitutive modeling.

NCCNEOOBAHNA NE®OPMALINOHHBIX XAPAKTEPUCTUK U SOOEKTA OBXATUA PACLUUPAIOLLErOCA BETOHA
HA OCHOBE PELIMKITMPOBAHHOI'O 3AMONHUTENA

Xao MuH, B. B. Typ

Pechepar

C poctom 06beMOB NPOM3BOACTBA CTPOUTENbHBIX OTXOAO0B M UCTOLLEHNEM MPUPOAHBIX PECYPCOB NecKa 1 rpaBus LIMPOKOe NpuMeHeHne 6eToHa
Ha PeLMKNMPOBAHHOM 3arnofHUTENe CTAHOBUTCS KIKOYEBOW CTpaTerveil YCTOMYMBOTO paseuTUs CTpouTensHoi otpacnu. OpHako mpucywme Takomy
OeToHy feeKTbl MHOTOMHTEP(ENCHON TPAH3WUTHON 30HBI, HU3KWIA MOZYIb YNPYroCTU, @ TakKe 3HauuTenbHble AedhopMaLi OT yCazKu 1 Non3yvecTu
CEPbE3HO OrpaHWYMBAOT €ro MCMoMb3oBaHWe B BbICOKOKAYECTBEHHbIX KOHCTPYKUMSX. BBeaenne paclwmpsiowmx [o6aBok Ans nonyyeHus
paciumpsiiolerocsi 6eToHa Ha peLuKIYpOBaHHOM 3amonHUTENe U MpUMEHEHWe XMMWUYECKOTO NPEeABapUTENBHOTO HANPSHKEHWS ANs KOMMeHcauuun
yCagikv paccMaTpuBaloTCs kak 3Gh(heKTUBHBI Noaxog. B cTaTbe cucTemMaTUiecky paccMOoTpeHb! 4edOpMaLMOHHbIE XapaKTEPUCTUKN paCLLMPSIOLLErocs
feToHa Ha PELMKNMPOBAHHOM 3aMOMHUTENE M ero MeXaHW4eckuil OTKMMK MPW PasmuyHbX ycroBusx orpaHudyenns. Ocoboe BHUMaHve yaeneHo
TEOPETUYECKOMY MOZENMPOBaHWNK) OrPAHMYEHHOTO PaCLLMPEHNS U penakcaLmui HanpsKEHA NON3y4YeCTH, C UHTErpaLel MOANGULIMPOBAHHO! MOZeNN
pa3BuTUS fedopMaLin Ha paHHUX CTaAUsX Ans NPOrHO3MPOBaHWS 3BOMIOLMM caMOHaNPsKeHUA. B 3akntoueHre npeanoxeHa KOMNNeKcHas ctpaterus
MOBBILIEHNS  SKCTyaTaLMOHHbIX CBOWCTB  pacluMpsitolierocs 6GeToHa Ha PeuMKnMpOBaHHOM  3amnonHMTENe, OCHOBaHHAs Ha  MoaudvKaLum

kapbOoHM3aLen 1 ONTUMMU3aLMK COCTaBa CMECH.

KniouyeBble cnoBa: GeTOH Ha pPeLMKNMPOBAHHOM 3anofHUTene, paclvpsiowas goGaBka, [edOpMaLMOHHbIE XapaKTepUCTUKM, 3ddekT
OrpaHN4eHms, CaMOHaNPSIKEHNE, MON3Y4ECTb, KOHCTUTYTUBHOE MOAENMPOBAHHE.

1 Introduction

1.1 Research Background

In contemporary civil engineering practice and research, the goals of
sustainability and high performance in material systems are being pur-
sued simultaneously and are gradually becoming an industry consensus.
Concrete, as the most widely used man-made material globally, not only
involves significant energy consumption and carbon emissions during its
raw material extraction, clinker production, and transportation, but also
continuously consumes a large amount of natural sand and gravel re-
sources. Meanwhile, construction and demolition waste (CDW) accounts
for a considerable proportion of urban solid waste. If waste concrete can
be crushed, screened, and reprocessed to prepare recycled concrete
aggregate (RCA) and reused in fresh concrete production, it will generate
quantifiable environmental benefits and economic value in terms of re-
source recycling, emission reduction, and cost control [9]. However, com-
pared with natural aggregate (NA), RCA exhibits more prominent defects
at the material level. The adhering mortar on the surface of recycled ag-
gregate concrete (RAC) results in higher water absorption, lower density,
and higher porosity. Furthermore, it often contains both an old interfacial
transition zone (Old ITZ) between the old mortar and the original aggre-
gate, and a new interfacial transition zone (New ITZ) between the old
mortar and the new aggregate, creating a complex multiphase structure
and multi-interface force transmission paths. This structural complexity is
precisely why the overall mechanical properties of recycled aggregate

concrete (RAC), especially deformation-related performance indicators,
are generally weaker than those of natural aggregate concrete (NAC) [9].
Previous studies have further shown that the drying shrinkage of RAC is
typically 20 % to 50 % higher than that of NAC, and the creep coefficient
may also be 30 % to 60 % higher [19]. Larger volumetric deformation is
more likely to trigger early cracking and reduce the overall structural in-
tegrity, thus providing pathways for chloride ion intrusion and steel corro-
sion, ultimately adversely affecting durability and service life [5].

1.2 Problem Description: Shrinkage and Crack Control

The risk of shrinkage-induced cracking and the resulting durability
degradation are particularly prominent among the key bottlenecks
in RAC engineering applications. To reduce the probability of cracking
caused by high shrinkage, traditional passive crack-resistant measures,
such as increasing the reinforcement ratio or installing expansion joints,
can disperse deformation and restraint stress to some extent, but in
practice, they often face the dual constraints of limited effectiveness
and increased costs. In contrast, active crack-resistant technologies
have attracted attention due to their ability to control volumetric defor-
mation at the source. Among these, the incorporation of expansive
agents (EA) into concrete is considered a strategy with engineering
potential [20]. Hydration of expansive agents can induce controlled
volumetric expansion. When this expansion is constrained by rein-
forcement or external boundaries, the system can establish a self-
stress of approximately 0,2 to 2,0 MPa within the concrete to
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counteract the tensile stress generated during shrinkage, thereby de-
laying crack initiation or reducing crack propagation [10]. However, it
should be noted that directly applying expansive agents to recycled aggre-
gate concrete systems, i. e., recycled aggregate expansive concrete
(RAEC), is not equivalent to a simple superposition of RAC and the expan-
sion effect. The lower elastic modulus of RAC implies an altered efficiency
in the conversion of strain € to stress o at the same strain level. Simulta-
neously, the higher creep characteristics of RAC make the established
chemical prestress more prone to relaxation and loss over time [21]. Fur-
thermore, the porous water-absorbing nature of RAC may compete with the
expanding agent for moisture during mixing and early hydration stages, thus
affecting the full utilization of the expansion effect and time-history stability
[23]. Therefore, strictly differentiating between "free expansion" and "re-
strained effective expansion,” and establishing a numerical model capable
of describing the coupling of shrinkage, creep, and expansion, are prerequi-
sites for RAEC structural design.

1.3 Scope and Purpose of the Review

Based on the above background and issues, this paper aims to sys-
tematically review and comprehensively evaluate existing online academic
resources, focusing on deformation characteristics and restraint effects, to
provide a clearer knowledge framework for the understanding of RAEC
mechanisms, model construction, and engineering design. Specifically, this
paper first focuses on the physical and mechanical properties of RCA and
their fundamental impact on concrete stiffness, shrinkage, and creep,
thereby establishing the deformation sources at the material level. Then, it
discusses the expansion and compensation mechanisms, comparing the
reaction characteristics and action pathways of calcium sulfoaluminate
(CSA), magnesium oxide (MgO), and composite expansion agents in the
recycled matrix, with a focus on how the internal curing effect and pore
structure evolution jointly shape expansion efficiency and volume stability.
Based on this, it further analyzes the mechanical behavior under different
restraint conditions, emphasizing the influence of system stiffness on limit-
ing the expansion rate and the development law of self-stress, and discuss-
ing the mechanism differences in the collaborative work of restraint forms
such as steel bars, steel pipes, and fibers. Finally, this paper summarizes
several performance improvement technologies based on existing research,
including the effects and applicable boundaries of accelerated carbonation,
fiber toughening, and mix proportion optimization in improving the defor-
mation and durability of RAEC, thus providing a comparable reference for
subsequent research and engineering applications.

2 Microscopic Properties of Recycled Aggregates and Their In-
fluence on Matrix Deformation

2.1 Multiphase Microstructure of Recycled Aggregates

Recycled aggregates are not a single, homogeneous granular ma-
terial, but rather a composite material consisting of virgin natural ag-

gregates, attached old mortar, and the interfacial transition zone (ITZ)
between them. This multiphase and multi-interface microstructure
causes its mechanical and deformation behavior to differ significantly
from that of natural aggregates, becoming a key source of performance
degradation in recycled aggregate concrete (RAC). Unlike the relatively
dense surface and simpler properties of natural aggregates, RCA is
often encased in a certain thickness of old mortar, and may also con-
tain residual microcracks and pore networks. This makes its stress
transmission path more complex, and local stress is more likely to con-
centrate at weak interfaces, resulting in macroscopically decreased
strength and increased deformation.

From a material composition perspective, the content of attached mor-
tar is one of the important indicators determining the basic properties of
RCA. Existing research indicates that the content of adhering mortar typical-
ly ranges from 20 % to 55 %, and this level directly affects the water absorp-
tion, crushing index, and overall pore structure characteristics of reinforced
concrete (RCA). Due to the higher porosity and more developed capillary
channels of old mortar, RCA's water absorption is usually significantly high-
er than that of natural aggregates. This characteristic not only alters the
effective water-cement ratio and workability of concrete during the fresh
mixing stage but also provides more channels for moisture migration during
the hardening stage, making the system more prone to moisture loss and
humidity gradient evolution, thus providing more favorable evaporation and
transport conditions for drying shrinkage [9]. Therefore, the content of ad-
hering mortar is not simply a "material impurity ratio" but often indirectly
shapes the long-term volume stability of RCA through pore structure and
moisture migration processes.

Meanwhile, the multiplicity of the interfacial transition zone (ITZ) fur-
ther enhances the heterogeneous characteristics of RCA. RAC (Range
Aggregate-Insulated Concrete) typically contains various interface zones,
including "aggregate-old mortar," "old mortar-new mortar," and "aggre-
gate-new mortar" zones formed under localized spalling conditions.
These interfaces, due to significant differences in composition and densi-
ty, often become preferred sites for microcrack initiation and propagation.
Related research indicates that failure often first occurs within the old ITZ
(Insulated Zone) or old mortar, as these areas are more prone to stress
concentration and exhibit lower local tensile and shear strength, leading
to a decrease in overall strength. They also cause the material to enter
the nonlinear deformation stage earlier under stress and exhibit greater
deformation capacity [8]. From this perspective, the multiphase structure
and multi-ITZ network of RAC not only explain the decline in RAC load-
bearing capacity but also provide a reasonable microscopic explanation
for its shrinkage, creep, and other deformation problems. To visualize the
microstructural evolution of the paste matrix and the densification process
over time, Figure 1 presents the scanning electron microscope (SEM)
observations of the RAEC matrix at the ages of 1, 28, and 90 days.
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% O @ O -
o Ny - (&) @ ®
~ L ooy -
i \ O() O i @ 2
\ O O \ s
S o .
o O o & _®
Loose structure @ - C-S-H @Dz@ll.sn O O Compact struige _
Unhydrated particles Q ITZ der carian (@] Expansiga, pro lc(gil\lnq pores ® O
Higher porosity / microcrac Refined pore structure Stable, hse matr

Figure 1 — Microstrctural evolution of RAEC paste matrix at diffelent ages

Source: This figure is a schematic illustration drawn by the authors,
and the internal curing-expansion mechanisms in the literature [2, 9, 10, 14]

2.2 Decrease in Elastic Modulus and Stiffness Mismatch

When discussing deformation control and volumetric stability, the
elastic modulus (E.) is one of the most fundamental parameters. It not
only characterizes a material's ability to resist instantaneous deformation
but also directly determines the efficiency of strain-to-stress conversion
under constrained conditions. The relationship between stress and strain
is typically simplified as o = E - € in the linear elastic stage. Therefore,
when the material's E. changes, the internal force levels corresponding

synthesized from the reported microstructural characteristics of RCA/ITZ

to shrinkage strain, expansion strain, and strain caused by external loads
will also change. This is particularly crucial for whether expansive con-
crete can effectively establish self-stress. Existing experimental evidence
in the literature consistently indicates that incorporating recycled coarse
aggregate (RCA) markedly reduces the elastic modulus of concrete.
Compared with NAC, the E,. reduction of all recycled aggregate concrete
can reach approximately 25 % to 45 %. This change is usually related to
the lower modulus of the attached mortar, higher porosity, and more
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prevalent microcracks at the ITZ. When the matrix itself becomes more
"soft," the distribution of load and deformation changes, making recycled
concrete (RAC) more prone to exhibiting larger strain responses under
compression, tension, and restraint conditions.

In the mix design and structural design of expansive concrete, this
modulus reduction leads to a typical stiffness mismatch problem, with its
effects being two-sided. On the positive side, when shrinkage strain lev-
els are comparable, a lower elastic modulus generally results in a lower
shrinkage-induced tensile stress, thereby reducing the driving force for
early-age cracking and, to some extent, mitigating cracking risk. Con-
versely, during the restrained expansion stage, the development of suffi-
cient effective prestress depends critically on whether the expansion
strain can be efficiently converted into an adequate compressive stress
under confinement. When E. is low, the expansion strain required to
reach the same self-stress level under the same restraint conditions will
be greater. (!) If the hydration expansion capacity of the expansive agent
is constrained by moisture, temperature, or dosage limits, the RAC sys-
tem may struggle to achieve a prestress level comparable to the NAC
system, resulting in insufficient or even failed compensation, thus dimin-
ishing its shrinkage crack control effectiveness [16]. Therefore, the low
modulus of RAC is not simply a "stress reduction" effect; in an active
compensation system, it simultaneously alters the conditions for achiev-
ing compensation capacity, requiring a more precise match between
shrinkage risk and compensation efficiency in design.

2.3 Basic Characteristics of Shrinkage and Creep

From the empirical perspective of volumetric stability, RAC generally
exhibits inferior shrinkage and creep performance compared to NAC, and
this difference has direct significance in crack control and durability
maintenance during the engineering service life. Regarding drying shrink-
age, the presence of old mortar increases the total paste volume of the
system and accelerates the moisture reduction process through a more
developed pore structure and moisture migration channels; simultaneous-
ly, the lower overall stiffness of RAC weakens the restraint effect of ag-
gregate on paste shrinkage, making shrinkage deformation more easily

transformed into macroscopic volume changes. Therefore, literature typi-
cally reports that the drying shrinkage of RAC is approximately 20 % to
50 % higher than that of NAC [19], and this increase is often more pro-
nounced with high replacement rates or high old mortar content. This
trend is summarized in Table 1 and visualized in Figure 2. Greater drying
shrinkage not only increases the probability of early cracking but also
significantly enhances permeability after microcracks form, thus creating
conditions for external corrosive media to enter. By contrast, RAEC can
reduce long-term drying shrinkage substantially, with reported ranges
typically falling below the NAC baseline depending on the expansion
source and curing conditions (Table 1; Figure 2). Table 1 summarizes
these deformation characteristics, referencing recent data sources.

Regarding creep characteristics, creep reflects the accumulation of
deformation in concrete under sustained load over time. The creep coeffi-
cient of RAC is usually significantly higher than that of NAC, with related
studies showing an increase of approximately 30 % to 80 % [3].
The microscopic reasons for this are closely related to its porous struc-
ture, weaker ITZ, and the stronger viscoelastic flow tendency of old mor-
tar. Under long-term stress, cement paste is more prone to viscoelastic
deformation accompanied by the slow propagation of microcracks, thus
making time-related deformation more prominent. For recycled aggregate
expansive concrete (RAEC), high creep has a more direct engineering
consequence: the established chemical prestress is more prone to stress
relaxation, resulting in more significant prestress loss. This causes the
active compensation effect to decay over time and reduces resistance to
long-term shrinkage [21]. Therefore, understanding the shrinkage and
creep characteristics of RAC and incorporating them into compensation
design is crucial not only for short-term crack control but also for main-
taining stable prestress levels and reliable durability under long-term
service conditions. Table 1 consolidates representative ranges reported
in the literature to benchmark stiffness, shrinkage and creep gaps among
NAC, RAC and RAEC. For clarity, the reported ranges of long-term drying
shrinkage and elastic modulus are further visualized in Figure 2 and Fig-
ure 3, respectively.

Table 1 - Comparison of deformation characteristics of NAC, RAC and RAEC [5, 9, 10, 19]

Performance | Natural Aggregate | Recycled aggregate Recycled aggregate ex- Mechanism Notes

Indicators Concrete (NAC) concrete (RAC) pansive concrete (RAEC)
Modulus of Benchmark o _ 750 o _8no RCA low stiffness leads to modulus reduction; expan-
elasticity (100 %) 56%-75% 60 %—80% sive agents slightly enhance densification [9].
Drying o _1EQ 0 20 % — 80 % (after com- RCA aged mortar exacerbates shrinkage; expansive
shrinkage Benchmark 120% - 150 % pensation) agents compensate via chemical prestressing [5].
Coefficient of Weak interfacial transition zone (ITZ) causes high
cree Benchmark 130 % — 180 % 110 % - 140 % creep; This factor must be considered for self-stress

P relaxation [19].

Compressive o _OR o _10R o Self-stress generated by restricted expansion con-
strength Benchmark 75%-95% %0 %-105% strains the core zone, enhancing apparent strength [9].
Limited ex- _ . G Depends on system stiffness mismatch and expansion
pansion rate Low (if EAs added) | Medium - High source type (MgO superior to CSA in later stages) [10].

g 2 100}
v 140+ T
0 120} 5 9or
< <
Z Z
% 100 u
o © 80 x
&~ X
— 80t X <
v 0
o 3
2 6o} 3 701
£ B
£ £
wn -
o 40 E 601 b ¢
= 0
> 20t X = | : i
°  Nac RAC RAEC NAC RAC RAEC
Figure 2 — Ranges of long-term drying shrinkage [5] Figure 3 — Ranges of elastic modulus [9]
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Data and Preprocessing

3 Expansion and Compensation Mechanism of Recycled Aggregate
Expansive Concrete (RAEC)

3.1 Types of Expansion Sources and Their Hydration Mechanisms

In the RAEC system, the expansion sources used to achieve shrink-
age compensation and crack control mainly include calcium sulfoalumi-
nate (CSA), magnesium oxide (MgO), and composite systems of both.
The role of different expansion agents is not merely reflected in the mac-
roscopic result of "expansion," but more importantly, in their differences in
hydration products, reaction rates, and water consumption characteris-
tics, which determine whether an effective match can be achieved be-
tween the expansion timeline and the shrinkage process. For RAC, a
matrix with more developed pores, more significant water absorption, and
more pronounced creep, the selection and proportioning of expansion
sources often need to simultaneously consider early compensation effi-
ciency and later sustainability; otherwise, it is difficult to maintain stable
volume coordination and crack resistance throughout the entire lifespan.

3.1.1 Calcium Sulfoaluminate (CSA) Expanding Agent

CSA-type expanding agents typically function by hydration to form
ettringite (3Ca0 - Al,05 - 3CaS0, - 32H,0) crystals. The basic mech-
anism utilizes the crystallization pressure generated by the growth of
ettringite crystals within the pores and framework of cement paste to drive
macroscopic volume expansion of the matrix. Because this reaction is
kinetically more early-stage, the expansion contribution of CSA is often
concentrated within a relatively short curing period, typically completing
the main expansion process within about 14 days. Furthermore, it is quite
sensitive to moisture supply and requires a relatively large amount of
water. Therefore, external curing conditions, mixing moisture distribution,
and aggregate water absorption behavior directly affect its effective ex-
pansion level. This characteristic of CSA is particularly prominent in RAC
systems because the high water absorption of RCA may compete with
CSA hydration for moisture in the early stages of mixing. Insufficient pre-
wetting or improper control of mixing moisture can lead to local imbalanc-
es in the hydration environment, limiting ettringite formation and resulting
in insufficient expansion or even compensation failure. Meanwhile, stud-
ies have also shown that when RCA undergoes saturated surface drying,
the moisture stored in its pores can be released later with the humidity
gradient, creating more stable local water supply conditions. This demon-
strates an internal curing effect and promotes the continuous formation of
ettringite and optimization of the pore structure. Therefore, the perfor-
mance of CSA in RAC is not necessarily deteriorated, but rather highly
dependent on moisture management strategies [23].

3.1.2 Magnesium Oxide (MgO) Expanding Agent

Unlike CSA, MgO-type expanding agents hydrate to form brucite
(Mg(OH),). lts reaction rate is significantly controlled by the calcination
temperature. From an engineering application perspective, the prominent
characteristic of MgO expansion is its superior "time-series controllability"
[14]. Lightly calcined MgO reacts relatively quickly, while heavily calcined
MgO can provide a late-stage expansion effect that lasts for months or
even years [2]. This timeline characteristic is highly compatible with the
volumetric deformation pattern of reclaimed arc cement (RAC), as the
drying shrinkage and creep of RAC often continue over a long timescale.
If early expansion cannot be sustained, later shrinkage and creep may
still cause a gradual attenuation of stress compensation. Therefore, the
delayed expansion provided by MgO is more beneficial for covering the
mid-to-late stage shrinkage process of RAC and continuously compensat-
ing for stress losses caused by drying shrinkage and creep. This ad-
vantage is usually difficult to maintain long-term when CSA is used alone
[14]. Figure 4 illustrates the normalized drying shrinkage comparison,
highlighting the sustained compensation effect of the MgO system.

3.1.3 CSA - MgO Composite Expansion Agent

Under the requirement of volume stability control throughout the en-
tire age, a single expansion source often cannot simultaneously meet the
early and long-term shrinkage compensation targets. Therefore, the co-
doping of CSA and MgO has gradually become an important direction in
RAC research and application. The basic logic of this composite system
is to utilize the complementarity of the two types of expansion sources in
terms of reaction rate and time history contribution, so that the expansion
effect can be more evenly distributed over time, thereby forming a more
reasonable synergy with the shrinkage and creep evolution of RAC. It is
generally believed that CSA is more suitable for compensating for early

auto-shrinkage and temperature-induced shrinkage, while MgO is more
suitable for providing continuous compensation for late-stage drying
shrinkage. The synergy of the two can maintain a more stable volume
coordination and crack control effect at different ages. Multiple studies
have further indicated that when the mass ratio of CSA to MgO is close to
2:1, concrete tends to exhibit better volume stability and crack resistance
throughout its entire lifespan, while its strength and durability are also
more likely to reach optimal levels [4]. For RAEC (Rapid Expansion and
Internal Curing), this staged compensation strategy is even more signifi-
cant because its matrix shrinkage and creep are inherently stronger and
longer-lasting. Without later compensation, the favorable conditions es-
tablished early on are often difficult to maintain during long-term service.

1.0t

o
©

o
=3

°
u

©
n

—k

o
S

Drying shrinkage, normalized
o
[=2]

Conventional RAC
RAEC

/ —&— RAEC-MgO

20 30 40 50 60
Age (days)

=
w

Figure 4 — Age-dependent normalized drying shrinkage of reference
RAC, RAEC, and RAEC-MgO [4, 5, 23]

3.2 Effective Expansion and Internal Curing Mechanisms

In the RAEC system, RCA should not be understood as an inert filler
aggregate, but rather as a porous medium with moisture storage capabili-
ties. This internal curing effect releases stored pore water when internal
relative humidity (RH) drops, providing additional moisture to the sur-
rounding paste (as previously indicated in the microstructure evolution in
Figure 1). This process maintains the high-humidity environment required
for the hydration of the expansion agent, preventing hydration blockage
due to localized water shortages. It also reduces the driving force of self-
shrinkage by decreasing capillary tension, thus providing a dual im-
provement in volume stability [13]. Therefore, internal curing in RAEC is
not merely "water replenishment," but a mechanism that alters the early
humidity evolution path and the starting point of shrinkage stress, playing
a fundamental role in the effective implementation of expansion compen-
sation (Figure 5).

In engineering evaluation, the focus should be on "effective expan-
sion" rather than free expansion itself. The free expansion rate only re-
flects the system's volume growth capacity under unconstrained condi-
tions. However, in actual structures, expansion often occurs in parallel
with shrinkage. Ultimately, what affects cracks and stress states is the net
effect after deducting shrinkage, that is, the effective expansion level
resulting from the combined contributions of expansion and shrinkage
over time. Existing research indicates that although recycled aggregates
(RACs) typically exhibit greater intrinsic shrinkage, under appropriate
internal curing conditions and with the addition of suitable expansion
agents, recycled aggregate expansive concrete (RAEC) can still achieve
confined expansion performance comparable to or even superior to that
of non-recycled aggregates (NACs). This suggests that their potential to
generate effective compressive stress under constrained conditions is not
necessarily lower than that of traditional systems [15]. Therefore, the key
to recycled aggregate expansive concrete (RAEC) lies not in pursuing
greater free expansion, but in more efficiently converting expansion into
continuous compensation for shrinkage through moisture management
and expansion time-history matching.

3.3 The Cumulative Effect of Shrinkage Reducing Agents (SRAs)

In addition to expansion agents, shrinkage reducing agents (SRAs)
are often used to further reduce the risk of shrinkage. Their mechanism
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of action typically involves reducing the surface tension of the pore
solution, weakening capillary pressure at the source, thereby reducing
the driving force of drying shrinkage and self-shrinkage. In the RAEC
system, combining SRA with an expanding agent often creates a more
pronounced superposition effect. The core of this effect lies not in simp-
ly superimposing the individual gains of the two additives, but in the
fact that SRA, by suppressing the shrinkage "consumption term," al-
lows the expansion generated by the expanding agent to be more easi-
ly retained as a net effect and more fully converted into effective com-
pressive stress. In other words, when the shrinkage driving force is

weakened, the expansion effect is no longer primarily used to offset the
strong shrinkage background, but is more likely to manifest as a sus-
tainable pre-compression state, thereby improving the reliability and
stability of crack control. This combined strategy, using expansion as
the "supply side" and reducing shrinkage to lower the "demand side," is
particularly advantageous under fully constrained or strongly con-
strained conditions. Related studies have shown that this strategy,
under appropriate ratios and curing conditions, can significantly reduce
the risk of cracking, and even enable specimens to achieve the goal of
crack-free operation at the experimental scale [20].

Figure 5 — Sample with SAP agent at an age of 1, 28 and 90 days allowing a qualitative assessment on the degree of hydration of the anhydrous clink-
er (results obtained by V. Semianiuk, EMPA)

Constraint/Restraint Effects and System Stiffness: Theory and
Model

4.1 Basic Principles of Constrained Expansion

The key to expansive concrete's ability to compensate for shrinkage
and inhibit cracking lies in the condition of "constraint." If the expansion
process is unconstrained, the system exhibits more of a free volume growth
and structural looseness, making it difficult to effectively convert expansion
energy into an internal force state favorable to cracking. Only when expan-
sion is constrained by reinforcing bars, steel pipes, or external boundaries
can the deformation corresponding to expansion be transformed into a
stable self-stress o under constrained conditions, offsetting the tensile
stress caused by shrinkage with a compressive stress background, thus
achieving the goals of crack resistance and volume stability. Therefore, in
theoretical analysis, constrained expansion is usually considered a problem
jointly determined by deformation compatibility and mechanical equilibrium;
that is, the source of expansion, the time effect of shrinkage and creep, and
the reaction force provided by the constrained system must be described
uniformly within the same framework.

Quantitative calculation of self-stress is usually based on the defor-
mation compatibility equation, linking deformation components such as
free expansion, shrinkage, and creep with constrained deformation and
stress response. A commonly used expression can be written as

€free — €creep — Eshrinkage — Erestrained + ;_Z (1)

Here, €fe represents the free expansion strain of the material under
unrestraint conditions, €creep @Nd €snrinkage reflect the deduction effects
of creep and shrinkage on the overall deformation, respectively, while
€restrained COMresponds to the actual allowed restrained strain of the
system under restrained conditions, and o./E. characterizes the strain
contribution caused by self-stress in an elastic sense.

4.1.2 Preliminary analysis

As it was shown in [17] the most efficient finite element method for

approach the restrained expansion strain € , (ti +1,2) in the x-direction
at the i-th time interval is expressed as follows

Esx (ti.'.%) = Z;.':l [(Aae,x)j '](ti.'_%' t]’] + &q' (ti+§‘ %)' (2)

where € ¢ (ti +1,2,t1,2) = free expansion strain in the x-direction from
the time interval €/, tothe €,/ (AGC_X)]- = increment of the self-

stress in the x-direction at the j-th time interval; and J (t;,,/,,t;) =

creep compliance function that is calculated by the formula

N 1 @(t14v/2:t))
](t1+v/2r t]) - Eo(t)) » (3)

where EC_28 = Young’'s modulus of expansive concrete at the age
of 28 days;
Ec (t j) =Young's modulus of expansive concrete in temperature

Eezg

adjusted concrete age of t; days; and oty t j) = creep coefficient
of expansive concrete at the age of ti +1/2 days due to the self-stress

applied at the age of T j days. Creep coefficient (p(t,to) of expansive

concrete at early age can be calculated according to the codes'®
@(t,to) = @o — Bec(t, to), )

where (O = notional creep coefficient that depends on the relative

Young's modulus E (t,)/ E, g
and is calculated according to the work16

the case of uniaxial restraint conditions accounts for the early age expan- _ Eo(to) \2
sive concrete strains by following an iterative procedure. According to this Po =531 (5928_1) +111, ®)
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Bc (t, to) = coefficient that depicts the creep at temperature adjust-

ed concrete age t after temperature adjusted concrete age of loading to
and is defined as follows'®
t—to

_ 0,3
Be (tto) = [ ) )

where BH is the coefficient that describes the effect of loading age on the
creep development and is calculated depending on the relative Young's

modulus E, )/ E_ g in accordance with the formula®
o = 0,000001,if 0 < E,(t)/Eusg < 0,346
Bo = 40,5 - M+ 0,485, if 0,346 < E,(t)/Eg < 1,0. (7)

Young's modulus of expansive concrete at early age can be defined
by equation!”

E. (t)
+ EEC(t') “o(t,y 1)

c.28

Although a good agreement between calculated data, which are de-
fined according to the mentioned method, and corresponding experi-
mental ones has been observed in the research papers, such a solution
leads to the overestimated results with respect to elements with high
energy capacity of expansive concrete especially in case of high level of
restraint.

On the basis of above model the modified early age strains develop-
ment model (MSDM) for the case of uniaxial restraint arrangements has
been worked out in the research [17]. The distinctive idea of MSDM refers
to the presence of elastic cumulative force induced by the restraint at the
end of preceding time interval.

(Acx.c)i =

&s(tivi/2) = & (tH ) + e (

With respect to the expansive concrete elements under biaxial re-
straint conditions two main problems should be pointed out.

The first one refers to the taking into consideration the development
of plane stress-strain state in case of two-way orthogonal confinement in
expansive concrete elements. As it is well known with reference to elastic
elements, strains in one orthogonal direction are affected by ones in an-
other orthogonal direction. The interference between longitudinal and
transverse strains within the Hooke’s law applicability is considered by
the Poisson’s ratio. It is noticeable that expansive concrete is elastic-
plastic material and only part of total strain has the elastic origin (see
Equation 12). Thus, concerning the expansive concrete elements under
biaxial confinement, the Poisson’s ratio should be applied with respect to

the elastic strainat ith time interval € (£;,1/,) only.

The second problem concerns the value of the Poisson’s ratio with
reference to the early age of expansive concrete. It should be noted that
two opposite points of view in respect of the Poisson’s ratio of the early
age concrete have been performed in various research papers. Some
researchers202! consider that one is constant during the hydration and
equals v =0,2 whereas others’2223 demonstrate the evolution of the

Poisson’s ratio from v =0,47 to v=0,2 during the expansion peri-

od. However, it should be noted that in the paper [17] a period of time of
24 hours is considered as the early age of concrete. Taking into account
that at such a short time interval the self-stressing concrete is character-
ized by very unstable properties and predominance of plastic defor-
mations it is rational to accept the value of the Poisson’s ratio v =0, 2

for further calculations.

It should be pointed out that in literature the modified strains devel-
opment model (MSDM) has already been implemented with respect to
the expansive concrete elements with carbon textile reinforcement in the
form of “simplified” MSDM24. However such “simplification” is incorrect
and contradicts to the basic assumptions of the original model (MSDM).

The significance of proposed relationship lies not in providing a fixed
value, but in revealing that self-stress is not solely determined by the
amount of expansive agent; it is simultaneously controlled by the materi-

(Agg,); Z

Ec(t) = Eeo exp (s (1 - tj_;“)o's), (8)

where T, T, ,5 = temperature adjusted concrete age at t days and 28
days respectively; and S,@a = empirical coefficients, according to the
research paper [17]s=0,11, a=0,2.

The increment of strain in the x-direction at the i-th time interval is
calculated according to the formula
(Des )i = &s5x(tivry2) — Esx(ti-1)41/2) =

= (B0)J (tiaryort) + Ei2h [(B00) “EED) 4 &, (tira 20 tig2) @
AD(t;, 1) =P (tH%, t,-) - tb( e ) (10)

The increment of stress in the x-direction at the i-th time interval is
defined by

APt t) (-

g (G020 t2) (11)

c.28

According to the MSDM for expansive concrete elements under uni-
axial restraint conditions the restrained expansion strain at any i-th time

interval € (ti+1/2) can be performed as an algebraic sum of free ex-
pansion strain € (t;,,,,) , elastic strainat i-thtime interval €, (ti +1,2) ,

creep strain at i-th time interval under constant self-stress applied at to

days € (t;,4/5+ ) and additional strain €, (t;_yy.1/,) caused by
the restrictive force induced by the restraint at (i-1)-th time interval

) + & (t 1 to) + &cm (t(i—1)+3)' (12)

aIs inherent stn‘fness, the time effect, and the limiting capacity provided
by the constrained system. This naturally leads to the concept of system
stiffness, because under the same expansion potential, the stronger the
constraint, the smaller the constrained deformation, and the more likely
the self-stress level is to increase; conversely, a weaker restraint makes it
easier for expansion to be released, making it difficult to form an effective
compressive stress background. Figure 6 further illustrates the typical
time-history of restrained stress development under different degrees of
restraint, indicating that stronger restraint generally promotes higher self-
stress once expansion dominates shrinkage.
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Figure 6 — Evolution of restrained stress in RAEC under different degrees
of restraint [24]

4.2 System Stiffness and Stiffness Mismatch

System stiffness K describes the ability of a confined structure to re-
sist the expansion deformation of concrete. Its physical meaning can be
understood as the level of reaction force that the confined system can
provide to a unit expansion deformation. For components using steel
bars, steel pipes, etc., for confinement, K is related to both the elastic
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modulus of the confining material and its geometric configuration. For
example, in a uniaxially reinforced column, the effective confinement
capacity can often be considered as the result of the combined effect of
the reinforcement ratio and the elastic modulus of the steel bars, and is
further affected by the cross-sectional area ratio, arrangement, and
boundary conditions. In RAEC studies, system stiffness is more often
used to explain the difference in self-stress levels between different ma-
trix materials under the same confinement conditions, and this difference
is mainly reflected in the stiffness mismatch problem.

Since the elastic modulus of recycled aggregate concrete is usually
lower than that of natural aggregate concrete, this characteristic can be
summarized as E;. < Epac. When reinforcement conditions remain
constant, the modulus ratio n = Eg/E. in the system increases as E.
decreases. This means that the confined body is "harder" relative to the
concrete matrix, thus altering the deformation distribution mechanism
between the two. If we only consider the linear relationship of 6 = E - €,
under the same level of expansion strain, a lower E. would theoretically
result in a smaller compressive stress level achievable by the RAEC
matrix, since stress is directly dependent on the modulus. However, in
real components, a "softer" matrix often means that it is more prone to
deformation redistribution under restrain and adapts to the restrain condi-
tions through greater deformation. Therefore, the restrain response at the
component scale is not equivalent to a linear inference from a single
material point [16]. In other words, RAEC is not simply "difficult to estab-
lish self-stress," but rather, under the same restrain configuration, it is
more likely to exhibit a state where lower self-stress levels and more
significant deformation coexist. This makes the compensation efficiency
more sensitive to the expansion strain reserve and restrain strength.
Related studies indicate that to achieve a self-stress level similar to NAC
in RAEC, it is often necessary to increase the amount of expansive agent
to increase the available expansion strain, or to increase the reinforce-
ment ratio and enhance the stiffness of the confinement system to im-
prove the degree of restrain [11]. Therefore, stiffness mismatch is not
simply a negative factor; it is more like a design constraint, suggesting
that a more precise matching relationship must be established between
expansion potential and confinement capacity to ensure that the compen-
sation effect is truly implemented at the component scale.

4.3 Superimposed Effect of Creep and Stress Relaxation

The self-stress formed under confinement conditions in RAEC does
not remain constant with age; its evolution process exhibits obvious time-
varying characteristics, and creep is one of the key factors dominating
this time-varying process. Self-stress is essentially equivalent to applying
a continuous internal force state to concrete, thus inducing creep defor-
mation of concrete under long-term action, and thereby causing stress
redistribution and attenuation. This phenomenon is usually manifested in
the form of stress relaxation. Compared to NAC, RAC exhibits higher
creep levels due to its more developed pore structure, weaker ITZ, and
easier microcrack propagation. Therefore, under the same initial self-
stress conditions, RAEC often experiences faster self-stress relaxation.
Literature reports indicate that stress relaxation in RAC can lead to ap-
proximately 40 % to 60 % prestress loss [21]. This means that even if a
considerable self-stress level is established early on, without considera-
tion for long-term relaxation, the later compensation effect may still signif-
icantly diminish, affecting durability and the sustainability of crack control.

In long-term deformation analysis, the treatment of time-related ef-
fects often requires the introduction of superposition principles. The Time-
Temperature Superposition (TTS) principle is commonly used for polymer
materials, but similar superposition ideas are also employed in a more
general form in the field of concrete creep prediction. For example, the
superposition principle combines the strain contributions from different
time periods into a total strain response. For RAEC, a system with signifi-
cant material heterogeneity, using overly idealized creep descriptions for
ordinary concrete often fails to accurately predict the retention level of
long-term self-stress. Therefore, modified creep models are needed for
correction, such as introducing coefficients that consider aging effects
into the effective modulus method to more reasonably reflect the viscoe-
lastic characteristics of the material as it ages [1]. Meanwhile, the rela-
tionship between expansion, contraction, and creep in the early stages is
not simply linearly additive. During rapid hydration and continuous micro-
structure evolution, damage accumulation and microcrack propagation
alter the material's rheological path, causing RAC to exhibit more

pronounced nonlinear rheological behavior. Based on this understanding,
some studies have proposed introducing damage factors or correction
coefficients into the model to characterize the amplification effect of mi-
crocrack evolution on creep and relaxation, thereby improving the predic-
tive ability of early-age and long-term coupled deformation of RAEC [22].

5 Performance Enhancement Strategies: Carbonization Modifi-
cation and Optimized Design

5.1 Accelerated Carbonization Treatment of Recycled Aggregates

To address the common problems of low stiffness, high water ab-
sorption, and well-developed pore structure in recycled aggregates
(RCA), accelerated carbonization is widely regarded as one of the most
effective and relatively engineerable aggregate modification pathways. Its
core advantage lies in its ability to directly act on the old mortar and inter-
facial region, simultaneously improving the density of recycled aggre-
gates through chemical reactions and pore structure reshaping, thereby
enhancing the mechanical and deformation properties of RAC and RAEC
from the material source. Mechanistically, the accelerated carbonization
process mainly relies on the diffusion and reaction of CO2 into the pore
system of the old mortar. CO2 reacts with Ca(OH)2 and some C-S-H gel
in the old mortar to form harder and denser CaCO2. These calcium car-
bonate products can deposit and fill micropores and fine cracks, trans-
forming the relatively loose porous structure of old mortar into a denser
skeletal structure, thereby improving the density, strength, and overall
integrity of recycled aggregates [12]. During this process, microscopic
defects in the interfacial region are often passivated and repaired to some
extent, preventing the structural shortcomings of recycled aggregates
from being concentrated in the superposition effect of "high porosity and
weak interfaces."

Carbonation modification typically improves deformation properties
through multiple pathways and is directly coupled with the compensation
mechanism of RAEC (Reinforced Expansion Coefficient). First, carbona-
tion can restore or enhance the elastic modulus of RCA (Reinforced
Compressive Acid) to a certain extent, making its overall stiffness closer
to that of natural aggregates. This change is particularly crucial for con-
strained expansion systems because, under the same expansion strain
conditions, a higher material modulus is more conducive to converting
deformation into self-stress, thus making it easier for RAEC to form a
higher level of effective compressive stress background under con-
strained conditions [6]. Secondly, carbonation reduces the porosity and
water absorption of RCA, weakening the rapid migration channels of
water between aggregate and paste, thus mitigating drying shrinkage
caused by moisture loss and humidity gradients at the source. Simulta-
neously, densification of old mortar and ITZ strengthening reduce the
space for long-term viscoelastic deformation, causing the creep coeffi-
cient of RAEC to tend to decrease, thereby slowing down the relaxation
process of self-stress under long-term action, reducing prestress loss and
improving the durability of the compensation effect [7]. The comprehen-
sive benefits of this modification can also be seen from experimental
results. For example, a research report indicates that after using carbon-
ized fine aggregate, the compressive strength of fully recycled aggregate
concrete can increase by approximately 19,8 %, the water absorption
decreases by approximately 14,6 %, and there is a significant improve-
ment in durability-related indicators [7]. These data suggest that acceler-
ated carbonation not only improves individual performance indicators but
may also provide a more stable material basis for the deformation control
and crack resistance of RAEC through the combined effects of "pore
structure densification, interface strengthening, and stiffness restoration."

5.2 Mix Proportioning and Curing Optimization

Beyond material-level modification, mix design and curing regime al-
so determine whether RAEC can effectively convert its expansion poten-
tial into a usable compensation effect. Regarding the dosage of expan-
sive agents, RAEC, due to its higher intrinsic shrinkage and creep levels,
often has a stronger compensation requirement than NAC systems;
therefore, the recommended dosages proposed in engineering and re-
search are usually relatively higher. Taking CSA-type expansive agents
as an example, the commonly recommended dosage range is approxi-
mately 8 % to 12 %, aiming to establish sufficient effective expansion
reserves even under high shrinkage conditions. If CSA and MgO are co-
admixed, a combination with a mass ratio of approximately 2:1 is often
used to cover the early and late shrinkage compensation needs,
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achieving more balanced volumetric stability throughout the entire age
[18]. It is important to emphasize that a higher expansive agent dosage is
not always better. Excessive addition may lead to adverse internal dam-
age risks under insufficient constraints or unstable moisture supply.
Therefore, a reasonable dosage should be matched with the constraints,
aggregate moisture content, and target compensation level.

Another key variable closely related to the dosage of the expanding
agent is the water-cement ratio and curing conditions. A lower water-
cement ratio generally benefits strength and reduces permeability, but it
may also limit the hydration reaction and expansion development of the
expanding agent, as the expansion process is more sensitive to available
moisture and humidity. The RAEC system has certain unique characteris-
tics in this regard, namely, the pore water content of RCA can provide
continuous replenishment for hydration and expansion through the inter-
nal curing effect, but this replenishment capacity cannot completely re-
place the humidity stability brought about by external curing. Therefore,
after the mix proportion is determined, maintaining a high humidity envi-
ronment in the early stage through sufficient external wet curing remains
a key measure to ensure expansion efficiency. Related studies usually
recommend wet curing for no less than 14 days to reduce the inhibitory
effect of early self-drying and insufficient moisture on the expansion reac-
tion [23]. In engineering implementation, this also means that mix propor-
tion optimization and curing optimization need to be considered as
awhole and simultaneously. Only when the moisture supply, expansion
time, and restrain conditions are matched can the compensation mecha-
nism of RAEC function stably and achieve a more reliable comprehensive
balance between strength, volume stability, and durability.

Conclusions and Outlook

A review of existing literature shows that a relatively clear consensus
has been reached regarding the mechanism and engineering application
of recycled aggregate expansive concrete (RAEC). Overall, although
RAC inherently suffers from drawbacks such as high shrinkage, signifi-
cant creep, and low elastic modulus, stable shrinkage compensation can
still be achieved by appropriately introducing expansive agents, especial-
ly a composite expansive system of CSA and MgO. Under suitable con-
straints, considerable levels of chemical prestress can also be estab-
lished. Existing studies generally indicate that RAEC can generate ap-
proximately 0,5 to 1,5 MPa of chemical prestress within a controllable
engineering range, effectively offsetting the tensile stress caused by
shrinkage and significantly improving crack resistance. This means that
"expansion compensating for shrinkage" is not only feasible in recycled
systems but also possesses a clear performance gain path. Meanwhile,
the design logic of RAEC cannot simply follow the empirical framework of
natural aggregate concrete (NAC). This is because the stiffness mis-
match caused by low modulus alters the conversion efficiency of expan-
sion strain into self-stress, often requiring a higher level of restricted ex-
pansion rate to achieve the same self-stress. Furthermore, a higher creep
level accelerates self-stress relaxation and amplifies prestress loss, mak-
ing the favorable state established early on more prone to decay during
long-term service. Based on this characteristic, employing expansion
sources covering the entire age range, such as MgO that can provide
delayed expansion, and incorporating relaxation loss considerations into
structural design are generally considered necessary conditions for im-
proving the durability and predictability of the compensation effect.

Regarding performance enhancement technologies, the importance
of aggregate modification has been repeatedly emphasized. Among
these, accelerated carbonation is considered one of the most targeted
key means to improve the overall performance of RAEC. The densifica-
tion effect formed by the carbonation reaction can not only restore the
stiffness of recycled aggregate to a certain extent but also reduce porosi-
ty and water absorption, weakening drying shrinkage caused by moisture
migration at the source. It also reduces creep levels through interface
strengthening and microstructure densification, thereby enabling the
expansion efficiency to be more fully and stably converted into an effec-
tive self-stress background. Meanwhile, the synergistic effect of multiple
restrain systems provides more structurally significant support for improv-
ing the brittleness and compensation efficiency of RAEC. Fiber-based
materials such as steel fibers and basalt fibers can reduce strain concen-
tration through crack bridging and dispersed constraints, making the
expansion energy more likely to form a uniform internal restrain force

distribution and suppressing the propagation of microcracks that may be
induced during the expansion process. The steel tube restrain system
provides continuous confining pressure at the component level and helps
solve the interfacial voiding problem caused by core concrete shrinkage,
thereby improving overall ductility and load-bearing stability. The above
evidence collectively demonstrates that the advantages of RAEC do not
stem from a single material measure, but rather rely more on the system-
atic matching between the expansion source time history, restrain condi-
tions, aggregate modification, and crack control methods.

Looking to the future, RAEC research still needs to be further deep-
ened along three main lines: long-term service mechanism, environmen-
tal durability, and engineering standardization. Firstly, regarding long-term
performance, it is necessary to establish long-term constitutive and creep
relaxation models that can reflect the coupling effect of RCA damage
evolution and the hydration process of the expansion agent, thereby
quantifying the influence boundary of stress relaxation on the self-stress
retention level and structural safety, enabling design to move from short-
term performance to traceable life-scale evaluation. Secondly, regarding
durability, a more in-depth discussion is needed on the stability of expan-
sion products under corrosive environments such as chloride and sulfate,
especially ettringite. The long-term correlation between eftringite and the
evolution of microcrack networks, changes in permeability, and the risk of
steel reinforcement corrosion needs to be clarified, thereby establishing a
durability evaluation path that more closely reflects actual service envi-
ronments. Finally, to promote large-scale engineering applications, de-
veloping standardized design methods and mix design specifications for
RAEC remains essential. In particular, the optimal type and reasonable
dosage range of expansion agents corresponding to different quality
grades of recycled aggregates should be clearly defined, and moisture
management, curing requirements, and constraints should be incorpo-
rated into operable engineering clauses to improve the replicability and
reliability of RAEC in different engineering scenarios.
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Abstract

Recycled aggregate (RA) concrete has attracted much attention due to its environmental benefits, but its low mechanical properties and high
brittleness limit its application in structures. Fiber-reinforced polymer (FRP) confinement is an effective means to improve its performance. Among them,
the "active confinement" achieved by combining expansive concrete (EC) with CFRP strips is a promising new technology. This technology generates
pre-tension stress in the CFRP strips through chemical expansion, placing the core concrete in a triaxial pre-compression state, thereby optimizing
concrete performance before loading. However, the interaction between the porosity of recycled aggregate, the effectiveness of the expansive agent,
and the discontinuous confinement effect of the CFRP strips is very complex, and its mechanical mechanism is not yet clear, nor is a mature
constitutive model available. This paper aims to systematically review the current research status of the mechanical mechanism and constitutive model
of CFRP strip-confined recycled aggregate expansive concrete. First, the multiple physical and mechanical coupling mechanisms among the expansive
agent, recycled aggregate, and CFRP strips were explored. Second, the influence of key factors such as the replacement rate of recycled aggregate,
the type of expansive agent, and the spacing of CFRP strips on the mechanical properties of the composite structure was reviewed. Finally,
the limitations of existing constitutive models were analyzed in detail, pointing out that existing models cannot accurately describe the full stress-strain
curve of this novel composite material. This paper aims to clarify the research gaps in this field and provide direction for the future development of high-
precision constitutive models.

Keywords: CFRP strips, active constraint, recycled aggregate, expansive concrete, constitutive model.

UCCNENOBAHUS MEXAHU3MA PABOTbI U KOHCTUTYTMBHOW MOLENU PACLUMUPAIOLLErOCA BETOHA
HA PELIMKNUPOBAHHOM 3AMONHUTENE C AKTUBHbIM OrPAHWYEHWEM NONOCAMU U3 CFRP

o Mun, B. B. Typ

Pedepar

BetoH Ha nepepabotanHbix 3anonHutensx (RA) npuenek Gonbloe BHUMaHWE 13-3a €ro SKOMOTrMYECKMX MPENUMYLLECTB, HO €ro Hu3kue
MeXaHn4eckie CBOWCTBA W BbICOKAs XPYMKOCTb OrPaHWYMBAIOT €ro MPUMEHeHWe B KOHCTPYKUMsX. OpHWUM M3 3(pheKTUBHBIX MyTeit MPUMEHEHMs
PELMKIMHIOBOrO 3anoNHUTENs ABMAETCS €ro UCMoNMb30BaHWE COBMECTHO C HampsratoyM LEeMEeHTOM B YCMOBMSIX aKTUBHOTO OrpaHWYeHus B BUAe
nnacTukoBbIX TPY6 € HaBMBKOW MomocoBoro apmupoBaHns 13 CFRP. 3ta TexHomorvs no3sonseT CreHepupoBaTh NpeaBapuTenbHble HanNpsKEHUS
Bnonocax u3 CFRP nocpenctBom (hvanko-XMMMYECKOro paciumpeHus, cosgaBas B OETOHHOM spe B YCMOBUS TPEXOCHOTO OrpaHUYeHns
npeABapuTenbHOE CkaTie, TeM CaMbiM OMTUMU3MPYS XapakTepucTuku GeToHa A0 HarpyxeHusi. OfHako B3auMMOAENCTBME MeXdy MOpPUCTOCTbI
nepepaboTaHHOro 3anonHUTENs, 3 MEKTMBHOCTLIO PaCLLMPSIOLLEroCs areHTa 1 HenpepbiBHbIM 3ddekTom orpaHuyerust nonoc CFRP oyeHb CrioxHo
onucatb T. K. MeXaHuaM He §CeH A0 KOHua, W anpobupoBaHHas KOHCTUTYLMOHHAs MOAenb OTCYTCTBYeT. HacToslas cTaTbsl HanpasneHa
Ha cucTeMaTUYeCcknin 0630p TEKYLLIEro COCTOSIHIUS MCCHEN0BaHUA MEXaHN3MA U KOHCTUTYLIMOHHOI MOLen Hanpsiraiowlero 6eToHa Ha nepepaboTaHHOM
3anonnuTene B ycnoeusix orpanuyenus CFRP nonocamu. B crtatbe nogpobHO npoaHannavpoBaHbl CyLLECTBYHOLME KOHCTUTYTUBHBIE MOAEnu
pacLunpeHus HanpsratoLero 6eToHa Ha PeLKIMHIOBbLIX 3aNOMHUTENSX B YCNIOBUSX TPEXOCHOTO OrpaHNYeHis, 0TMeYasi, YTo CYLLECTBYIOLME MOAenH
He MOryT TOYHO OnuCaTb MOSHYI0 KPUBYIO Pa3BUTIS CaMOHaNpPsKeHUs BO BPEMEHM A4S 3TOr0 HOBOTO KOMMO3WTHOrO MaTtepuana. Lienbto HacToswei
cTaTbi SBMSIETCS BblACHEHWe npobenoB B uccrefoBaHWsX B 3ToW 0bBrmactu v (hOpMynupoBaHWs Hanpaenenus ans Gygywen paspaboTku
BbICOKOTOYHBIX KOHCTUTYTUBHBIX MOZENeEN.

KnioueBble cnoBa: nomnockl U3 CFRP (yrmennacTtuka), akTMBHOE OrpaHUYeHWe, PELMKNWHIOBLIA 3anofHUTENb, paclumpsiolLuiics GeToH,
KOHCTUTYLMOHHAs MOLENb.

1 Introduction

With the ongoing advancement of global infrastructure development
and the accelerating pace of urbanisation, the construction industry's
demand for concrete raw materials has grown exponentially. This has
simultaneously generated vast quantities of construction and demolition
waste (CDW). Addressing the dual crises of resource scarcity and envi-
ronmental pollution while meeting structural performance requirements
has become a pressing core issue within the civil engineering sector.
Recycled Aggregate Concrete (RAC) technology achieves this by crush-
ing and screening waste concrete to replace natural aggregates, signifi-
cantly reducing carbon emissions while enabling closed-loop recycling of
construction resources [1, 5]. However, the surface-adhered aged mortar
and micro-fractures generated during crushing impart inherent physical
and mechanical deficiencies to recycled concrete aggregate (RCA), such
as elevated porosity, high water absorption, and low crushing value [7].

These inherent limitations result in recycled aggregate concrete typically
exhibiting lower compressive strength, elastic modulus, and durability
compared to natural aggregate concrete (NAC) of equivalent grades,
thereby restricting its widespread application in high-performance struc-
tural components [7].

To enhance the mechanical properties of recycled aggregate con-
crete and broaden its application scope, fibre-reinforced polymer (FRP)
confinement technology has been introduced into the field of recycled
aggregate concrete structural reinforcement [25]. FRP materials offer
advantages such as lightweight high strength, corrosion resistance, and
ease of construction. They can significantly enhance the strength and
ductility of the concrete core by providing lateral confinement forces.
Carbon fibre reinforced polymer (CFRP), in particular, is widely adopted
due to its exceptional mechanical properties. However, traditional FRP
wrapping techniques primarily provide passive confinement. Under
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passive confinement, the restraining force of FRP relies on lateral expan-
sion of the core concrete. This implies that the restraining effect can only
be fully realised after the concrete has undergone significant axial defor-
mation and sustained a certain degree of damage [18]. For recycled ag-
gregate concrete, which inherently possesses low stiffness and is prone
to cracking, this delayed confinement mechanism often fails to effectively
suppress early crack initiation. Consequently, the stiffness enhancement
of the member during the elastic stage remains limited.

To overcome the limitations of passive confinement, the concept of
active confinement emerged. By introducing expansive agents (EA) to
prepare expansive concrete, the interaction between the volume expan-
sion during concrete hardening and the external FRP materials enables
the establishment of chemical prestressing within the core concrete prior
to loading, thereby achieving ‘active confinement’ [2]. This chemical pre-
stressing not only compensates for concrete shrinkage deformation but
also enhances the cracking load and initial stiffness of the member, fun-
damentally improving the load-bearing performance of RAC. Further-
more, considering the potential issues of poor breathability and high cost
associated with full-wrap FRP, the partial confinement technique using
CFRP strips offers an alternative solution that balances economy and
functionality [17]. CFRP strips permit moisture and heat exchange be-
tween concrete and the external environment, benefiting the hydration of
expansive agents and the long-term performance of concrete. However,
this also introduces more complex non-uniform constrained stress fields
and arching action issues [13].

It is noteworthy that the confinement mechanics governed by a sur-
rounding jacket has been well established in concrete-filled steel tube
(CFST) members and FRP-tube encased concrete, where equilibrium
and strain-compatibility allow the core’s free strains (e. g., shrinkage,
thermal strain, or expansion) to be converted into interface pressure in
a closed-form manner.

Such a tube-based formulation provides a rigorous baseline for explain-
ing how expansive concrete can mobilize “active” confinement in the jacket,
rather than treating confinement efficiency purely as an empirical modifica-
tion.Therefore, in addition to summarizing CFRP-strip confinement and
expansive concrete, this review also introduces a tube-mechanics perspec-
tive (Section 3.4) to bridge CFRP-strip active confinement with the mature
CFST/continuous-tube analytical framework [5, 22, 23].

The integration of CFRP strip partial confinement technology with re-
cycled aggregate expansive concrete establishes a novel composite
structural system combining green, low-carbon, active reinforcement, and
cost-effectiveness. This system involves the microporous structure of
recycled aggregates, the chemical reaction kinetics of expansive agents,
the non-uniform physical confinement of CFRP strips, and the complex
mechanical coupling between these three elements. This paper aims to
systematically review the mechanical mechanisms and constitutive model
research progress concerning CFRP strip-actively constrained recycled
aggregate expansive concrete. The paper will delve into the synergistic
‘internal curing-expansion’ mechanism between recycled aggregates and
expansive agents, examine stress path effects under active confinement
alongside the non-uniform characteristics of strip confinement, and criti-
cally evaluate and compare existing constitutive models. This endeavour
seeks to provide robust theoretical underpinnings for the engineering
design and application of such novel composite structures.

2 Material Properties and Microscopic Synergistic Mechanisms
of Recycled Aggregate Expansive Concrete

2.1 Multi-interface Defect Characteristics of Recycled Aggregates
and Their Potential for Internal Curing Effect

The most critical difference between recycled aggregates and natural
aggregates lies in their more complex and heterogeneous interfacial
structures. Recycled aggregates are typically composed of virgin natural
aggregates and old cement mortar adhering to their surfaces. This "two-
phase" structure inevitably leads to multiple interfacial transition zones
(ITZs) within recycled aggregate concrete (RAC). These include interfac-
es between new and old mortar, interfaces between old mortar and virgin
aggregates, and interfaces where new mortar directly contacts virgin
aggregates, especially when old mortar partially peels off during the
crushing process [10]. Due to the diverse interface types, poor structural
continuity, and significant gradients in material properties, microstructural
analysis generally indicates that the interphase zone (ITZ) of reclaimed

concrete (RAC) is often more porous. Pores and microcracks are more
easily enriched and interconnected in this region, a characteristic consid-
ered a significant microscopic cause of the reduced macroscopic me-
chanical properties of RAC. Further research data reveals the porosity
characteristics of recycled aggregates at the material parameter level;
their porosity is typically more than 30 % higher than that of natural ag-
gregates, while their water absorption can reach 5 % to 10 % [21]. There-
fore, in conventional concrete, recycled aggregates often introduce
a stronger mixing water adsorption effect and exacerbate the interfacial
weakness problem, thus adversely affecting workability and strength
development.

However, in expansive concrete systems, the aforementioned high
porosity and high water absorption do not necessarily imply performance
degradation. On the contrary, they provide a structural basis for the sys-
tem to induce an "internal curing" effect. Traditional expansive concrete
often faces the risk of insufficient moisture supply in engineering applica-
tions. This is because the hydration reaction of the expansive agent con-
tinuously consumes water. If external curing is insufficient, the decrease
in relative humidity inside the system will induce self-drying shrinkage,
thereby weakening the compensatory role that expansion should play
[11]. The porous structure of recycled aggregates allows them to quickly
absorb and store a certain amount of free water in the early stages of
concrete mixing. As the cement hydration and hardening process pro-
gresses, the relative humidity inside the matrix gradually decreases, form-
ing a capillary pressure difference. This pressure difference further drives
the release of water from the pores of the recycled aggregates into the
surrounding paste, thus replenishing the water required for cement hydra-
tion and the reaction of the expansive agent in a more continuous manner
[11]. When internal curing water is stably supplied at the microscale, its
effect is not only to promote a more complete reaction of the expansive
agent and increase the restricted expansion rate, but also to change the
microscopic evolution path of the ITZ by improving the hydration envi-
ronment of the interface zone. The C-S-H gel and hydrated aluminate
generated near the interface can more effectively fill pores and bridge
microcracks, making the ITZ structure more compact, thus achieving
a certain degree of repair and weakening of microscopic defects in RAC [8].

2.2 Expansive Agent Reaction Kinetics and the Formation Mecha-
nism of Chemical Prestress under Constrained Conditions

The volume increase of expansive concrete is usually achieved by
incorporating calcium-based (Ca0), magnesium-based (MgO), or calcium
sulfoaluminate-based expansive agents. However, different expansive
agents have significant differences in reaction mechanism, reaction rate,
and expansion history, which directly determines the temporal character-
istics of the expansion effect and its adaptability to shrinkage compensa-
tion. Calcium sulfoaluminate-based expansive agents primarily generate
crystalline growth pressure within the cement paste skeleton by produc-
ing needle-like ettringite crystals (AFt), thereby driving volume expansion.
This type of expansion typically occurs in the early stages of hydration
and exhibits a relatively rapid development rate [4]. In contrast, MgO
expansive agents generate magnesium hydroxide crystals (Mg(OH),)
through hydration. Their reaction process is slower and more significantly
affected by temperature, thus potentially providing a longer-lasting de-
layed expansion effect. This has more direct engineering significance for
compensating for the later-stage shrinkage of large-volume concrete [19].
Since the expansion effect essentially originates from the generation and
growth of hydration products, the system's moisture supply, temperature
conditions, and pore structure all influence the reaction mechanism and
final expansion contribution of the expansive agent to varying degrees,
resulting in expansive concrete exhibiting a clear material-environment
coupling characteristic.

When expansive concrete is within a CFRP strip-constrained system,
the free expansion of the core concrete is restricted by the external FRP
material. This restriction does not eliminate expansion but rather trans-
forms it into a characterizable stress state. According to Newton's third
law, the reaction of external constraints forces compressive stress o
within the concrete, while simultaneously inducing corresponding tensile
stress ogp oin the FRP strips. This state, driven by a chemical reaction
and ultimately manifesting as mechanical stress, can be defined as
"chemical prestressing." Previous studies have indicated that the level of
chemical prestressing depends on key factors such as the type and dos-
age of the expansive agent, the water-cement ratio, curing conditions,
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and the stiffness of the external constraints [2]. When chemical prestress-
ing is within a moderate range, the concrete more closely approximates
a triaxial compressive working state, and its crack resistance and initial
elastic modulus are often significantly improved. However, stronger ex-
pansion is not always more beneficial. When the expansive agent dosage
is excessive or the expansion pressure exceeds the tensile strength of
the concrete matrix in the unconstrained direction, new microcracks may
form internally, compromising material integrity and thus negating the
expected gains or even converting them into performance damage [2].

Fresh mix:
(a) RCA absorbs free water

Early hardening:

(b) internal curing supports hydration

Therefore, the mix design and constraint system design of recycled aggre-
gate expansive concrete need to simultaneously consider the regulatory
effects of the water absorption and release behavior of recycled aggregate
on the hydration environment, as well as the influence of the water con-
sumption of the expansive agent during hydration and the growth of its
products on the evolution of interal stress. Only by precisely matching the
water supply capacity with the reaction requirements can a more stable and
repeatable synergistic effect be achieved between microstructural densifica-
tion and macroscopic mechanical property improvement.

Later age:
(c) densification + micro-prestress
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Figure 1 — Schematic diagram of the microscopic synergistic mechanism between recycled aggregate and expansion agent [2, 10, 11]

Figure 1 aims to visually present the microscopic path and structural
results of the synergistic effect between recycled aggregate and expan-
sive agent during hydration. This schematic diagram illustrates the key
stages of water migration and interface evolution in a time-progressive
manner. The left side of the figure corresponds to the fresh mixing stage.
In the initial stage of mixing, porous recycled aggregate (RCA) adsorbs
and stores a large amount of free water, and the old mortar layer at-
tached to its surface is in a high-saturation state. The expansive agent
particles are relatively uniformly dispersed in the new cement paste,
providing a spatially diffusible basis for subsequent reactions. The middle
part of the figure depicts the water redistribution process in the early
stages of hardening. As cement hydration continues to consume external
moisture, the internal humidity of the matrix gradually decreases, forming
capillary tension. Under this driving force, the internal curing water stored
inside the recycled aggregate undergoes desorption and migrates out-
ward. The released water is preferentially transported to adjacent expan-
sion agent particles and unhydrated cement particles, thereby maintain-
ing the local water environment required for the reaction at the mi-
croscale. The right side of the figure corresponds to the structural
strengthening results in the later stages of hardening. Near the interface
transition zone (ITZ) between RCA and the new paste, due to continuous
water replenishment, more abundant ettringite crystals and dense C-S-H
gel are generated. These hydration products fill and seal the previously
loose pores and microcracks, forming a identifiable "densified zone"
around the interface. At the same time, the growth of expansion products
is restricted by the external skeleton and constraints, inducing a pre-
stressed state at the microscale, making the overall matrix structure more
compact and possessing stronger crack resistance potential. This sche-
matic process provides a clearer understanding of how internal curing, in
conjunction with micro-expansion, affects the evolution of interfacial de-
fects and pore structure in RAC, thereby promoting simultaneous im-
provement of material properties at both the micro and macro levels [10].

3 Mechanical Mechanism of CFRP Strip Active Constraint Systems

3.1 Differences in Stress Initiation Points and Path-Dependent Re-
sponses Between Active and Passive Constraint

The core prerequisite for understanding CFRP strip active constraint
systems lies in clarifying the fundamental differences between ‘active
constraint’ and ‘passive constraint’ in terms of constraint initiation mecha-
nisms and stress onset points. Furthermore, it is essential to recognise
how these differences influence material damage evolution and ultimate
load-bearing performance through stress pathways. Traditional FRP-
constrained concrete typically constitutes a passive constraint system.
During the initial loading phase, the FRP jacket bears negligible effective
stress. Only when the core concrete undergoes longitudinal compression
under axial pressure, accompanied by lateral expansion, does the FRP

develop circumferential tensile forces through passive stretching. This
subsequently imposes lateral constraint pressure o; upon the core
concrete. Within this framework, the magnitude of the confinement pres-
sure is governed by the lateral strain €, i. €., o} = f (g;). Consequently,
the establishment of confinement exhibits pronounced hysteresis. This
hysteresis implies that the confinement effect is often only gradually activat-
ed after the concrete has already developed a certain degree of microcrack
initiation and damage accumulation. For recycled aggregate concrete,
which exhibits greater brittleness, more initial defects, and lower overall
stiffness, the material is more sensitive to damage during the early loading
stages. Irreversible micro-deterioration may occur before the confinement
effect is fully developed, thereby inherently limiting the subsequent en-
hancement of strength and ductility through confinement [18].

Upon introducing expansive agents, the confinement mechanism un-
dergoes a fundamental transformation. Concrete can generate initial lateral
compressive stress o ;,; internally through volumetric expansion before
external axial working loads are applied. Concurrently, CFRP strips are pre-
stressed due to the induced tensile strain. The presence of confining pres-
sure alters the material's failure criteria. From the perspective of the Mohr-
Coulomb failure criterion, the initial confining pressure effectively extends
the elastic range of the concrete at the onset of loading and raises the crack
initiation threshold. This results in earlier and more effective suppression of
microcrack nucleation and propagation. More significantly, active confine-
ment not only provides a non-zero initial confining pressure value but also
fundamentally alters the stress path of the concrete: under passive con-
finement, confining pressure typically increases monotonically from zero as
axial load increases; whereas under active confinement, confining pressure
commences from a non-zero level, with its subsequent growth rate jointly
governed by FRP stiffness and concrete shear-expansion characteristics.
Consequently, the evolution of confining pressure exhibits distinct temporal
characteristics compared to passive confinement. Extensive research indi-
cates that concrete's mechanical response exhibits pronounced path-
dependency. Even when ultimately reaching identical confining pressure
levels, specimens subjected to active confinement pathways frequently
demonstrate higher ultimate strengths and superior ductility [9]. This dispari-
ty does not stem from a simple comparison of ‘final confining pressure val-
ues, but rather relates more profoundly to whether damage is suppressed
in the early stages. Active confinement imposes restrictions on microcrack
evolution from the onset of loading, enabling the material to maintain higher
structural integrity throughout the loading process. This provides a more
stable microstructural foundation for subsequent strength development and
deformation capacity.

3.2 Arch Effect of Partially Constrained Strips and Evolution of Effec-
tive Constraint Induced by Expansion

Compared to continuous FRP tubes or fully wrapped configurations,
CFRP strip confinement introduces a pronounced non-uniform stress field
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alongside lateral restraint. This non-uniformity manifests not only in the
cross-sectional direction but more markedly in discontinuous distribution
characteristics along the component height. Within the strip coverage
zones, concrete experiences strong confinement, whereas in the inter-
strip gaps, it remains weakly confined or even unconstrained. Conse-
quently, confinement stresses do not propagate uniformly along the
height. The classical ‘arching action’ theory is commonly employed to
explain this phenomenon. Its fundamental principle posits that confine-
ment stress does not propagate linearly between adjacent strips but
traverses the gap regions via arched stress paths, enabling transfer from
one confinement ring to the next. During this process, only the concrete
within the arched region forms an effective confined core and receives
effective confining pressure, whereas the concrete outside the arch, clos-
er to the free surface, is more prone to spalling or brittle failure [13]. Con-
sequently, the load-bearing contribution of strip confinement largely de-
pends on the adequate formation of the arch effect and the actual extent
of the effective confined core under geometric and material conditions.
When the confined material transitions from ordinary concrete to expan-
sive concrete, the mechanism of arch effect formation and confinement effec-
tiveness exhibit heightened dynamism. This arises because expansion con-
stitutes a volumetric deformation process, wherein the core concrete exhibits
an outward expansion tendency even within the strip gaps. This tendency
may manifest prior to the application of external axial loading. Should the
spacing between CFRP strips be excessively large, the concrete within the
gaps may crack under expansive forces, potentially leading to localised fail-
ure even before axial loading. This creates a persistent ‘pre-damage’ effect,
prematurely diminishing the potential for strength and ductility enhancement
during subsequent compression stages. Precisely because expansion intro-
duces pre-loading deformation and internal stress evolution, the determi-
nants of the effective confinement coefficient k. are no longer confined to
geometric parameters alone. Instead, they must simultaneously account for
the expansion energy generated by the admixture reaction and the resulting
stress redistribution process. The classical expression proposed by Mander
et al. is typically written as ko = (1 —s'/2d.)?, where s’ denotes the net
spacing between strips and d. represents the core diameter [27]. This
formulation essentially characterises the reduction in the effective core size
through geometric relationships. However, for expansive concrete systems,
direct application of this geometric coefficient often fails to reflect the actual
deviations caused by expansion-induced stress increases in the interstitial
zone or pre-damage effects. Consequently, k. requires modification to
incorporate the influence of stress redistribution induced by expansion [6].
Further research indicates that when the ratio of net strip spacing to

(a) Passive confinement: stress field
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member dimensions exceeds a certain threshold, arching effects struggle to
stabilise, leading to a sudden drop in confinement efficiency. The failure
mode may shift from confinement-dominated behaviour to shear failure of
the interstitial concrete. This threshold is frequently reported in multiple
studies to be close to 0,5 [17]. Consequently, in the strip confinement de-
sign for expansive concrete, strip spacing does not merely determine the
‘strength of confinement'. It more directly influences whether the expansion
phase will induce premature damage in the gap zone, thereby affecting the
effectiveness and stability of the entire confinement system throughout the
entire compression process.

3.3 Stress Concentration and Constraint Efficiency Modulation In-
duced by Cross-Section Geometric Effects

When the cross-section of a component is rectangular or square, the
non-uniformity encountered by CFRP strip confinement exhibits a superpo-
sition effect, typically exhibiting significantly greater complexity than circular
cross-sections. On the one hand, the strip spacing in the height direction
still causes discrete distribution of confinement pressure along the height
due to the arch effect. On the other hand, the comer effect in the cross-
sectional direction further leads to significant in-plane non-uniformity of
confinement pressure. For rectangular cross-sections, lateral confinement
pressure tends to concentrate in corner regions, while confinement at the
mid-sections of straight edges is relatively weaker. This occurs because
FRP, as a flexible membrane material, tends to provide membrane tensile
response rather than directly forming stable confining pressure in straight
segments. Consequently, the mid-sections of straight edges struggle to
achieve lateral compressive stress levels comparable to those at corners
[14]. When the material is replaced with recycled aggregate concrete, its
internal defect distribution exhibits greater randomness and heterogeneity.
The non-uniform constraint stress field is more likely to trigger damage
propagation at local defects and weak interfaces, manifesting as localised
failure initiating and rapidly evolving into global failure. Concurrently, the
high stiffness of CFRP strips provides strong confinement to localised re-
gions but may also induce stress concentration at strip edges or locations of
stress discontinuity. This generates significant shear effects within the con-
crete at these points, potentially triggering localised shear failure. Conse-
quently, the overall utilisation rate and ductility contribution of the confine-
ment system are diminished. Consequently, corner rounding of rectangular
columns is widely regarded as a crucial method for enhancing confinement
efficiency. Increasing the radius of curvature improves the continuity of FRP
strain development and confining pressure distribution at corners, resulting
in more uniform lateral confinement and enhancing the effective utilisation
of CFRP material [16].

1 (6)) Active confinement: precompression background

Background compression
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Figure 2 — Comparison of internal stress fields within CFRP-constrained concrete under active and passive constraint conditions [2, 5, 18, 24]

To elucidate the coupling relationship between active confinement
and the partial confinement effect of the strips, a comparative analysis of
the two states can be conducted using stress contour plots derived from
finite element numerical simulations. Figure 2a corresponds to the pas-
sive confinement state, displaying the distribution of minimum principal
stresses along the longitudinal section of the CFRP strip-confined
concrete cylinder during the initial stage of axial loading. Where

compressive stresses predominantly concentrate directly beneath the
CFRP strips. Darker hues indicate higher local confining pressure levels.
Distinct arched stress transfer pathways emerge between the strips: the
inner arch region exhibits elevated compressive stresses forming an
effective confinement core, while the outer arch area near the concrete
surface shows markedly lighter colours, even exhibiting near-zero stress
zones. This reflects a low-confinement blind zone where effective

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2025-138-3-30-40

33



Vestnik of Brest State Technical University. 2025. No. 3 (138)

confining pressure is scarcely established during the early loading stage.
Figure 2b corresponds to the active confinement state, illustrating the
stress distribution characteristics prior to axial loading after introducing
the expansive agent. Compared to Figure 2a, a background compressive
stress field is observed throughout the entire cross-section, including the
inter-strip void regions. While the highest compressive stress levels per-
sist beneath the strips, stresses in the void regions are significantly ele-
vated, and the original low-stress blind zones tend to disappear. This
indicates that the initial confining pressure introduced by chemical pre-
stressing spatially compensates for the inherent weak zones in the dis-
continuous confinement provided by the strips. Consequently, a continu-
ous compressive stress field is established earlier within the component.
Figure 2c further presents a comparative damage contour plot during the
failure stage. The passively constrained specimen exhibits greater sus-
ceptibility to damage concentration at the strip gaps, forming distinct
shear zones. Conversely, the actively constrained specimen typically
displays more uniform damage distribution, with crack morphology tend-
ing towards finer and more dispersed patterns. This disparity numerically
corroborates the mechanism by which active confinement mitigates
stress concentration and suppresses localised failure [6].

3.4 Tube-based mechanical model and analogy with CFST members

From a mechanics viewpoint, the actively confined RAC-EC with
CFRP strips can be regarded as a discontinuous approximation of a full
tube surrounding the concrete core. This configuration is conceptually
close to classical concrete-filled steel tube (CFST) and FRP-tube en-
cased concrete members, in which the tube and the core concrete share
compatible deformations and interact through radial interface pressure.
Tube-based analytical models developed for CFST and FRP tubes there-
fore provide a useful reference framework for interpreting the stress
transfer mechanism in the present system [5, 22, 23].

For a thin-walled circular tube with thickness ttt and mean radius rrr,
made of an isotropic linear-elastic material with elastic modulus ESE_sEs
and Poisson’s ratio us\mu_sps, the hoop and axial stresses can be ex-
pressed in terms of the corresponding strains as

Es Es
m(es,e + Hses,z)r 1__@(65,2 + Hses,e)- Q]
Assuming perfect bond at the tube—concrete interface and uniform in-

ternal pressure, radial equilibrium of a closed tube leads to the classical
thin-walled relations

Os0 = Osz =

t qr
q= ;o_S,Sr Ogz = Z_t' (2)
where q is the confining pressure acting on the concrete core. Equa-
tions (1), (2) show that the active confining pressure generated by expan-
sion or differential deformation in the core can be directly related to the
hoop and axial strains in the surrounding tube (see Figure 3).

The concrete core is simultaneously subjected to axial stress and
lateral confinement. Neglecting radial stress gradients within the core and
adopting an effective time-dependent modulus E,(t) and Poisson’s ratio
Hes the tangential and axial concrete stresses associated with the elastic
part of the strains can be written in a form analogous to generalized
Hooke’s law

—_ Ea(®

0086~ 1oy, (1-20,)

O¢ 2z~ (1+EC)T1< 2 [(1 M. )eczzﬂJ € 69]
with radial equilibrium at the interface requiring oy (r;) = —q. To-
gether with the strain-compatibility conditions 59 = €.90 and
€2 = €cqz at the interface, Equations (1)-(3) form a closed ‘tube
model” that links the free expansive strain of RAC-EC, the tensile re-
sponse of the CFRP (or steel) tube, and the resulting three-dimensional
stress state in the core. In CFST members, similar formulations are wide-
ly used to quantify how temperature rise, shrinkage and creep of the
concrete core generate active confinement in the steel tube; here the
same approach can be used to interpret the chemical prestressing pro-
duced by expansive agents in RAC-EC.

When time-dependent effects are included, the total strains in both
tube and concrete can be decomposed into instantaneous elastic parts
and creep components. For the concrete core, the circumferential and
axial strain increments at a generic time step t; may be expressed as

[(1 “ )Gceeﬂl Eczz]
)

0 ALP io
Aec ee‘Ae 00 Z Acc 00 Ecm " z A 0 Eomze
(i — Ag( tl Ay(t; 4 )
Ae c,zz'Aec,zz+ Zj=1 c zz Eem + Z c 66 Ecm (4)

where A (t;, tj) and Ay (t, tj) are d|screte creep functions assomated with
the history of tangential and axial stresses, respectively, and Eg, is a
reference modulus at 28 days. The corresponding stress increments in

the tube, Aog?e and Aog?z, are obtained from Equation (1) using the com-

patible strain increments in the tube. Substituting these stress increments
into Equation (2) provides the evolution of the confining pressure q(t) and
thus the time-varying active confinement level in the core.

For RAC-EC members confined by CFRP strips rather than a contin-
uous tube, the above tube model can still be used in an “equivalent-tube”
sense. An effective tube thickness teq may be introduced by distributing
the total strip area uniformly around the perimeter, while the non-
uniformity of strip confinement is accounted for through the effective con-
finement coefficient ke discussed in Sections 3.2 and 4.3. In this way, the
active confining pressure derived from Equations (1)-(4) can be inter-
preted as the mean confining pressure in the effectively confined core,
and the influence of strip spacing, strip width and expansion level can be
translated into modifications of teq and ke. This tube-based analytical
framework provides a direct theoretical bridge between the well-
established mechanics of CFST/FRP-tube systems and the more com-
plex behaviour of CFRP-strip-actively confined RAC-EC members.

4 Axial Compression Performance, Failure Modes and Key Pa-
rameter Analysis

4.1 Failure Patterns and Their Evolutionary Mechanisms

The failure patterns exhibited by CFRP-strip-actively-constrained re-
cycled aggregate expansive concrete under axial compression funda-
mentally result from the competitive and mutually reinforcing interplay of
multiple mechanisms across different stages. The dominant mechanism
is typically governed by the combined effects of constraint stiffness, recy-
cled aggregate replacement rate, and expansive agent dosage. Con-
straint stiffness is determined not only by the number of CFRP layers but
also closely relates to strip spacing, strip width, and their mode of shaping
the effective constraint core. The recycled aggregate replacement rate
influences crack initiation locations and propagation pathways by altering
the matrix's initial defect level, interfacial weakness, and shear-expansion
response; the expansive agent dosage further modifies the pre-loading
initial stress state and early-loading crack initiation threshold through the
magnitude and distribution of chemical prestress. Based on experimental
phenomena and the temporal characteristics of failure processes, com-
mon failures can be categorised into several representative types. How-
ever, these are not mutually exclusive; they often occur sequentially or
concurrently within the same specimen, differing only in their dominant
features.

When confinement is strong — that is, when strip spacing is small, the
number of layers is high, and the effective confinement core area is
large — the specimen is more likely to exhibit a failure mode dominated by
CFRP tensile rupture. This failure typically commences when tensile
strain in one or several strips near the mid-column rapidly approaches its
limit, accompanied by a distinct audible crack. Subsequently, due to the
instantaneous loss of lateral confinement locally, the core concrete rapid-
ly transitions to crushing failure under high axial compression, producing
significant fragmentation and spalling. It is important to note that within
active confinement systems, the expansion phase already induces initial
tensile strain in the CFRP strips. This effectively consumes part of the
strain reserve before axial loading commences. Consequently, the ‘addi-
tional available fracture strain’ that CFRP can provide during loading is often
less than the material limit values measured in uniaxial tensile tests. Con-
currently, the volume deformation and shear expansion characteristics of
recycled aggregate systems are more pronounced. Under intermittent con-
finement conditions, the strips may exhibit greater strain inhomogeneity,
causing the strain efficiency coefficient to vary across different structural
parameters and material combinations [24]. This affects the actual location
and sequence of reaching the limit state defined by ‘reaching e .
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Figure 3 — Tube-based mechanical model and its analogy with CFST/FRP-tube members

When constraints are weaker — that is, when strip spacing is large
and arching effects struggle to form a continuous, effective core in the
height direction — failure often initiates earlier in the concrete at strip
gaps. Due to insufficient confining pressure in these gap regions, the
concrete is more prone to bulging outward under axial compression. The
combined action of tensile strain induced by bulging and shear strain then
leads to longitudinal cracks, diagonal cracks, and even local spalling. The
aged mortar interface and multiple inter-tension zones (ITZ) in recycled
aggregate concrete readily compromise its shear and tensile load-bearing

pathways. resulting in more pronounced shear slip zones and distinct
brittle behaviour. Even when CFRP strips have not reached ultimate
strength or ultimate strain e, members may prematurely lose overall
load-carrying capacity due to localised core concrete instability and failure
of the load-transfer chain [17]. Under such circumstances, the strips func-
tion more as ‘restricting crack propagation and delaying delamination’
rather than providing full-height confinement pressure. Consequently,
their contribution to peak strength and ultimate deformation is markedly
capped.
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Mixed failure is more likely to occur under combinations of moderate
confinement stiffness or high expansive agent dosage, often manifesting
as a composite outcome of ‘pre-loading state’ and ‘loading evolution’.
Should the chemical prestress induced by expansion be substantial,
CFRP strips may approach their tensile strength limit early in axial load-
ing, thereby limiting subsequent strain development. Concurrently, ex-
cessive strip spacing or uneven local release may permit micro-pre-
cracks to form in the gap zone concrete during the free expansion phase.
These may rapidly evolve into shear zones upon axial loading application.
At this juncture, CFRP failure and shear crushing of concrete at the gap
may occur in close temporal proximity. Macro-scopically, this manifests
as FRP failure and localised concrete failure occurring almost simultane-
ously, resulting in a more abrupt and discrete failure process. Conse-
quently, the residual load-bearing capacity and failure warning character-
istics of the specimen become relatively weaker.

4.2 Full-Cycle Axial Stress—Strain Response

Under axial compression, the axial stress—strain curve of CFRP-strip-
constrained RAC generally exhibits typical bilinear characteristics. How-
ever, its curve morphology, key inflection point locations, and late-stage
evolution patterns demonstrate more pronounced differences compared
to the constraint responses of conventional passive-constrained or ordi-
nary natural aggregate concrete [2]. This divergence stems from the
active confinement system introducing non-zero confining pressure and
prestressing conditions from the onset of loading. This places the material
under stronger triaxial compression and crack closure from the initial
stage. while the strip-like partial confinement significantly influences the
spatial distribution and load-dependent uniformity of confining pressure
through geometric constraints. Consequently, each segment of the curve
bears the combined imprint of both ‘chemical prestressing’ and ‘arch
effect confinement'.

During the initial response phase, the curve typically exhibits
a steeper ascent, reflecting higher initial stiffness and a lower early dam-
age growth rate. This primarily stems from expansion-induced chemical
prestressing, which promotes closure of existing microcracks and ele-
vates crack initiation stress levels. Consequently, RACs under macro-
scopic compression exhibit deformation patterns closer to those of con-
tinuous media. Simultaneously, the confining pressure background sup-
presses shear expansion, favouring the conversion of axial compression
into volumetric compaction and skeletal co-loading. This enhances the
equivalent elastic modulus during the curve's initial segment. When in-
corporating prestress as an initial condition, the curve's origin typically
deviates from the absolute starting point, exhibiting rapid stress growth
within the low-strain range. This ‘origin offset’ does not indicate meas-
urement anomalies but reflects pre-existing stress reserves and crack
closure effects within the system prior to loading.

As axial stress further increases, the region where the curve transi-
tions from the initial near-linear segment to the second stage typically
corresponds to the ‘knee point’. This point may be regarded as the critical
location where the core concrete shifts from predominantly elastic defor-
mation to predominantly plastic damage participation. Active confinement
generally significantly elevates the stress level corresponding to the knee
point, delaying the onset of the pronounced damage accumulation phase.
This enables the material to maintain more stable stiffness and more
controllable deformation development within the service load range. This
is particularly crucial for recycled aggregate concrete, as its interfacial
transition zone (ITZ) defects are more readily activated at lower stress
levels. Active confining pressure suppresses crack initiation, raising the
threshold for micro-to-macro crack transition and promoting finer, more
dispersed damage development.

Upon entering the strengthening phase, the secondary stiffness
curve is primarily governed by CFRP strip stiffness and confinement
efficiency. However, under strip confinement, secondary stiffness often
exhibits more pronounced specimen variability. This arises because the
arching effect dynamically adjusts with increasing load and shear expansion
evolution, while confining pressure levels in the void zone and strip-covered
zone do not increase synchronously. For RAC, owing to its stronger consti-
tutive softening tendency, a rising strengthening segment may still form
under sufficient confinement, though its slope may be slightly lower than
that of natural aggregate concrete, manifesting as a slower load capacity
increase. When confinement is insufficient or significant prior damage oc-
curs in the void zone, the curve may exhibit premature softening trends, or
even enter a descending branch after the peak. At this stage, the magnitude

of load capacity enhancement is constrained, and the development of ulti-
mate strain becomes more dependent on the deformation space released
by local spalling and shear zone expansion.

Near the ultimate state, the influence of recycled aggregate replace-
ment rate often presents a combined characteristic of ‘decreased strength
but potentially increased deformation capacity’. As the replacement ratio
increases, the peak stress of the core concrete typically decreases, con-
sistent with the fundamental principle of reduced material strength and
interface quality. However, under triaxial compression and confining
pressure constraints, the porous structure of RAC actually endows it with
greater compaction potential. This allows it to accommodate more com-
paction deformation and shear-expansion-constrained deformation before
overall crushing occurs, potentially increasing ultimate strain and exhibit-
ing more pronounced ductile characteristics [20]. It should be noted that
this enhanced ductility does not equate to reduced damage; rather, it
manifests as ‘more dispersed damage and a more gradual evolution’.
Whether this translates into reliable engineering toughness ultimately
depends on whether the strip spacing, number of layers, and expansion
prestress collectively maintain the stability of the effectively constrained
core, thereby preventing premature localised instability in the interstitial
zones from dominating failure.

4.3 Key Parameter Sensitivity and Design Implications

For actively restrained RAC expansive concrete, the parameters in-
fluencing axial compression performance typically interact through three
pathways: geometric constraints, chemical prestressing levels, and matrix
material variations. Certain parameters exhibit high sensitivity to restraint
efficiency, where slight deviations from optimal ranges may induce quali-
tative changes in failure modes and stress-strain responses. Regarding
geometric configuration, the net spacing between strips and strip width
constitute the most direct combination of parameters determining effec-
tive confinement. The net spacing exhibits particular sensitivity in influ-
encing the effective confinement coefficient. Existing research indicates
that as net spacing increases, the effective confinement coefficient fol-
lows an approximate quadratic decay pattern. This implies that increased
spacing not only linearly reduces the confining pressure level but also
significantly amplifies adverse effects by diminishing the effective con-
finement core area. When s’/d is small, the specimen's overall response
more closely resembles the hardening behaviour of fully wrapped con-
finement, with a more pronounced curve-strengthening segment and
amore significant increase in peak load-bearing capacity. When s’/d
exceeds a critical threshold — commonly reported around 0,5 — the arch-
ing effect struggles to stabilise vertically. Bulging in the gap zone and
expansion of shear bands begin to dominate failure, making stress—strain
curves more prone to softening segments and causing load-bearing gains
to plummet sharply [17]. Under such conditions, the strips primarily inhibit
crack width and local spalling rather than sustainably providing adequate
confining pressure. Consequently, even increasing the strip strength
grade may not linearly translate to higher peak strength.

The influence of expansive agent dosage on active confinement ex-
hibits a characteristic non-monotonic behaviour, fundamentally stemming
from a significant trade-off between ‘beneficial prestressing’ and ‘self-
damage or depletion of strength reserves’. An appropriate expansion
agent dosage establishes a reasonable chemical prestressing back-
ground prior to loading, enhancing initial stiffness and elevating the stress
level at the knee point. This stabilises the material within the service
stress range while also reducing the activation of early microcracks,
thereby providing a more complete microstructural foundation for subse-
quent strengthening phase development. However, excessive dosage
may yield adverse consequences through two pathways: firstly, during
the free expansion phase, insufficient confinement may induce expansion
cracks in the matrix, creating irreversible self-damage that compromises
integrity at the onset of subsequent compression loading; Secondly, ex-
cessive expansion may cause CFRP strips to consume excessive
strength and strain reserves prior to loading, effectively increasing the
initial tensile level and reducing the subsequent available e¢ space. This
diminishes deformation potential and load-bearing reserves at ultimate
limit states [2]. Consequently, the optimal range for expansive agent
dosage typically aligns with the constraint stiffness and RAC strength
grade. Within this range, the establishment of chemical prestress signifi-
cantly amplifies the effectiveness of strip confinement. Deviations from
this range may lead to two distinct issues: ‘ineffective prestress conver-
sion’ or ‘reverse prestress damage’.
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The replacement rate of recycled aggregates primarily influences
the overall performance of the active confinement system by altering
the fundamental mechanical properties, lateral deformation capacity,
and time effects of the core concrete. As the replacement ratio increas-
es, the elastic modulus of the RAC typically decreases, enhancing its
tendency for lateral deformation and consequently increasing its lateral
deformation coefficient. Within passive restraint systems, this charac-
teristic may prompt FRP to enter tension earlier and become ‘activated’
sooner. However, in active restraint systems, confining pressure is
already present prior to loading. Therefore, variations in replacement
ratio more prominently manifest as the ‘level of restraint required’ to
compensate for the loss in matrix strength and achieve the target per-
formance level. In other words, when RAC strength diminishes and
defects proliferate, insufficient constraint strength or an inadequate
effective core zone may lead to failure being dominated by localised
failure in the gap zone, thereby undermining the advantages of active
confinement. Furthermore, the relatively high creep and pronounced

long-term deformation characteristics of RAC may lead to more signifi-
cant loss of chemical prestressing over time, resulting in an actual
oy,in; during loading that falls below design expectations. This time-
dependent prestressing decay warrants particular consideration within
design and evaluation frameworks under long-term service conditions
[7]. Consequently, the replacement ratio not only determines the ‘level
of strength’ but also alters the actual working state of the restraint sys-
tem through lateral deformation and time effects. This, in turn, influ-
ences the overall shape of the stress — strain curve and the final failure
mode classification.

To quantify the impact of the above parameters, we use a comprehensive
data table to compare typical experimental results. Table 1 clearly shows that
introducing active constraints (A) can further improve the strength compared
to passive constraints (P); although the gain of strip constraints is lower than
that of full constraints, the performance of active strip constraints (RAC-A-
Strip) is close to or even exceeds that of ordinary full-enclosed passive con-
straints, proving the efficiency of this technical approach.

Table 1 - Typical influence of expansive agent dosage on active confinement effectiveness [2]

Specimen Type Restraint Method Exggg:g); (2/?;3 nt Aggl_;%geate szli(ns(tg/f)ss Strgﬂiﬁx&rzm%) Failure Modes
RAC-Ctrl Unrestrained 0 100 % RCA | - - Shear Failure
RAC-P-Full Fully Enclosed Passive | 0 100 % RCA | +120 % +350 % FRP Fracture
RAC-P-Strip Strip Passive 0 100 % RCA | +65 % +180 % Gap Crushing
RAC-A-Full Fully Enclosed Active 10 100 % RCA | +145% +320 % FRP Fracture
RAC-A-Strip Strip Active 10 100 % RCA | +95% +210 % Mixed Mode
RAC-A-HighExp | Strip Active 20 100 % RCA | +85 % +150 % Pre-cracking/FRP Fracture

Note — Although the source data comes from GFRP specimens, the non-monotonic trend of strength gain regarding expansion dosage is repre-

sentative and applicable to CFRP systems discussed in this review.

5 Progress and Evaluation of Constitutive Model Research

Establishing constitutive models with sufficient accuracy and trans-
ferability is a prerequisite for structural design, load-bearing capacity
verification, and nonlinear finite element analysis. For CFRP strip-
constrained recycled aggregate expansive concrete, both the material
and constraint system exhibit characteristics such as a multi-defect matrix
caused by recycled aggregates, an initial stress state introduced by ex-
pansive agents, and a non-uniform constraint stress field resulting from
the strip configuration. These features render the stress-strain relation-
ship no longer a simple response explainable by a single mechanism.
Consequently, existing research typically advances along two main lines:
on the one hand, targeted modifications to classical FRP-constrained
concrete models to enable their application in predicting limit states for
engineering design; on the other hand, a greater emphasis on construct-
ing incremental analysis models based on physical mechanisms to gen-
erate full curves and reproduce path-dependent responses under active
confinement conditions. Within this framework, a model's universality is
often demonstrated by its compatibility with diverse constraint configura-
tions, aggregate systems, and expansion levels. Its usability, meanwhile,
manifests as a balance between parameter identifiability, computational
stability, and engineering expressiveness.

5.1 Design-Oriented Ultimate State Models

Design-oriented models prioritise direct prediction of ultimate state
indicators, typically employing peak stress f.." and ultimate strain €., as
core outputs. They provide engineering convenience through explicitly
formulated equations that are as concise as practicable. The advantage
of such models lies in their compatibility with structural verification and
standardised applications, enabling rapid establishment of quantitative
relationships between ‘constraint strength and load-bearing capacity
gains’. However, their limitations are also evident: they offer relatively
limited capability to characterise stiffness evolution, inflection point loca-
tions, and softening behaviour throughout the loading process. Conse-
quently, they are often regarded as result-oriented ultimate state estima-
tion tools rather than complete constitutive expressions directly driving
full-process numerical analysis.

5.2 Modifications to Classical Models

Among numerous ultimate limit state models, the Lam and Teng
model is widely adopted due to its clear formulation and readily obtaina-
ble parameters. Its fundamental expression can be written as

(Eh»ﬂ )0.45. 5

€co

Bee = 14330, f—1754120

freo f’co‘ €co freo

Among these, f.," and e, typically correspond to the peak stress
and peak strain of unconstrained concrete, f; denotes the nominal lateral
confinement pressure, while ey, ., relates to FRP rupture. For the CFRP
strip-enhanced active confinement (RAC) system, direct application of the
aforementioned model often introduces systematic biases concerning
confinement effectiveness and initial stress state. Consequently, re-
searchers typically extend and modify the model across three dimen-
sions: confinement non-uniformity, material variations within RAC, and
the contribution of active confining pressure [9]. Firstly, to account for
height-direction non-uniformity in confinement caused by strip spacing,
the concept of effective confinement pressure should be introduced. This
replaces f; with fj o¢r = Ko - f}, Where ke is typically determined using
arch effect-related formulas. When the cross-section is rectangular or
corner effects are present, k. often requires consideration alongside
shape coefficients to account for non-uniformity in both height and cross-
sectional directions. Secondly, recognising that the matrix strength and
deformation characteristics of RAC differ from those of natural aggregate
concrete, some models further incorporate reduction factors related to the
replacement ratio r. These factors characterise the weakening effect of
inherent defects and multiple interfacial transition zones (ITZs) on
strength gain. For instance, the strength gain term may be expressed as
(1 — o - r) to reflect RAC's material properties. More significantly, under
expansive concrete conditions, the confinement system already possess-
es an initial confining pressure f} ;,; induced by expansion prior to exter-
nal loading application. Consequently, it is essential to explicitly incorpo-
rate the active confinement contribution within the limit state expression.
Some studies favour a superposition approach, decomposing the total
strength gain into the sum of passive confinement gain and active pre-
stressing gain, expressed as f..“ = feo” + Afyassive + Afactive, Where
Af,ctive IS treated as a term proportional to the level of chemical pre-
stressing [3]. This approach maintains relative engineering simplicity
while enabling the model to establish a more direct mapping relationship
between two key mechanisms: strip non-uniform confinement and expan-
sion-induced active confining pressure.

5.3 Incremental constitutive models for analysis

Models designed for analysis place greater emphasis on the generation
and evolution mechanisms of the full stress-strain curve. Their objective is not
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merely to provide f.." and e, but to reconstruct the entire response pro-
cess — from the elastic stage through the strengthening stage to post-peak
softening or failure — via an incremental iterative procedure. Such models
typically reference a family of stress—strain curves under active constraint
conditions. By progressively updating confining pressure, lateral strain, and
damage variables, they solve the equilibrium relationship between axial
stress and constraint reaction forces at each strain increment. As strip
constraints induce simultaneous spatial and temporal variations in confin-
ing pressure, incremental models offer distinct advantages in handling
‘evolutionary rather than constant confining pressure’. Consequently, they
are frequently employed for numerical calibration, parameter sensitivity
analysis, and explaining complex constraint mechanisms.

5.4 Correction of Lateral Dilation Relationship

In analytical models, the relationship between axial strain €, and lat-
eral strain € is usually given by the dilation model, which is a key factor
determining the evolution of confining pressure and the rate of constraint
activation. For RAC, due to differences in Poisson's ratio, dilatation angle,
and pore compaction behavior compared to ordinary concrete, its lateral
dilation is more likely to enter nonlinear growth at lower stress levels, and
the volumetric dilation point appears earlier than in natural aggregate
concrete. This phenomenon suggests that RAC may activate passive
constraints earlier, and also indicates that it is more prone to localized
damage and premature weakening of constraint efficiency when con-
straints are insufficient. Including expansive concrete further complicates
the problem because the system may initially possess non-zero trans-
verse strain as an expansive strain background. This means the evolution
of transverse strain no longer starts from zero, but requires the introduc-
tion of an initial strain term € into the model to correct the superposition
of the expansion path and subsequent Poisson effect [9]. From a compu-
tational perspective, the introduction of € 4 not only affects the starting
point of the confining pressure but also alters the mapping slope in sub-
sequent incremental iterations where "the current confining pressure is
determined by the current transverse strain." Therefore, its influence on
the overall curve morphology often extends throughout the entire pro-
cess, not just to the initial stage.

5.5 Path-Dependent Constitutive Models

A common approach in traditional analytical models is to assume that
the stress state of FRP-confined concrete passes through a series of
active constraint curves under constant confining pressure, and to con-
struct the overall response based on this. However, in actively con-
strained systems, this assumption faces two real-world differences: firstly,
the starting point of active constraint is not at zero confining pressure; the
initial confining pressure and initial transverse strain alter the damage
initiation conditions; secondly, during loading, the confining pressure
continuously adjusts with expansion, Poisson's effect, and shear dilata-
tion, and strip constraints give this adjustment a distinctly non-uniform
characteristic. Based on these understandings, recent research has pro-
posed model frameworks that emphasize path dependence, clearly dis-
tinguishing the different effects of passive and active constraint paths on
damage accumulation rate, yield evolution, and strength degradation
behavior [9]. In terms of implementation, these models often utilize plas-
ticity theory, introducing kinematic hardening criteria into the constitutive
relation to describe the effect of expansion prestress on the position and
shape of the yield surface, thus mathematically reflecting the path de-
pendence phenomenon that "the same final confining pressure but differ-
ent loading histories lead to different strengths and ductility." Compared
to simply superimposing active prestress into a constant confining pres-
sure term, path-dependent models emphasize the continuous influence of
prestress on the internal state variables of the material, thus demonstrat-
ing greater mechanistic consistency in explaining the differences between
early damage suppression and later strengthening.

5.6 Unified Constitutive Framework

To describe the differences between fully enclosed and strip-
enclosed concrete, natural aggregate concrete and RAC, and ordinary
concrete and expansive concrete within the same theoretical framework,
some scholars have attempted to establish a unified constitutive frame-
work, merging geometric nonhomogeneity and material nonhomogeneity
through higher-level parameters or energy indices. The model proposed
by Shayanfar et al. is representative, its core idea being to construct a
unified expression based on energy balance and combined with effective
constraint coefficients [16]. This framework introduces the concept of

energy integral, assuming that the total energy density corresponding to
the FRP reaching the fracture state can be considered approximately
constant, thereby uniformly converting the height nonhomogeneity
caused by strip spacing and the horizontal nonhomogeneity caused by
cross-sectional shape to the same scale through energy dissipation coef-
ficients. Because energy methods can simultaneously incorporate infor-
mation from both strength and deformation dimensions, these frame-
works often exhibit good universality in predicting limit states under com-
plex constraints, and are also more convenient for comparing and cali-
brating different experimental databases under a unified benchmark.

5.7 Machine Learning Modeling Methods

Given the numerous parameters involved in CFRP strip active con-
straint RAC, and the significant nonlinear coupling relationships between
variables such as strip spacing, strip width, number of layers, FRP elastic
modulus, RAC replacement rate, and expansion level, traditional regres-
sion-based mechanical models often struggle to simultaneously achieve
simplicity and high accuracy. In recent years, data-driven methods have
gradually become an important supplement. Algorithms such as Artificial
Neural Networks (ANN), Genetic Expression Programming (GEP), and
Support Vector Machines (SVM) have been used to construct high-
precision predictive models. Their basic strategy is to use large-scale
experimental databases for training and capture implicit higher-order
coupling patterns through statistical learning. Compared to explicit me-
chanical models, which require clearly defining the contribution of each
mechanism, machine learning models excel at identifying relationships
that are difficult to model directly, such as the nonlinear mapping between
microstructural differences in recycled aggregates and the hydration
process of the expansive agent. Therefore, in predicting key indicators
such as f .’ and e,, well-trained ANN models often achieve higher fits,
with their coefficient of determination R? outperforming traditional me-
chanical models in some studies [12]. However, from an engineering
application perspective, the interpretability, extrapolation boundaries, and
data quality sensitivity of these models still require further cross-database
validation. Therefore, a more reasonable approach is often to use them
as a supplement to mechanistic models, employing them for parameter
selection, sensitivity identification, and model error correction.
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Figure 4 — Schematic illustration of the comparison between model predic-
tions and experimental data [26, 27]

To evaluate the applicability of different models in this complex sys-
tem, a scatter plot comparing model predictions and experimental meas-
urements can be used for intuitive verification. This graph uses the exper-
imentally measured ultimate compressive strength as the horizontal axis
and the model-predicted ultimate compressive strength as the vertical
axis, with a 45-degree diagonal as the baseline for "prediction equals
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measurement." The position and dispersion of the scatter points relative
to the diagonal reflect the model's bias and stability. If the results of the
uncorrected Lam & Teng model are plotted, the scatter points tend to be
more concentrated below the diagonal, exhibiting a systematic underes-
timation trend. This is because the model does not explicitly consider the
contribution of initial confining pressure caused by expansion, resulting in
insufficient characterization of active constraint gains. If a Mander-type
model considering RAC correction is used, the scatter point distribution
may be even more discrete [25]. Although the model introduces material-
level reduction to reflect the strength differences of RAC, the Mander
model is initially based on the assumption of steel hoop constraint, and
the constraint pressure is closer to the confining pressure expression
under constant yield stress. Therefore, it is difficult to stably describe the
global law when facing the variable confining pressure mechanism corre-
sponding to FRP linear elastic constraints. In contrast, when the model
explicitly introduces the effective constraint coefficient k. and incorpo-
rates the active confining pressure term f) ;,;, the predicted scatter points
tend to be more closely distributed around the 45-degree diagonal, and
the error band is more convergent. This indicates that simultaneously
incorporating the geometric effect of the strip non-uniform constraint and
the initial state of the expansion active constraint into the model is a key
approach to improving prediction accuracy and reducing system bias.

Durability and Long-Term Performance Considerations

While CFRP strip active restraint systems can significantly improve
the load-bearing capacity and deformation performance of recycled ag-
gregate expansive concrete (RAC), from an engineering application per-
spective, the time effects and environmental impacts experienced by
structures during their service life are often more complex. Therefore,
their long-term performance and durability also need to be systematically
incorporated into the evaluation and design framework. Especially under
active restraint conditions, the chemical prestress and confining pressure
established in the initial stage of the system do not remain permanently
unchanged. The evolution of the material's volumetric deformation, the
attenuation of interfacial bonding, and the cumulative effects of environ-
mental erosion can all gradually alter the actual working state of the re-
straint system, thus affecting long-term safety and performance stability.

First, the coupled effects of creep and shrinkage need to be consid-
ered. Because recycled aggregates contain old mortar and have a more
developed pore structure, the creep coefficient and shrinkage rate of RAC
are usually significantly higher than those of natural aggregate concrete
(NAC), making it more prone to additional deformation over time during
long-term service. In FRP active confinement systems, concrete shrink-
age, especially drying shrinkage, macroscopically offsets some of the
chemical prestress established by the expansive agent, resulting in
a "prestress loss" as the initial prestress level decreases over time. This
loss is not merely a numerical attenuation; it also signifies a decrease in
the confining pressure initiation point, a weakening of the crack closure
effect, and a lowering of the threshold for entering the damage accumula-
tion stage, thus having a cascading effect on subsequent load-bearing
capacity and crack control capabilities. Simultaneously, under long-term
high stress levels or repeated loading, concrete creep causes a redistri-
bution of stress between the concrete and the CFRP strips. Tensile stress
in the strips may relax or shift, and this stress redistribution alters local
confinement strength and further amplifies the spatial non-uniformity of
confinement efficiency. For strip systems, the concrete in the gap zone is
more directly exposed to the external environment, resulting in more
thorough moisture exchange and often more severe drying shrinkage.
Therefore, the resulting confinement attenuation is more likely to first
appear near the strip gaps, thus affecting the continued establishment of
the arch effect and the long-term stability of the effective confinement
core [15]. From a design perspective, this means that peak strength or
ultimate strain obtained from short-term tests cannot be used as the sole
basis for assessment. Instead, long-term prestress loss should be pre-
dicted and verified as a key parameter, and a reasonable safety margin
should be reserved for it in material selection, strip construction, and
curing and protection strategies.

Secondly, the degradation of interfacial properties under environmen-
tal erosion conditions is also a crucial factor determining the durability of
the system. In complex environments such as freeze-thaw cycles, sulfate
attack, chloride exposure, or alternating wet and hot conditions,

the interfacial bond performance between CFRP and concrete may de-
cline over time. Changes in bond-slip behavior directly affect the efficien-
cy of strip constraint force transfer to concrete. Because strip structures
are more prone to desquamation-sensitive zones at the ends and edges,
and these areas are often accompanied by stress concentration and
increased strain gradients, once interfacial properties degrade, desqua-
mation failure is more likely to be triggered prematurely at the ends, mak-
ing it difficult to maintain the confining pressure that was originally estab-
lished by strip tension. For expansive concrete, environmental effects can
further influence internal damage evolution by altering the stability of
hydration products. For example, ettringite generated by the reaction of
the expansive agent may decompose under high temperature or sulfate
attack conditions, or induce delayed ettringite formation (DEF) under
specific temperature and humidity conditions. This can lead to the propa-
gation of internal microcracks and disrupt the existing constraint equilibri-
um, causing the confining pressure background and damage state to
evolve unfavorably over time [4]. It is worth noting that CFRP materials
themselves have good resistance to corrosion and chemical media. Their
presence can, to some extent, act as an external coating barrier, slowing
down the penetration and diffusion of corrosive media into the core con-
crete, thereby delaying the deterioration of internal materials. However,
this protective effect does not mean that the durability requirements of the
interface and end details can be ignored. Especially at critical locations
such as strip edges, bonded ends, and the concrete surface of gap areas,
it is necessary to reduce the impact of long-term degradation on the
overall performance of the system through reasonable interface treat-
ment, end anchoring, and surface protection measures.

Conclusion

Based on existing research, it can be concluded that introducing an
expansive agent into recycled aggregate concrete and coupling it with
CFRP strip confinement to form an active confinement system can estab-
lish chemical prestress before loading, making the core concrete closer to
a triaxial compression state, thereby delaying microcrack development
and improving elastic limit and bearing capacity [2]. Simultaneously, the
high water absorption and release capacity of recycled aggregates can
manifest as an internal curing effect in the expansive system; continuous
water supply is beneficial for the expansion reaction and densification of
the interfacial transition zone, and mitigates the adverse effects of self-
drying shrinkage [11]. Strip confinement relies on the arch effect to pro-
vide effective confining pressure. If the net spacing of the strips is con-
trolled within approximately 0.5 times the column diameter, and the ac-
tive compensation brought about by expansion is utilized, the disad-
vantages of non-uniform strip confinement can be compensated to some
extent, achieving a near-fully encapsulated mechanical effect while bal-
ancing economy and permeability.

At the model level, constitutive research is moving from empirical re-
gression to a unified analytical framework that can simultaneously con-
sider path dependence, damage evolution, and geometric non-uniformity.
Explicitly introducing the effective constraint coefficient k., and the active
confining pressure term is often key to improving prediction accuracy.
Further work needs to supplement evidence on both service life and envi-
ronmental effects, focusing on clarifying the prestress loss mechanism
caused by the coupling of long-term effects of CFRP creep, RAC shrink-
age, and expansion, and revealing the impact of FRP-concrete interfacial
bond degradation on constraint efficiency under freeze-thaw cycles, cor-
rosion, and fire. Simultaneously, developing mesoscopic numerical mod-
els that can characterize the random aggregate distribution, non-uniform
expansion nucleation, and interfacial slip in RAC, and combining these
with machine learning to extract implicit patterns from large-scale data-
bases, will contribute to achieving more accurate performance-based
design [6].
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Abstract

This paper presents a comprehensive study on shrinkage cracking in large-scale concrete slabs with complex openings, a critical concern
for industrial and civil structures like nuclear plant foundations and industrial floors. The research systematically quantifies the influence of key
geometric parameters — hole shape (circular, elliptical, hexagonal) and spatial distribution (centrally symmetric, eccentric, random multi-hole patterns) —
on the shrinkage interaction between the slab and its foundation. An integrated methodology combining full-scale experimental testing on 4 x 4 x 0,25 m
slabs, theoretical modeling using an enhanced Pasternak — Vlasov foundation model, and detailed finite element analysis (FEA) in Abaqus was
employed. Results demonstrate that elliptical holes induce the most severe stress concentration, increasing shrinkage stress by approximately 33 %
compared to circular holes, while random multi-hole configurations raise corner stresses by 42 % due to global stiffness reduction. Eccentricity was
found to linearly shift the zero-shear stress location (Ax = 0,75 e). A novel predictive model for the stress concentration factor (Kt), incorporating shape
aspect ratio (M), relative eccentricity (e/l), and number of holes (n), was developed with high accuracy (R? = 0,92). The study provides essential
parameters and robust theoretical support, leading to practical design recommendations for reinforcement detailing and hole geometry optimization
to enhance crack resistance in perforated slabs, thereby enabling more reliable and economical engineering solutions.

Keywords: concrete large slabs, complex holes, geometric parameters, shrinkage stress, interaction.

NOBEAEHWE KENE30BETOHHbIX NNAT HA OCHOBAHWUW NOABEPXEHHbLIX YCAQKE W BbINONHEHHBIX CO CNOXHOW
FEOMETPUEN OTBEPCTUU

HaHb Moy, A. E. XXenTkoBuu

Pedepar

B naHHOW cTaTbe MpeAcTaBneHO BCECTOPOHHEE WCCEeAOBaHWE YCaouHbIX TPEWWH B KPynHorabapuTHbIX BETOHHbIX MNUTax CO CMOXHLIMM
OTBEPCTUAMM, YTO SABMSETC KPUTUYECKW BaXHOW MpobnemMoit Ans NMPOMBILLNEHHBIX W TPaXOAHCKUX COOPYXEHWUA, Taknx kaKk (yHAAMEHTbI aTOMHbIX
9NEKTPOCTaHLMA 1 NMPOMBILLNEHHBIE NONbl. B xoge nccnegoBaHns CUCTEMATUYECKN KONMYECTBEHHO OLIEHWBAETCS BIUSHUE KIKOYEBbIX FEOMETPUYECKMX
napameTpoB — hOpMbl OTBEPCTUIA (Kpyrnas, 3NnuNTUYeckas, LWECTUYronbHas) U NPOCTPAHCTBEHHOO pacnpeaeneHus (LeHTpanbHO-CUMMETPUYHOE,
SKCLIEHTPUYHOE, CryYailHOE PaCcmonOXeHUEe HECKOMbKMX OTBEPCTWM) — HA YCAAOYHOE B3aMMOZENCTBME MeXOy NnuToi W ee pyHaameHToM. Bbina
CMONb30BaHa WHTErPUPOBaHHAs METOAONOMS, COYeTaloLast NOTHOMACILTAOHbIE SKCNEPUMEHTANbHbIE UCTbITaHNUS NNUT padmepoM 4 x 4 x 0,25 m,
TEOpETUYECKOe MOAENUPOBAHME C MCMOMb30BAHWEM YCOBEPLUEHCTBOBAHHON Mogenu cyHoameHTa llactepHaka — BnacoBa w feTanbHblil aHanms
MeTOAOM KOHeuHbix anemeHToB (FEA) B Abaqus. PesynbTaTbl NokasbiBaloT, YTO SMAMMTUYECKME OTBEPCTUS BbI3bIBAKOT Haubonee CWMbHYHO
KOHLIEHTPALIMIO HaNPSIKEHWIA, YBENUYMBAS YCAA0UHbIE HANPSHKEHUS NPUMepHO Ha 33 % MO CPaBHEHWIO C KPYTMbIMKA OTBEPCTUSMU, B TO BPEMS Kak
cryyaiHble KOHGUrypauum ¢ HeckoNbKUMM OTBEPCTUSIMW MOBBILLAIOT YINOBbIE HanpsikeHust HA 42 % n3-3a OOLLEro CHWKeHWs xecTkocTu. Bbino
0BHapYXEHO, YTO SKCLIEHTPUCUTET NIMHENHO CMeELLAeT MECTOMOMOXKEHME HyNEBOro CABUrOBOro HanpskeHus (Ax = 0,75 e). Beina paspabotaHa HoBas
MOZENb NPOrHO3MPOBaHNS KOIPdULMEHTA KOHLIEHTpaLmMK HanpshkeHni (Kt), Bkmiovarowwas B cebs COOTHOLEHNE CTOPOH opMbl (A), OTHOCUTENbHYIO
aKkcueHTpucuTeT (/l) M Konnu4ecTBo OTBEpCTMIA (n), C BbICOKOM TouHocTbio (R? = 0,92). WccnemoBaHue NpenocTaBnsieT BaxHble NapameTpbl
Y HAOEXHYI0 TEOpeTUYECKyl0 MOAAEPKKY, 4YTO MO3BONSET CHOPMynMpOBaTb MpaKTMYECKME PEKOMEeHAauuu Mo MPOEKTUPOBAHMIO apMaTypbl
¥ ONTMMM3aLMN FeOMETPUM OTBEPCTUI AN MOBbLILIEHUS COMPOTWBIEHWS PaCTPECKMBAHWMIO NepdOpMPOBaHHbIX MAWT, YTO B CBOW 0Yepenb
obecneunBaeT bonee HafeXHbIE 1 SKOHOMUYHBIE UHKEHEPHBIE PELLEHMS.

KnioyeBble cnoBa: 60nbLume 6ETOHHbIE NAMTbI, CIOXHbIE 0TBepCTUA, reoMeTpnyeckme napameTpsbl, ycagodHoe HanpaxeHue, B3aMOAENCTBYE.

Introduction

Large-scale concrete slabs, such as those employed in nuclear pow-
er plant containment foundations and expansive industrial floors, invaria-
bly require the incorporation of openings to accommodate essential
equipment and service conduits. The introduction of these geometrically
complex perforations disrupts the structural continuity and alters the stiff-
ness distribution of the slab. Consequently, under the restraining action of
the foundation, shrinkage-induced tensile stresses are not uniformly dis-
tributed but instead concentrate at the peripherals of the openings and
the corners of the slab. This stress concentration phenomenon signifi-
cantly elevates the propensity for cracking [9].

Prevailing structural design codes, including GB50010 and
ACI318, primarily provide guidance for reinforcement detailing
around singular, centrally located circular openings [4, 20]. However,

these specifications lack comprehensive provisions for non-circular
hole geometries or asymmetric distribution patterns. This regulatory
shortfall often leads to inadequate crack control in practical engineer-
ing scenarios, as the influence of critical geometric parameters —
such as shape, eccentricity, and proximity of multiple holes — is not
sufficiently accounted for in the design phase [10]. Consequently,
improper consideration of these dimensional attributes is a frequent
contributor to cracking failures in actual structures [2].

The phenomenon of shrinkage stress in perforated plates has been
the subject of considerable research efforts domestically and internation-
ally [12, 18]. For instance, Kumar et al. determined stress concentration
factors for square openings via photoelastic experimentation, reporting
values approximately 20 % greater than those for circular holes [11].
A limitation of this work, however, is its omission of other geometrically

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2025-138-3-41-44

41



Vestnik of Brest State Technical University. 2025. No. 3 (138)

complex hole profiles commonly encountered in engineering practice,
such as elliptical and hexagonal openings [8]. Subsequent investigations
by Zhang et al., utilizing finite element analysis, demonstrated that
the presence of eccentric holes alters the distribution of shear stresses,
shifting the location of minimum shear within the slab [15]. Notwithstand-
ing this insight, their model did not incorporate the critical parameter of
foundation constraint stiffness, which fundamentally governs the slab-
foundation interaction [5]. A prevalent gap in the existing literature is the
predominant focus on isolated hole typologies, resulting in a lack of sys-
tematic comparative analysis across a spectrum of sizes, shapes, and
spatial arrangements. Consequently, a significant discrepancy remains
between prevailing theoretical models and the complex, multi-variate
conditions characteristic of actual engineering applications [16].

To address these research gaps, the present study employs
a full-scale experimental approach utilizing large concrete slabs
measuring 4 x 4 x 0,25 m. The experimental matrix is designed to
systematically investigate three distinct hole shapes - circular, ellipti-
cal, and hexagonal - under three distribution patterns: centrally
symmetric, eccentric, and random multi-hole configurations. By inte-
grating full-scale testing with theoretical modeling and finite element
simulation, this research elucidates the mechanistic influence of
complex hole geometric parameters on the shrinkage interaction
behavior between the slab and foundation [3]. The ultimate objectives
are to establish a practical predictive model for shrinkage stress ap-
plicable to engineering design and to provide a robust theoretical
basis for the crack-resistant design of perforated slabs.

Materials and Methods

The geometric configuration of openings within a slab is defined by
a set of distinct parameters, which are systematically classified in this
study into three primary categories: shape, distribution, and quantity.

e The category of Shape Parameters characterizes the cross-
sectional geometry of the opening. The investigated shapes:

— are Circular - Defined by its radius, R;

— Elliptical - Defined by its major semi-axis a, minor semi-axis b, and
the aspect ratio A = alb;

- Regular Hexagonal - Defined by its side length ¢, with an equiva-
lent diameter calculated as D = 1,1547¢ for comparative analysis.

e The category of Distribution Parameters describes the spatial ar-
rangement of the hole(s) relative to the slab's centroid:

— Centrally Symmetric: Holes positioned with an eccentricity e = 0;

- Eccentric - Holes with a defined offset from the center, within
arange of e =0,5-1,5m;

- Randomly Distributed: Configurations of 3 to 5 holes, whose coor-
dinates (xi, yi) satisfy the conditions |xil, lyil < 1,8 m and maintain non-
overlapping boundaries.

e The category of Quantity Parameters specifies the number of
openings present:

- Single hole;

— Double holes, with a center-to-center spacing in the range
$=1,0-2,0 m;

— Multiple holes, where the number of holes n = 3-5.

A schematic representation illustrating the classification of these
complex hole geometric models is provided in Figure 1.

Table 1 - Experimental working condition design. Compiled by the author

500 500

800

N

500 500

4000

Figure 1 — Schematic diagram of the classification of complex hole geo-
metric parameters

The classical Winkler foundation model, which assumes independent
linear springs, is insufficient to capture the shear interaction at the plate-
foundation interface, especially when considering the effects of shrinkage
and potential shear keys. To account for this, a two-parameter Paster-
nak — Vlasov model is adopted, which incorporates a shear layer over the
Winkler springs. Within the framework of this model, the governing differ-
ential equation for the plate with holes, considering shrinkage effects,
takes the following form

DV*w 4+ K,w = —aTDV?w.

Eh3

Where = ,

12(1-v2)
contact layer, K_p is the Winkler foundation modulus, D is the flexural
rigidity of the plate, a is the coefficient of thermal expansion, and T repre-
sents the shrinkage-induced temperature analog.

For plates with holes, the conformal mapping method using complex
variable functions is employed to map the hole region to a unit circle,
deriving the expression for the hole edge stress concentration factor Kt

where G is the shear stiffness parameter of the

ke 14
Kt=1+p |2~

Where B is the geometric shape factor: B = 1,0 for circular holes,
B=1,2+0,3 1 for elliptical holes, and § = 1,15 + 0,25 ns (ns denotes the
number of sides) for hexagonal holes [13, 19].

Specimen parameters can be illustrated as follows: six groups of full-
scale large slabs (4 x 4 x 0,25 m) were prepared using C30 concrete,
each group comprising three hole types, totaling 18 specimens (Table 1).

Group | Hole shape Distribution pattern Geometric Parameters Foundation Constraint Stiffness K_p (N/m)
A Circular Central symmetry R=08m 4 x 105 (moderate constraint)

B Elliptical Central symmetry A=12m,b=0,6m(\=21) 4A 105

C Hexagon Central symmetry C=0,7m((dD=08m) 4K 1075

D Circular Eccentric R=0,8m,e=10m 4K 1015

. . Three holes with R = 0,5 m, randomly K 10A
E Circular Random multi-hole distributed 4A10"5
F Elliptical Eccentric A=12m,b=06m,e=12m 4A 1075
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Hole formation. Customized steel molds embedded with PVC pipes
(circular), elliptical pipes (major axis parallel to the slab edge), and hex-
agonal steel pipes were used. The hole walls were coated with a release
agent to ensure smoothness, as shown in Figure 2.

Figure 2 — Schematic diagram of the large slab specimen with hexagonal
holes

Shrinkage deformation was quantified using a comprehensive
monitoring system. A two-dimensional array of laser displacement
meters, configured in a 7 x 7 grid with an inter-node spacing
of 0,5 meters, was deployed on the slab surface. This setup was
complemented by Digital Image Correlation (DIC) techniques to cap-
ture full-field shrinkage strain distributions across the specimen.
The combined system achieved a high-resolution measurement ca-
pability of 0,001 mm/m for strain [14].

Shrinkage stress within the concrete mass was directly measured us-
ing an array of twenty-four embedded Fiber Bragg Grating (FBG) sen-
sors. These sensors were strategically positioned at critical locations,
specifically at regions 0,5 meters from hole edges, slab corners, and the
central area of the slab, to capture stress concentrations and gradients.

Data acquisition was performed at a sampling frequency of 1 Hz, with
a measurement accuracy of + 0,01 MPa [7].

Crack observation was conducted using an automated scanning
electron microscope operating at 50x magnification [17]. This instrument
was employed to systematically document the precise locations of crack
initiation and to trace subsequent propagation paths. The methodology
enabled precise quantification of crack widths with an accuracy of
0,005 mm.

A comparative analysis of centrally symmetric hole configurations re-
vealed significant variations in shrinkage stress magnitude. The maxi-
mum recorded shrinkage stress at the periphery of elliptical holes (aspect
ratio A = 2:1) reached 3,2 MPa. This value represents a 33 % increase
relative to the stress observed at circular holes (2,4 MPa) and a 12,5 %
increase compared to hexagonal holes (2,7 MPa). The principal mecha-
nism underlying this stress amplification is the anisotropic stiffness reduc-
tion induced by the elliptical geometry [6]. The greater loss of sectional
stiffness along the major axis of the ellipse leads to a more pronounced
stress concentration at the hole edge compared to the isotropic circular
and hexagonal profiles.

The characteristics of stress distribution around the openings were
found to be highly dependent on their geometry. For circular holes, the
tensile stress field exhibited central symmetry. In contrast, elliptical holes
demonstrated distinct stress concentrations, with peak values localized at
the terminal points of the major axis. The presence of sharp corners in
hexagonal holes resulted in a significant elevation of the stress concen-
tration factor, yielding a Kt value of 2,8, which substantially exceeds the
value of 2,0 characteristic of circular openings [1].

The effect of hole eccentricity was pronounced. For a circular hole
with an eccentricity (e) of 1,0 m, the maximum tensile stress increased to
2,9 MPa, compared to 2,4 MPa for a centrally located hole. This stress
redistribution was accompanied by a lateral shift in the location of zero
shear stress by 0,8 m towards the eccentric hole. Analysis confirmed that
this shift (Ax) follows a linear relationship with eccentricity, defined by the
function aAx=0,75€.

The introduction of multiple holes in a random distribution further
complicated the structural response. Measurements indicated that the
stress at the corners of a slab containing three randomly distributed holes
was 42 % higher than in an equivalent slab with a single opening. This
phenomenon is attributed to a global reduction in slab stiffness caused by
the presence of multiple perforations. This stiffness loss triggers a redis-
tribution of in-plane restraint forces, culminating in the formation of new
stress concentration zones, particularly in the interstitial regions between
the holes (Table 2).

Table 2 - Differences in Crack Propagation Patterns. Compiled by the author

Hole Type Crack Initiation Location Propagation Path Characteristics | Critical Cracking Stress (MPa)
Circular Central Hole Uniform Circumferential Cracking at Eropagatlon Along 30°-45° Direc- 25401
Hole Edge tion from Hole Edge
- . Cracks along the long axis extend
Elliptical Eccentric Hole E?an'ﬂﬁoﬂﬁ'tgaé?fhse'Eﬁ'éaa”f.g”asn'ﬁ 2, | toward the foundation edge, while | 5. >
the slab comners cracks at the slab corners develop T
at a 45° oblique angle
- Sharp comers at hole edges and | Inter-hole cracks penetrate, forming
Random muiti-hole weak zones between holes a network of cracks 20203

Note — Data are derived from 28 days of continuous monitoring; the critical cracking stress corresponds to the stress value at the initial appearance

of 0,05 mm cracks.

A three-dimensional finite element model was developed within the
Abaqus/Standard environment to simulate the slab-foundation interaction.
The concrete slab was discretized using C3D8R elements - eight-node
linear brick elements with reduced integration. The foundation restraint
was modeled utilizing discrete spring elements, with their stiffness proper-
ties defined to reflect the experimental conditions: the horizontal spring
constants (K11, K22) were set equal to the foundation constraint stiffness
K_p, while the vertical stiffness (K33) was assigned a magnitude of
10K_p to represent the higher resistance to uplift.

The displacement (Ax) calculated using the derived relationship
Ax = 0,75 e showed a divergence of less than 10 % from the FE simula-
tion results. This close agreement corroborates the postulated influence
of geometric parameters on the internal stress equilibrium within the slab.

Through regression analysis, a predictive model for the hole edge
stress concentration factor Kt was established

e
Kt =1.0+0.81+ 0.57 +03(n—1),
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where 1 is the aspect ratio of the elliptical hole (1,0 for circular holes,
1,15 for hexagonal holes); % is the relative eccentricity (I is the half-length

of the slab short side, | =2 m); n is the number of holes.

The model's fit to experimental data is R 2 = 0,92, representing
a 60 % improvement in prediction accuracy compared to the simplified
code formula (which only considers circular central holes), with errors
exceeding 30 %.

Based on the experimental and numerical findings, specific design
recommendations are formulated to mitigate shrinkage cracking in perfo-
rated slabs. Regarding shape selection, circular openings are preferable
for crack-sensitive structures due to their superior stress distribution
characteristics. When elliptical holes are necessary, their aspect ratio
should be limited to a maximum of 2:1, while hexagonal openings require
rounding of sharp corners with a minimum radius of 0,1 m to alleviate
stress concentrations. For distribution optimization, the eccentricity of
asymmetrically placed holes should not exceed 0,5 | (where | is the half-
length of the slab's short side), and the spacing between multiple holes
must be at least twice the hole diameter to prevent cumulative stiffness
reduction and associated stress amplification.

The reinforcement strategy must be adapted to these geometric pa-
rameters. The design of additional circumferential reinforcement at hole
edges should be based on the calculated stress concentration factor
(K_t). Elliptical holes necessitate a 30 % increase in the reinforcement
ratio compared to circular holes, and radial bars (e. g., ®12@100mm,
length 1,0 m) are essential at the vertices of hexagonal openings. Fur-
thermore, slabs with randomly distributed multiple holes require localized
strengthening at the corners, achieved by arranging double-layer bidirec-
tional reinforcement (e. g., 14@150mm) over a 1,5 m area from each
slab corner to resist the significantly elevated tensile stresses identified in
such configurations [9].

Conclusion

From the above analysis, it is evident that hole shape (circu-
lar/elliptical/hexagonal) and  distribution ~ pattern  (central  sym-
metry/eccentric/random) both influence the shrinkage stress state of
concrete large slabs. Compared to circular holes, elliptical holes exhibit
the most severe stress concentration, increasing by approximately 35 %,
while random multi-hole slabs cause stress at the slab corners to in-
crease by about 42 %.

A stress concentration factor prediction model based on geometric
parameters was developed (R2 = 0,92), overcoming the limitations of
standards that address only single hole shapes and providing quantitative
metrics for the design of complex holes.

A targeted reinforcement scheme was proposed to address crack re-
sistance design in concrete structures with asymmetric polygonal holes,
maintaining reinforcement errors within 15 % and achieving favorable
engineering application outcomes.
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Abstract

By simulating a three-point bending loading process, the failure modes, load-deflection curves, flexural stiffness, ultimate bearing capacity,
and crack propagation modes of each model are compared and analyzed. Simulation results show that the reinforced concrete beam model
(Steel-RC) exhibits typical elastoplastic behavior, ultimately resulting in ductile failure due to steel bar yielding (P, = 56,0 kN,
8y =~ 40,0 mm). All FRP-reinforced beam models adopted an over-reinforced design, and the final failure mode was the crushing
of the concrete in the compression zone, exhibiting brittle failure characteristics. The mechanical properties of different FRP reinforcement
materials, especially the elastic modulus, play a decisive role in the bending performance of beams: the CFRP reinforced beam model
(Ef = 124,2 GPa) has the highest bending stiffness and ultimate bearing capacity (P, ~ 125,0 kN) and the lowest ultimate deflection
(64 = 30,0 mm); among all FRP reinforced beams, the GFRP reinforced beam model (E¢ = 45,0 GPa) has the lowest post-cracking stiffness
and ultimate bearing capacity (P, = 82,5 kN), and the largest ultimate deflection (Au ~ 40,0 mm); the performance of the AFRP reinforced
beam model (Ef = 50,1 GPa) is between the two (P, = 86,4 kN, Au = 35,0 mm). This study confirms the effectiveness of the finite element
method in simulating the stress behavior of FRP-reinforced concrete beams. The results quantify the key differences in flexural properties among
different FRP reinforcement materials, providing an important numerical basis and design reference for the engineering community to rationally select
FRP materials based on structural performance requirements (strength control or stiffness control) when facing durability challenges.

Keywords: FRP reinforcement, concrete beam, bending performance, numerical simulation, load-deflection curve, SOLID65, William — Warenke.

CPABHUTENBHOE UCCNEAOBAHUE 3®®EKTUBHOCTU U3rMBA. YUCENBHOE MOAENNPOBAHUE PA3NUYHBIX
TUMNOB FRP XENE3OBETOHHbIX BAITOK HA OCHOBE ANSYS

Mo Lisiub, A. B. Typ

Pedepar

Utobbl cUCTEMATUYECKU CPaBHUTb PasniymMsi B M3rMOOYHbIX XapaKTepUCTUKAX Pa3NUuYHbIX TUMOB kKene3ob6eTOHHbIX Ganok M3 BONMOKOHHO-
apMupoBaHHbIX nonumepoB (PPM), B HacTosLei CTaTbe YCTAHOBMEHbI YETbIPE YTOYHEHHbIE TPEXMEPHbIE HENMWHEeNHbIE LMGpPOBbIE MoAenu
C UCNONb30BaHNEM KpynHOMaclUTabHOro MporpamMMHOr0 0becreyeHUst KOHEYHbIX anemeHToB oblero HasHadeHuss ANSYS. B atux mopensix
1CNonb3ylTCs 00bIYHbIE CTarbHble NPYTKM, NPYTKW W3 MONMMMEpa, apMUpPOBaHHOro cTeknoBornokHoM (GFRP), npyTku 13 nonumepa, apMnpoBaHHOro
apamuaHbiM BonokHom (AFRP), n npyTku u3 nonumepa, apMuMpoBaHHOrO yrnepopHbiM BonokHoM (CFRP) B kauecTBe OCHOBHOTO apMupOBaHus
Ha pacTsHKEHME, MOALEPKMNBAS MOMHYI0 KOHCUCTEHLMIO B TEOMETPUYECKMX pasmepaX, MPOYHOCTH 6ETOHa M COOTHOLLEHNW apmupoBaHus (p = 0,56 %).
Mopgenupys TpexToueuHbIit NPOLECC 3arpy3ku 13rnba, CPaBHWBAKOTCS M aHaNM3NPYIOTCA PEXUMbI COOS, KPUBbIE OTKIOHEHUS! Harpysku, KecTKoCTb
n3rmba, KoHeyHas Hecyluast CnocoBHOCTb W PEXWMbI PacmpoCTpaHEeHUs TPELLUMH Kaxaon mMoaenu. PesynbTaThl MOLENMpOBaHWS NOKa3biBaloT, YTO
Mozenb xene3o6eToHHbIX 6anok (Steel-RC) neMOHCTpUpyeT TMNMYHOE 3NacToONNacTMYecKkoe NOBEAEHME, B KOHEYHOM CYeTe, NpUBOAsLLEe K rTMbKkomy
0TKa3y u3-3a nogaun ctanbHoit wraHmm (Pu = 56,0 kN, 6u = 40,0 mm). Bce mopenu xene3obeToHHbIx Ganok 13 OPIT npuHANM KOHCTPYKL IO,
4pe3MepHO apMMPOBaHHYI0, 1 OKOHYATENbHBIM PEXMMOM OTKa3a bbino ApobneHne 6eToHa B 30He CxaTws, [EMOHCTPUPYS XPYNKUE XapakTepucTUku
oTka3a. MexaHuyeckue CBOWCTBA pasnuyHbIX apmupytowmx matepuanos u3 ®PM, ocobeHHO Moaynb 3MacTUYHOCTW, WrPaloT PeLlatollylo porb
B MPOM3BOAUTENBHOCTU M3rnba Ganok: mopenb xene3obeToHHbix Ganok u3 XOPIM (Ef = 124,2 GPa) nmeeT camyto BbICOKYH XeCTKOCTb u3runba
11 KOHEYHYI0 HecyLyto crocobHocTb (Pu = 125,0 kN); cpeau Bcex ycuneHHbix 6ankos u3 FRP mogens yeunerHoro 6anka u3 GFRP (Ef = 45,0 GPa)
VIMEET CaMyH0 HU3KYH0 MOCTTPELUMHOBYHO KECTKOCTb W KOHEYHYIO HecyLyo cnocobHocTb (Pu = 82,5 kN), a Takke Hanbonbluee KOHEYHOe OTKMOHeHWe
(Au = 40,0 mm); npou3BoaMTENLHOCTL MoAenK ycunenHoro nyda AFRP (Ef = 50,1 GPa) Haxogutcs mexay asyms (Pu = 86,4 kN, Au = 35,0 mm).
OT0 uccnenoBaHue noaTBepkaaeT IPPEKTUBHOCTL METOAA KOHEYHBIX SNIEMEHTOB B MOAENMPOBAHMM HANPSHKEHHOTO noBeaeHus FRP-apmMmupoBaHHbIX
OeToHHbIX Ganok. PesynbTaThl KONMMYECTBEHHO OMPESENnstoT KM4YeBble Pasnuuus B CBOWCTBAX M3ruba Mexamy pasnuyHbIMKA apMUPYOLLMMA
matepuanamu u3 OPT1, obecneunBas BaxHyK LMDPOBYH OCHOBY W KOHCTPYKLIMOHHYK) CCbISIKY AN MHXEHEPHOrO COOBLLECTBa AN paLMoHanbHOro
Bbibopa MaTepuanoB w3 QP Ha ocHoBe TpeOOBaHWIA K CTPYKTYPHbIM XapakTepUcTMKaM (KOHTPOMb MPOYHOCTM MMM KOHTPONb KECTKOCTM)
npy CTONKHOBEHUM C NpobnemMamu JONroBEYHOCTH.

KnioyeBble cnoBa: apmupoBka FRP, 6eToHHas 6anka, npou3BoauTensHOCTb 13rnba, LmdpoBoe MOAENMPOBAHNE, KpUBast OTKIIOHEHUS HArpy3Ky,
SOLID65, Ynnbsam — BapeHke.

1Introduction sion of chloride ions (CI") or carbonization of concrete can damage the

1.1 Durability Challenges of Reinforced Concrete Structures

Reinforced concrete (RC) structures, with their excellent load-bearing
capacity, good integrity, and economy, have been the most widely used
structural form in global civil engineering for over a century. However, as
many infrastructure projects enter their mid-to-late service stages, the
durability issues of traditional reinforced concrete structures have become
increasingly prominent, posing a key bottleneck to structural safety and
service life. Under corrosive conditions such as marine environments, de-
icing salt environments in cold regions, and industrial pollution, the intru-

passivation film on the surface of the reinforcing steel, inducing corrosion.

Reinforcing steel corrosion is an electrochemical process, and its
products (rust) can expand to 2 to 6 times the volume of the original rein-
forcing steel. This expansion stress causes the concrete cover to crack
and peel off, further accelerating the intrusion of corrosive media, creating
a vicious cycle. Reinforcing steel corrosion not only directly reduces the
effective cross-sectional area of the reinforcing steel and deteriorates
its mechanical properties, but also severely weakens the bond between
the steel and concrete, ultimately leading to a significant decrease
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in the structural load-bearing capacity and even brittle failure. Statistics
show that the economic losses caused by steel corrosion in structural
repair, reinforcement, and replacement are enormous, posing a serious
challenge to social resources and environmental sustainability (Yashin,
2025). Therefore, finding alternative materials that can fundamentally
solve the corrosion problem has become a research hotspot and urgent
need in the field of structural engineering.

1.2 FRP Reinforcement as a High-Performance Alternative

To address the durability shortcomings of traditional steel reinforce-
ment, fiber-reinforced polymer (FRP) composites, possessing both high
strength and excellent corrosion resistance, have emerged (Li et al.,
2025). FRP reinforcement is typically composed of high-performance
fibers (such as glass fiber, carbon fiber, and aramid fiber) combined with
a resin matrix, offering a range of advantages including lightweight, high
strength, corrosion resistance, fatigue resistance, and electromagnetic
insulation (Li et al., 2025).

The most prominent advantage of FRP reinforcement lies in its
chemical inertness. In harsh chemical environments such as chloride
salts, acids, and alkalis, FRP materials exhibit extremely strong re-
sistance and do not undergo electrochemical corrosion similar to that of
steel reinforcement (Zhao et al., 2025). This characteristic makes it an
ideal alternative to steel reinforcement and a solution to corrosion prob-
lems, particularly suitable for offshore platforms, cross-sea bridges,
chemical plants, and cold-region infrastructure exposed to de-icing salts
(Sbahieh et al., 2022).

Furthermore, the application of FRP demonstrates significant eco-
nomic and environmental benefits throughout the entire life cycle of the
structure. Although the initial procurement cost of FRP reinforcement is
higher than that of ordinary steel bars, numerous studies have shown that
FRP structures can significantly reduce the frequency of inspection,
maintenance, and reinforcement during the service life of a structure
(Sbahieh et al., 2023). A life-cycle cost (LCC) and life-cycle assessment
(LCA) analysis of a large GFRP-RC flood control channel in Saudi Arabia
shows that the GFRP-RC solution has significant economic and environ-
mental advantages over a 100-year design life compared to epoxy-coated
steel reinforcement (ECS). This combined benefit of an ultra-long service
life and extremely low maintenance requirements makes FRP an im-
portant approach to achieving sustainable infrastructure construction.

1.3 Differences in Mechanical Properties and Serviceability Challenges

Although FRP (Fiber Reinforced Plastic) offers significant ad-
vantages in durability, its mechanical behavior differs fundamentally from
that of traditional steel reinforcement. Therefore, in structural design, FRP
bars cannot be simply considered a one-to-one replacement for steel
reinforcement. In particular, the difference in their stress-strain constitu-
tive relations directly determines the structural performance and failure
mode of the member.

Firstly, regarding ductility and brittleness, ordinary steel reinforcement
(such as HRB400) exhibits typical elastoplastic behavior: once the stress
reaches the yield strength, it enters a relatively obvious yield plateau stage,
allowing the member to undergo significant plastic deformation and absorb
a large amount of deformation energy. This ductile failure is usually accom-
panied by large deflection and wide cracks, providing a clear visual warning
of impending structural failure. In stark contrast, various types of FRP bars
exhibit essentially a linear elastic response throughout the entire process
from tension to failure, possessing almost no plastic deformation capacity.
Once the tensile stress reaches its ultimate tensile strength, the reinforcing
bar will suddenly fracture, exhibiting typical brittle failure with insufficient
deformation warning signs (Barris et al., 2012).

Secondly, in terms of elastic modulus (stiffness), E is a key parame-
ter controlling the stiffness level of a member after cracking. Based on the
material parameters used in this study (see Table 2), the elastic modulus
$E_s$ of HRB40O steel reinforcement is approximately 206,0 GPa.
The elastic modulus of FRP reinforcement varies considerably: the elastic
modulus of CFRP reinforcement isE; = 124,2 GPa, relatively close to that
of steel reinforcement; while the elastic moduli of AFRP reinforcement
(Ef = 50,1 GPa) and GFRP reinforcement (E; = 45,0 GPa) are significant-
ly lower, only about 22 %—-24 % of that of steel reinforcement.

Because FRP, especially GFRP and AFRP, exhibits both low elastic
modulus and linear elastic brittle failure characteristics, FRP-RC compo-
nents face two core challenges in design and service performance control.

The first is the control of the serviceability limit state (SLS). Due to
the greater strain produced by low-modulus FRP under the same tensile
force, the overall stiffness of the component decreases significantly after

concrete cracking. This leads to FRP-RC beams often exhibiting greater
deflection and wider cracks under service loads, making them more sus-
ceptible to service performance limitations compared to reinforced con-
crete beams (Reni¢ & Kisicek, 2021). In these components, the control-
ling conditions are often primarily governed by the serviceability limit state
(e.g., deflection and crack width) rather than the ultimate limit capacity
(ULS) (Su et al., 2025).

The second is the control of ductility and failure mode under the ulti-
mate limit state (ULS). Given that FRP bars exhibit extreme brittleness
and instantaneous tensile failure, existing design codes (such as
ACI 440.1R-15) generally recommend an over-reinforced design ap-
proach, where the FRP reinforcement ratio p; is greater than the equilibri-
um reinforcement ratiop, (p; > py,). This ensures that when the member
reaches its ultimate limit state, concrete crushing in the compression
zone occurs preferentially, rather than the initial tensile failure of the FRP
bars (Barris et al., 2012). Although concrete crushing itself is still brittle
failure, its development process is relatively more gradual, usually ac-
companied by more pronounced crack evolution and increased deflec-
tion. Compared to the sudden fracture of FRP bars, it can provide a more
perceptible early warning of structural failure to some extent.

Insummary, the differences in constitutive relations and stiffness
characteristics of FRP reinforcement not only alter the failure mechanism
of the component, but also require FRP-RC structures to simultaneously
consider the dual control requirements of the serviceability limit state and
the ultimate bearing state during design.

1.4 Research Objectives and Innovations

In recent years, numerous experimental (Deng et al., 2009; Sakar &
Celik, 2025) and numerical (Said et al., 2021) studies have investigated
FRP-reinforced and FRP-strengthened beams, including prestressed
FRP strengthening of existing RC beams.However, as this study points
out, systematic and benchmark-comparative numerical simulations of
different types of FRP reinforcement (especially GFRP, AFRP, and
CFRP) with traditional steel reinforcement under identical geometric di-
mensions, concrete strength, and reinforcement ratios still require further
development (Sbahieh et al., 2022).

Therefore, the core objective of this study is to establish four sets of
numerical models of concrete beams (Steel-RC, GFRP-RC, AFRP-RC,
CFRP-RC) with identical parameters except for the tensile reinforcement
material, using a validated nonlinear finite element (FEA) framework, and
to perform detailed simulations and comparative analyses of their entire
stress process under three-point bending loads.

The innovation of this study lies in the fact that, by strictly controlling
variables (geometry, concrete, reinforcement ratio $\rho = 0,56 % $), this
simulation study was able to "isolate" and "quantify" the direct impact of
the constitutive properties of tension reinforcement (i. e., elastic modulus,
strength, and ductility) on the overall flexural performance of concrete
beams (including stiffness, bearing capacity, deflection, and failure
mode). The significance of this study is that its simulation results provide
designers with an intuiive and quantitative performance benchmark,
clearly revealing the design trade-offs faced when selecting different FRP
reinforcement materials (e. g., the durability gains of GFRP versus SLS
penalty, the strength gains of CFRP versus brittleness risk), providing
direct numerical basis and theoretical support for rational FRP material
selection and optimization design in specific engineering projects (such
as corrosive environments).

2 Finite Element Modeling Strategy

This study established four sets of three-dimensional nonlinear finite ele-
ment models based on the large-scale general-purpose finite element analysis
software ANSYS platform. The effectiveness of the modeling strategy has
been widely verified in the field of civil engineering (Bai et al., 2024).

2.1 Geometric Model and Element Division

To ensure fairness in the comparison, the four beam models
(Steel-RC, GFRP-RC, AFRP-RC, CFRP-RC) are geometrically and
reinforcement-completely identical: the rectangular cross-section
dimensions are bxh=180mmx250 mm, the total length s
L =2100 mm, and the calculated span is L0 = 1800 mm; the tension
zone is reinforced with 2 main bars of diameter ¢ 12 mm, and the
compression zone is reinforced with 2 stirrups of diameter ¢ 8 mm;
the stirrups are... HPB300, diameter 8 mm, spacing 100 mm; con-
crete cover thickness 25 mm. The tensile reinforcement ratio of all
models is uniformly set at p = 0,56 %.
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Concrete was modeled using ANSYS SOLID65 eight-node hexahe-
dral elements, with nodes having three translational degrees of freedom,
capable of characterizing plasticity, compressive crushing, and tensile
cracking behaviors (Bai et al., 2024). Reinforcing materials (main bars,
stirrups, and gussets) were modeled using LINK180 two-node rod ele-
ments, which are uniaxial tension/compression elements. These ele-
ments also have three translational degrees of freedom and do not bear
bending moments, consistent with the characteristic of embedded rein-
forcement being primarily subjected to axial forces (Halahla, 2018).

To avoid stress concentration at the loading zone and supports, which
could lead to localized failure, steel pads were installed on both the load-
ing plate and the supports, and the models were simulated using SOL-
ID185 elements.

The overall finite element modeling arrangement is illustrated in Fig-
ure 1. The mesh was mapped, with an element size of approximately
25 mm. All four models had the same mesh size, containing 7,680 nodes
and 5,518 elements, with the concrete main body (C40) containing
5,950 nodes and 4,536 elements.

a) overall geometry and loading; b) solid and bar elements with mesh; c) boundary conditions and loading application
Figure 1 - Finite element model of the three-point bending beam

2.2 Material Constitutive Models and Formulas

Material nonlinearity is the core of numerical simulation of concrete struc-
tures. This paper adopts a constitutive setting consistent with mechanical
mechanisms in ANSYS: concrete is characterized by the built-in SOLID65
model, and its failure criterion is based on the Willam — Warnke five-parameter
yield surface; the uniaxial stress-strain rise segment under compression is
represented by a Hognestad parabola as o = f,"![2(€,/€o) - (ec/eo)z] (appli-
cable to €; < €;), where f;' is the peak compressive stress of concrete (in this
paper, fy = 26,8 MPa), €, is the compressive strain of concrete, and € is the
peak strain; the tensile stage is approximated as linear elastic, taking
0= E., € and € <€ = fy/E. (where E; is the elastic modulus of concrete,
fy = 2,39, and MPa is the tensile strength). When the principal tensile stress
exceeds fy, the stiffness is corrected at the integration point according to the
concept of diffuse cracking. If all principal stresses are compressive stresses
and cross the yield surface, crushing is considered to have occurred.
The shear transfer at the crack surface adopts the equivalent shear retention
model 7= B, G; ,y, where T is the shear stress at the crack surface, G, is the
shear modulus, and y is the shear strain.8, = 0,2 is taken for cracking and
B, =09 is taken for closure. The steel reinforcement (HRB400) adopts the
bilinear kinematic hardening (BKIN) model. Before yielding, it satisfies
05 = E, € and € < €, = f,/E;. After yielding, it takes 05 = f, + E; (€5 - €),
where E is the elastic modulus of the steel reinforcement, f, = 521,2 MPa is
the yield strength, €, is the yield strain, and E is the tangent modulus of the
hardened section (when E; =0, it degenerates into ideal elastic-plasticity).
FRP reinforcement (GFRP, AFRP, CFRP) follows linear elastic to brittle fracture
characteristics, taking o = Ey, €; (when €; < €,), and considering it as fracture
and reducing the stress to zero once €; > €;,; where 0 and €; are the stress and
strain of the FRP reinforcement, respectively, E; is the elastic modulus, and €, is
the ultimate tensile strain. Under unified mesh and boundary conditions, the
above constitutive models work synergistically: concrete bears the compressive
and pre-cracking tensile stiffness, the reinforcement provides ductiity and energy
dissipation, and FRP, with its high strength and high modulus, enhances tensile
load-bearing capacity and post-cracking stiffness, laying the foundation for relia-
ble simulation of load-bearing capacity and deformation response.

Table 2 - Mechanical properties of reinforcing bars

2.3 Material Properties, Bonding, and Boundary Conditions
The key material property parameters used in the model are shown
in Tables 1 and 2.

Table 1 - C40 concrete material properties

Parameter Symbol | Value | Unit
Modulus of elasticity E. 325 | GPa
Poisson's ratio Ve 0,2 -
Standard value of compressive strength fok 26,8 | MPa
Standard value of tensile strength fie 2,39 MPa

The numerical model assumes perfect bond between the reinforcement
and concrete. In ANSYS, this is achieved by having concrete elements
(SOLID65) and reinforcement elements (LINK180) share nodes to ensure
complete consistency of interface displacements. This means that the node
degrees of freedom Uy, Uy, and U are strictly equal between the rein-
forcement and concrete, thus eliminating the inconsistency between relative
slip at the interface and local displacements within cracks. This approach is
equivalent to "embedding" the reinforcement into the concrete skeleton at
the mesh level, allowing axial forces, shear forces, and constraint reactions
to be directly transmitted to surrounding solid elements through shared
nodes. This is suitable for macroscopic-level global response analysis. lts
advantages include the stable reproduction of load-deflection curves, ulti-
mate bearing capacity, and dominant failure modes, while avoiding parame-
ter uncertainties and convergence risks associated with explicit bond-slip
relationships. However, this simplification neglects the interface shear
stress-slip dynamics and detailed mechanisms such as splitting cracking
and anchorage degradation around the reinforcement. Therefore, when the
research focuses on anchorage length, pull-out strength, or local bond deg-
radation, a more refined interface model is required. Given that this paper
focuses on the overall load-bearing and deflection response under mid-
span bending control, and does not consider bond failure as the dominant
failure mode, the aforementioned "perfect bond" assumption is reasonable
within engineering accuracy.

Reinforcement Bar Diameter Young's Modulus (Ef or Yield Strength (fy) Ultimate Tensile Strength Ultimate Strain
Types (mm) Es) (GPa) (MPa) (fu) (MPa) (€q) (%)
HRB400 Reinforcing 12 206,0 521,2 642,0 >10,0
Bars
GFRP Bars 12 45,0 - 910,6 2,02
AFRP Bars 12 50,1 - 1306,2 2,61
CFRP Bars 12 124,2 - 2102,1 1,70

Boundary and loading conditions are consistent with the experimental
scenario to ensure comparability. Supports are achieved by applying simply
supported constraints to the bottom surface of the end steel plates: one end
at Y = 150 mm acts as a hinged support, constraining Uy, Uy, and U to
eliminate rigid body displacement; the other end at Y = 1950 mm acts as
aroll support, constraining Uy and U, and allowing vertical displacement

Uy, avoiding unnecessary redundant constraints and additional internal
forces, and consistent with the end-support configuration in the report
and illustrations. The loading employs a three-point bending displacement
control scheme: a uniform vertical displacement dis applied to the top node
of the loading steel plate (SOLID185) at mid-span Y = 1050 mm, and this
displacement is increased through multi-step incremental steps, with each step
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size denoted as Ad. Nonlinear iteration is used within each increment until the
residuals satisfy the convergence criterion. Displacement control can continue to
track the post-peak path after softening and stiffness degradation occur, avoiding
numerical instability near the limit point during force-controlled loading. The reac-
tion force is aggregated through the support constraint nodes to obtain the load
P, which is recorded together with the mid-span deflection A to form the P-A
response history. The loading process continues until the model reaches the
ultimate bearing capacity P, the deflection increases sharply, or the values no
longer converge. At this point, the crack distribution, principal tensile stress, strain
field in the tension/compression zone, and axial force-strain response of the
reinforcement are simultaneously output to verify the triggering order and location
of the yield or brittle fracture criteria. To ensure uniform load transfer and reduce
stress concentration, both loading and support utilize steel pads to achieve sur-
face contact. The displacements of each node on the loading surface are cou-
pled and constrained to maintain approximate rigid body compression, thereby
minimizing local indentation effects and more closely resembling experimental
conditions. These modeling details collectively ensure consistent representation
of boundaries and loads in terms of geometry, constraints, and force transmis-
sion paths, making the numerical results interpretable and comparable across
the three dimensions of overall stiffness, peak load capacity, and failure mode.

3 Finite Element Model Validation

Before conducting a systematic comparison between models, it is
necessary to first verify whether the finite element modeling framework
(SOLID65 + LINK180 + Willam — Warnke model) used in this paper can
accurately capture the real stress behavior of FRP-RC beams and Steel-
RC beams. To this end, we qualitatively and quantitatively compare the
numerical model's predictions regarding failure modes, stiffness evolu-
tion, and load-bearing capacity with authoritative experimental studies
published in the past decade (2015-2025) to establish the model's effec-
tiveness and interpretability. The core of the validation lies in the overall
shape of the load-deflection curve, the consistency of the limit state pa-
rameters, and whether the control failure mechanism matching the mate-
rial constitutive model is correctly triggered.

3.1 Steel-RC Model Validation

Based on the comparison with the section theory analysis, the inte-
grated results of the Steel-RC numerical model show that the theoretical
ultimate load is approximately P, = 56,0 kN, corresponding to an ulti-
mate deflection of approximately 8, ~ 40,0 mm. The failure process is
characterized by the initial yielding of the tensile reinforcement, followed
by crushing of the concrete in the compression zone, exhibiting typical
ductile failure. The load-deflection curve obtained from the finite element
method shows a clear yield plateau before approaching the ultimate load,
a clear elasto-plastic transition, and a significant decrease in stiffness
after yielding. This overall pattern is highly consistent with numerous
standard test results on three-point bending of reinforced concrete beams
(Karabulut, 2025), indicating that the model can accurately reproduce the
elasto-plastic response and ductile characteristics of reinforced concrete
beams, and maintains reasonable tracking of load-bearing capacity decay
and deflection growth in the post-peak stage.

3.2 Validation of the GFRP-RC Model

The comprehensive analysis results of the GFRP-RC model show
that the theoretical ultimate load is approximately P, ~ 82,5 kN, the
ultimate deflection is approximately 8, = 40,0 mm, and the controlling
failure mode is concrete crushing. Compared with Steel-RC, the equiva-
lent bending stiffness in the post-cracking stage is significantly reduced.
Under the same load level, the deflection of the GFRP-RC beam is signif-
icantly greater than that of the steel beam, which is consistent with the
low elastic modulus characteristic of GFRP (E¢ = 45,0 GPa). Existing
experimental studies have repeatedly confirmed that due to the low Eg,
deflection control of GFRP-RC beams is particularly critical during the
normal service stage (Bakar et al., 2022), and Di et al. (2023) also listed
the deflection limit under the service limit state as one of the core design
indicators. It is important to emphasize that, under the unified tensile
reinforcement ratio of p = 0,56 % in this paper, the GFRP-RC beam is
in the "over-reinforced" range. Numerical predictions show concrete
crushing as the controlling failure mode rather than FRP tensile failure,
consistent with the experimental observations of Di et al. (2023) on over-
reinforced GFRP beams. This also explains the engineering logic of prior-
itizing deflection and crack control in GFRP design.

3.3 CFRP-RC Model Validation

The comprehensive analysis results of the CFRP-RC model show
that the theoretical ultimate load is approximately P, ~ 125.0 kN, the
ultimate deflection is approximately 8, ~ 30.0, mm, and the controlling
falure mode is concrete crushing. Compared to Steel-RC
(Py = 56.0kN,8, ~ 40.0 mm) and GFRP-RC (P, = 82.5kN,
Sy = 40.0 mm), CFRP-RC exhibits significantly improved load-bearing
capacity and significantly reduced deflection, demonstrating the highest
equivalent bending stiffness. This is consistent with the high modulus and
high strength characteristics of CFRP (Ef = 124.2 GPa). The mixed
reinforcement test conducted by Tran and Nguyen-Thoi (2025) further
demonstrates that specimens containing CFRP reinforcement (CFRP-
40S) have a significant advantage in ultimate strength compared to pure
steel reinforcement specimens (STEEL-40S). It should be noted that the
numerically predicted concrete crushing control failure is consistent with
the FRP-RC design philosophy advocated by ACI 440.1R-15 (Kim et al.,
2011) and CSA S806 (Baghi, 2015), which "forces" the premature failure
of the compression zone concrete through an overmixing strategy of
Pt > pr, thereby avoiding the sudden brittle failure caused by FRP
tensile fracture (Barris et al., 2012). Numerous experiments and reviews
also indicate that the load-bearing capacity predictions of ACI 440.1R-15
agree well with experimental results, although slightly conservative in
some cases (Elsheikh et al., 2024), which is inherently consistent with the
numerical performance presented in this paper.

3.4 AFRP-RC Model Validation

The comprehensive analysis results of the AFRP-RC model show
that the theoretical ultimate load is approximately P, =~ 86,4 kN, the
ultimate deflection is approximately 8, ~ 35,0 mm, and the controlling
failure is concrete crushing. Considering that the elastic modulus of AFRP
is Ef = 50,1GPa, slightly higher than that of GFRP (E¢ = 45,0 GPa),
but significantly lower than that of CFRP (Ef = 124,2 GPa) and steel
reinforcement (Eg = 206,0 GPa) (Salem & Issa, 2023), its load-bearing
capacity and stiffness are numerically between GFRP-RC and CFRP-RC,
while its overall performance is significantly better than that of Steel-RC
within the specified range; specifically, P, =~ 86,4 kNis between
82,5kN and 125,0 kN, and 8§, = 35,0 mm is between approximately
Between 40,0 mm and approximately 30,0 mm, this "middle" position
is perfectly consistent with the ranking of material mechanical properties.
Although publicly available measured data for AFRP-RC are slightly less
than those for GFRP and CFRP, the numerical study by Saadi et al.
(2025) and the experimental results by Sammen et al. (2019) both show
that its flexural capacity increases monotonically with the reinforcement ratio,
and the load-deflection curves agree well with the finite element analysis, thus
providing cross-validation for the numerical conclusions of this paper.

In summary, the SOLID65 + LINK180 + Willam — Warnke modeling
framework can stably reproduce the typical bending mechanism dominat-
ed by different reinforcement constitutive characteristics under unified
mesh, material parameters, and boundary settings: Steel-RC exhibits
yield-controlled ductile failure, while FRP-RC generally exhibits crushing
failure controlled by the compression zone concrete under the unified
reinforcement ratio of 0,56 % in this paper; the stiffness evolution is mon-
otonically ordered with respect to the material modulus, with CFRP hav-
ing the highest stiffness, followed by AFRP, and then GFRP, while Steel-
RC, as a control, shows significant characteristics of elastic-plastic transi-
tion and yield plateau; the relative relationship between ultimate bearing
capacity and deflection is consistent with recent authoritative tests and
standards (ACI 440.1R-15) (Said et al., 2021). From the shape of the
load-deflection curve, peak parameters to the triggering of the failure
mechanism, the consistency between numerical and experimental data
shows that the framework has a good ability to explain and extrapolate
the mechanical response of four types of beams, laying a solid foundation
for subsequent systematic parameterized comparison and mechanism
analysis among the four models.

4 Comparative Analysis of Bending Performance

Based on the completed model verification, this chapter systematical-
ly compares the simulation results of four beams with different reinforce-
ment configurations. It focuses on examining their failure process, load-
deflection response, bearing capacity, and deformation characteristics.
Under unified boundary, mesh, and material settings, the systematic
influence of reinforcement mechanical properties on overall bending per-
formance is discussed.
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4.1 Failure Mode and Crack Development

Based on ANSYS post-processing results, the stress redistribution,
crack initiation and propagation, and final failure mode of each model
throughout the loading process can be clearly tracked. For a Steel-RC
beam, the initial loading stage exhibits a linear elastic response. As the load
increases, the concrete at the bottom edge of the maximum bending mo-
ment zone at mid-span first reaches its tensile strength and produces verti-
cal cracks. Subsequently, the cracks steadily advance upwards along the
height and their number increases. When the load approaches the yield
level (approximately 0,8 P, which is approximately 45,0 kN under the con-
diton P, =56,0 kN), the tensile reinforcement stress reaches the yield
strength f, = 521,2 MPa, and the beam enters the plastic stage. The mid-
span deflection accelerates and exhibits significant ductility. Finally, as the
deflection continues to increase, the strain of the concrete at the top edge of
the compression zone approaches the ultimate compressive strain, result-
ing in crushing. The numerical calculation terminates due to stiffness degra-
dation. For the three types of FRP-RC beams (GFRP, AFRP, and CFRP),
the overall stress trajectory before cracking is basically the same as that of
reinforced concrete beams. After cracking, because the FRP reinforcement
remains linearly elastic throughout, the decrease in member stiffness is
more significant, especially in low-modulus systems. As the load increases,
cracks continue to develop near the mid-span and extend upwards. Under
the unified tensile reinforcement ratio of p = 0,56 % set in this paper, all
three types of FRP beams are designed according to the over-
reinforcement concept (p; > py,). Therefore, at failure, the FRP reinforce-
ment has not reached the ultimate tensile strain (i. e., € <€), and

ultimately all of them are crushed due to the concrete in the compression
zone reaching the ultimate compressive strain. During the failure process,
there is no plateau similar to the yielding of the reinforcement, exhibiting
typical characteristics of linear elastic to brittle failure.

The difference in crack distribution directly reflects the influence of
the elastic modulus of the reinforcement on the control of flexural cracks.
Figure 2 shows a comparison of crack morphologies under the same load
level P = 80, kN, revealing that the FRP beam is in the service-limit
transition phase, while the load for the Steel-RC beam is slightly above its
theoretical limit, but still usable for morphological comparison of crack
modes. The GFRP-RC beam, due to its lowest elastic modulus
(Ef = 45,0 GPa), exhibits greater reinforcement elongation under the
same tensile force, resulting in the highest crack height and relatively
sparse distribution, leading to a larger individual crack width. The CFRP-
RC beam, with its highest elastic modulus (E; = 124,2 GPa), has the
strongest inhibitory effect on crack propagation, resulting in denser cracks
with lower heights, and its morphology is closest to that of a reinforced
beam (Eg =206,0 GPa). The crack height, density, and width of the
AFRP-RC beam fall between the two (E;=50,1 GPa). This pattern of
"lower modulus, wider cracks" is consistent with existing experimental
research (Bakar et al., 2022) and also aligns with the mechanical nature
of FRP, which bears all tensile internal forces without yielding after crack-
ing. The stress contours of the main tensile reinforcement at ultimate
load, shown in Figure 3, further confirm that only the Steel-RC beam
reaches yielding, whereas all FRP-RC beams remain in the elastic range
at failure.

a) Steel-RC; b) GFRP-RC; ¢) AFRP-RC; d) CFRP-RC
Figure 2 — Comparison of failure patterns at ultimate load

a) Steel-RC; b) GFRP-RC; c) AFRP-RC; d) CFRP-RC
Figure 3 — Stress distribution in main tensile reinforcement at ultimate load

4.2 Load-Deflection Response

The load-deflection curve comprehensively reflects the evolution of
stiffness, load-carrying capacity, ductility, and failure mode of a member
from the linear elastic stage through the ultimate stage to the post-peak
stage. Figure 4 displays the complete responses of the four models, using
the ultimate values obtained from the comprehensive theoretical analysis in
Chapter 3 as reference points: Steel-RC beam P, = 56,0 kN, GFRP-RC
beam P,=825kN, AFRP-RC beam P, =86,4 kN, CFRP-RC beam
P, = 125,0 kN. During the pre-cracking stage (Phase ), the curves largely
overlap with a load threshold of approximately P < 25 kN. At this stage, the

cross-section remains uncracked, and the overall flexural stiffness is
primarily governed by the uncracked cross-section's moment of inertia
E¢ lg. The reinforcement type and E; or Eg exert limited influence on the
initial slope. Upon entering the post-cracking stage (Phase Il), the contribu-
tion from the tensile concrete zone disappears, and tensile internal forces
are entirely borne by the reinforcement. The equivalent stiffness is then
dominated by the equivalent moment of inertia of the cracked section E; I,
and the elastic modulus of the reinforcement: CFRP-RC exhibits the steep-
est curve slope, reflecting the highest post-cracking stiffness
E; = 124,2 GPa with fully linear elastic behavior approaching the limit state);
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Steel-RC shows a high initial slope after cracking (Es =206,0 GPa),
but the tangent stiffness decreases significantly as the tensile steel
approaches yield; AFRP-RC exhibits lower stiffness than the former two
(Ef =50,1 GPa), while GFRP-RC has the lowest stiffness (E; = 45,0 GPa)
with the flattest curve, indicating the weakest deformation resistance. Upon
entering the ductility and failure stage (Phase Ill), Steel-RC exhibits a dis-
tinct inflection point at approximately 0,8 P,=~45,0 kN, forming a clear
‘vield plateau.” After significant ductile deformation, it reaches P, = 56,0 kN
and gradually transitions to crushing failure. In contrast, the three FRP-RC
curves exhibit near-linear growth after cracking until reaching their respec-
tive ultimate loads (P, = 82,5 kN,86,4 kN and 125,0 kN), followed by rapid
instability due to concrete crushing in the compression zone. They lack
a buffer zone for yield waming, exhibiting a “linear elastic to brittle” charac-
teristic. Overall, pre-cracking stiffness is determined by Eg Iy, while post-
cracking stiffness correlates closely with the relative magnitude of E; or Eg.
CFRP achieves maximum load-carrying capacity and minimum deflection
through its high E; and high strength. Steel-RC demonstrates superior tough-
ness through its ductile plateau region, while AFRP and GFRP rank in the
mid-to-low range for stiffness and deflection control based on their E; values.
This sequence aligns with the ultimate load and deformation criteria estab-
lished in Chapter 3 and corroborates empirical insights from codes and exper-
iments regarding the flexural performance of FRP-RC composites.

Table 3 - Comparison of key performance indicators of each model

Steel-RC
GFRP-RC
AFRP-RC
CFRP-RC
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Figure 4 — Load-deflection curve

4.3 Bending Capacity and Deformation Capacity
To accurately and quantitatively compare the performance of each
model, Table 3 summarizes the key performance indicators of each model.

. . Relative Load-Carrying Ultimate . .
Model Cracking | Ultimate Load . : . Relative Deflection of .
Capacity of Reinforced Deflection . Destructive Mode
Number Load (kN) (Pu) (kN) Concrete Beams (u) (mm) Reinforced Beam
Concrete crushing after steel
Steel-RC 25,5 56,0 Reference Benchmark 40,0 Reference Benchmark rainforcement yielding
GFRP-RC | 24,1 82,5 +47,3 % 40,0 +0,0 % Concrete crushing
AFRP-RC | 24,8 86,4 +54,3 % 35,0 -12,5% Concrete crushing
CFRP-RC | 264 125,0 +123,2 % 30,0 -25,0 % Concrete crushing

Under the same reinforcement ratio, the ultimate bearing capacities
of the four types of beams, based on section theory, are as follows: Steel-
RC beam P, = 56,0 kN, GFRP-RC beam P, ~ 82,5 kN, AFRP-RC
beam P, = 86,4 kN, and CFRP-RC beam P, ~ 125,0 kN. Compared
to reinforced beams, the ultimate bearing capacities of the three types of
FRP beams are increased by approximately 47,3 %, 54,3 %, and
123,2 %, respectively. Within the FRP category, CFRP-RC beams have
the highest relative bearing capacities, followed by GFRP-RC beams,
with AFRP-RC beams in the middle. This result indicates that, under the
design premise of over-reinforcement and concrete crushing as the con-
trol for failure, the key to flexural bearing capacity lies not only in the
strength of the reinforcement but also in its elastic modulus. To achieve
the ultimate compressive strain €., in the compression zone, the neutral
axis needs to shift upwards, and the strain € in the tension zone is de-
termined by strain compatibility. Therefore, the reinforcement stress
fr = Ef, €¢ is derived from linear elasticity. The larger the value, the bet-
ter it can counteract the resultant force in the compression zone during
internal force equilibrium, thereby increasing the ultimate bending mo-
ment and ultimate load. Since E; = 124,2 GPa, the f; corresponding to
concrete crushing in CFRP is much higher than that of AFRP
(Ef = 50,1 GPa and GFRP (E¢ = 45,0 GPa), thus achieving the high-
est bearing capacity among the three types of FRP.

Deformation capacity is directly related to stiffness. Based on theoreti-
cal skeleton curves, the mid-span ultimate deflection of the three types of
FRP beams is generally on the same order of magnitude as that of rein-
forced steel beams. Among them, the ultimate deflection of GFRP-RC
beams is the largest (8, = 40,0 mm), close to that of Steel-RC beams
(8y = 40,0 mm), but significantly greater than that of AFRP-RC beams
(6y = 35,0 mm) and CFRP-RC beams (6, = 30,0 mm). CFRP-RC
beams have the highest stiffness and the smallest ultimate deflection after
cracking, approximately 25 % smaller than that of reinforced steel beams;
the deformation capacity of AFRP-RC beams falls between that of GFRP
and CFRP. Combining the comparison of cracks and deflections under the
same load level (e. g., P = 80 kN) in Section 4.1, it can be concluded that
under the serviceability limit state, the GFRP-RC beam exhibits the most
unfavorable deflection and crack control, while the CFRP-RC beam per-
forms best. This ranking is consistent with the relative magnitude of E_f and
agrees with the patterns revealed in experimental literature.

4.4 Ductility and Serviceability Limit State (SLS) Assessment

Regarding ductility, Steel-RC beams exhibit a significant plastic plateau
in the range approaching and exceeding P, = 56,0 kN, demonstrating
good toughness through continuous plastic deformation and energy dissipa-
tion and deformation redistribution. In contrast, FRP beams, due to the
linear elasticity of the tension reinforcement throughout and the absence of
a yield stage, show an approximately linear increase in the load-deflection
relationship after cracking, rapidly transitioning to instability upon reaching
the limit, lacking a clear ductile "buffer zone," and generally exhibiting brittle
failure characteristics (Alkhraisha et al., 2020). It is important to emphasize
that under the unified oversizing design in this paper, all three types of FRP
beams use concrete crushing rather than reinforcement breakage as the
control failure mechanism. This mechanism offers stronger predictability
than direct FRP fracture, but its essence remains brittle failure, with signifi-
cantly weaker ductility reserves than reinforced beams.

The serviceability limit state (SLS) primarily focuses on deflection
and crack width. The results in Figure 2 and Table 3 show that, under the
same service load level, the GFRP-RC beam exhibits the highest deflec-
tion and crack width due to its lowest post-cracking equivalent stiffness;
the CFRP-RC beam achieves the lowest deflection and crack width due
to its highest post-cracking stiffness; the AFRP-RC beam falls in be-
tween. This conclusion is consistent with ACI 440.1R-15 and numerous
experimental studies (Tran et al., 2025), namely that the design of low-
modulus FRP beams is more easily controlled by the Serviceability Limit
State (SLS) than by the Serviceability Limit State (ULS), thus requiring
priority verification of service performance in engineering design.

The above numerical patterns can be explained using the theoretical
framework of ACI 440.1R-15. For an over-reinforced FRP beam con-
trolled by concrete crushing, the FRP reinforcement stress can be given
by an analytical formula based on strain compatibility and internal force
balance

2 ’
ff — (\/(Ef'icu) + 0.85,84,fc , Ef, €y — E (1)
Pt

where p¢ = A¢/(b, d) is the reinforcement ratio, Eg is the elastic modu-
lus of FRP, €, is the ultimate compressive strain of concrete (usually
taken as 0,003), f." and B, are parameters of the concrete compression
zone, and fp, is the stress of the FRP reinforcement. Let M, be the ulti-
mate tensile strength of the FRP.

f€cu
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The ultimate bending moment can be approximated as

M, =~ Ag fr (d - B25), @)
where Ag is the area of the FRP under tension, d is the effective height
from the resultant point of the tensile reinforcement (or FRP) to the com-
pression edge, and c is the depth of the neutral axis. From the above
relationship, it is clear that when the geometric and material parameters
such as py, f., and €., remain consistent, f; increases with E, thereby
driving the increase of M, and P,; when Eg is low, f; and M,, decrease
accordingly. The numerical ranking obtained in this paper — CFRP-RC
beams have the highest load-bearing capacity, followed by AFRP-RC
beams, and GFRP-RC beams have the lowest — and the ultimate load-
bearing capacity of the three types of FRP-RC beams is significantly
higher than that of Steel-RC beams overall — is completely consistent with
the theoretical mechanism. This also verifies, from another perspective,
the one-to-one correspondence between the ranking of stiffness and
service performance after cracking and Eg, thus providing a coherent and
interpretable chain of evidence for the design of FRP-RC beams at both
the ULS and SLS levels.

Discussion and Significance of the Research

This study, under strict control of geometry, concrete strength, load,
and boundary conditions, only varied the type of tensile reinforcement and
its constitutive properties. A nonlinear finite element simulation system was
used to quantify the differences in flexural performance of four types of
beams — steel, GFRP, AFRP and CFRP - under the same reinforcement
ratio. The numerical results are consistent with existing experimental and
theoretical studies (Bakar et al., 2022) and clearly demonstrate that, under
conditions of over-reinforcement and concrete crushing as the control for
failure, the key factors determining post-cracking stiffness, crack width,
ultimate deflection, and ultimate bearing capacity are not solely tensile
strength, but essentially depend on the elastic modulus E¢. Under the uni-
fied reinforcement ratio and concrete parameters in this paper, the ranking
of ultimate bearing capacity is highly consistent with E¢; CFRP-RC beams
have the highest P, = 125,0 = 124,2 GPa, followed by AFRP-RC
beams with E¢ = 50,1 GPa (P, =~ 86,4 kN), and GFRP-RC beams rank
last with Ef=450GPa (P, =825KkN), although their
fu = 910,6 MPa is still much higher than the yield strength of the steel
reinforcement f, ~ 521,2, MPa. Meanwhile, the ultimate bearing capaci-
ty of the three types of FRP-RC beams is significantly higher than that of
Steel-RC beams (P, = 56,0 kN), indicating that under the over-stressing
strategy to avoid brittle fracture of the reinforcement, FRP beams can out-
perform traditional reinforced beams at the ultimate state level.

The mechanical reason for this is that when failure is controlled by
concrete crushing rather than FRP tensile fracture, the effective internal
force in the tension zone is provided by the stress that the reinforcement
can develop under a given strain. Based on strain compatibility and inter-
nal force balance, it can be deduced that under the condition of fixed pg¢
and concrete parameters, a higher E¢ can generate greater tensile force
before the compression zone reaches the ultimate compressive strain
€.u» Making it easier to achieve balance with the resultant force in the
compression zone, thus increasing the ultimate bending moment and
ultimate load P, of the section. Conversely, when Eg is low (such as in
GFRP), the stress and strain energy of the tensile reinforcement has not
been fully utilized when the compression zone approaches €, resulting
in suppressed section efficiency and bearing capacity. The resulting
"modulus-driven" bending enhancement mechanism is consistent with the
theoretical framework of ACI 440.1R-15, indicating that under the same
reinforcement and concrete conditions, P, increases monotonically with
E, and is not solely dependent on the level of f,.

These conclusions provide a clear basis for trade-offs in engineering
material selection and construction. When the primary design objective is
to address corrosion and deflection control requirements are relatively
lenient or allow for a moderate increase in cross-section, GFRP offers
good cost-effectiveness. However, the reduced stiffness after cracking
due to lower E¢ must be fully recognized: greater deflection and crack
width under the same service load, making the design more susceptible
to SLS rather than ULS control (Tran et al., 2025). If high load-bearing
capacity and high stiffness are required while maintaining corrosion re-
sistance (e. g., for large spans, heavy loads, or deformation-sensitive
members), CFRP is a better choice: at the same reinforcement ratio, its
P, is approximately twice that of a reinforced beam, and the ultimate

deflection is reduced by about a quarter. However, it requires higher
material costs and strict adherence to over-reinforcement principles (e. g.,
ensuring pr > pgp,) to achieve predictable concrete crushing failure rather
than sudden reinforcement breakage. For a performance-cost trade-off,
AFRP provides an intermediate solution: load-bearing capacity and stiffness
fall between GFRP and CFRP and are generally superior to Steel-RC, but
require comprehensive evaluation considering environmental sensitivity and
life-cycle costs. It is important to emphasize that reinforced beams still pos-
sess unique advantages in terms of ductility and failure early wamning: their
yield plateau and greater plastic rotation capacity can reduce the risk of
sudden failure through energy dissipation and deformation redistribution.
This is something that current FRP-RC systems cannot completely replace,
and design choices must carefully consider this.

Methodologically, the main contribution of this paper lies in constructing
a rigorously "consistent benchmark" numerical test field: eliminating external
differences in geometry, reinforcement, material strength, load, and bound-
aries in ANSYS, and only changing the E¢and "elastoplastic/linear elastic"
properties of the tension reinforcement, thereby clearly and quantitatively
separating the pure influence of reinforcement constitutive differences on
bending performance within a unified framework. This systematic compari-
son across materials and indices transcends the limitations of single-item
physical tests in terms of specimen size and controllability of operating
conditions, enabling parallel and transparent comparison of multi-
dimensional indices such as peak load capacity, post-cracking stiffness,
crack control, and ultimate deflection. The evidence obtained not only
deepens the understanding of the bending mechanism of FRP-RC compo-
nents, but also provides a reusable basis for optimized design and specifi-
cation refinement, and lays a solid foundation for subsequent comprehen-
sive numerical-experimental studies that incorporate the coupling effects of
long-term loads, fatigue and environment.

Conclusion

This paper utilizes the ANSYS finite element platform to systemati-
cally compare the flexural responses of four groups of concrete beams
using ordinary steel reinforcement (HRB400), GFRP, AFRP, and CFRP,
under the premise of completely consistent geometric dimensions, con-
crete strength, loads, boundary conditions, and reinforcement ratios of
0,56 %. Only the type of tensile reinforcement and constitutive properties
were changed. The numerical results are generally consistent with au-
thoritative experimental literature and section theory analysis (Bakar et
al., 2022), indicating that the modeling scheme based on SOLID65 (simu-
lating the Williams—Warnke nonlinear behavior of concrete) and LINK180
(simulating reinforcement) can reliably reproduce the key characteristics
of beams with different reinforcement in terms of load-deflection evolu-
tion, stiffness degradation, and failure mechanisms. Specifically, the
Steel-RC beam exhibits ductile failure dominated by tensile reinforcement
yielding, while the FRP-RC beam consistently shows brittle failure con-
trolled by concrete crushing. Furthermore, the theoretical ultimate bearing
capacity and the finite element results agree well in terms of order of
magnitude and relative order of magnitude. Further performance compar-
isons clearly show that the type of FRP has a significant impact on flexur-
al performance, and the decisive parameter is not only tensile strength,
but also the elastic modulus E¢. Under the same reinforcement ratio and
over-reinforcement design (with concrete crushing as the control for fail-
ure), the flexural stiffness in the post-cracking stage is jointly controlled by
"reinforcement modulus + moment of inertia of the cracked section”, with
the overall ranking as follows: CFRP-RC > Steel-RC > AFRP-RC >
GFRP-RC. Regarding ultimate bearing capacity, the ultimate loads ob-
tained based on section theory are: Steel-RC beam P, = 56,0 kN,
GFRP-RC beam P, = 82,5 kN, AFRP-RC beam P, = 86,4 kN, and
CFRP-RC beam P, = 125,0 kN. The corresponding performance rank-
ing is: CFRP-RC (125,0 kN) > AFRP-RC(86,4 kN) > GFRP-RC
(82,5 kN) > Steel-RC (56,0 kN). Regarding deformation capacity, the
estimated mid-span ultimate deflection based on the theoretical skeleton
curve is as follows: Steel-RC beam §, =~ 40,0 mm, GFRP-RC beam
Sy = 40,0 mm, AFRP-RC beam §, ~ 35,0 mm, CFRP-RC beam
8, = 30,0 mm. The overall order is: GFRP-RC = Steel-RC
~ 40,0 mm) > AFRP-RC (35,0 mm)> CFRP-RC (30,0 mm).
Combining deflection and crack distribution under service loads, it can be
determined that GFRP-RC beams exhibit the most unfavorable deflection
and crack control from the SLS perspective, while CFRP-RC beams per-
form the best.
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The comparison of failure and ductility characteristics further points
to clear design implications. Steel-RC beams undergo a stage of steel bar
yielding and plastic development before approaching the ultimate load,
exhibiting a clear yield plateau and strong energy dissipation capacity.
In contrast, GFRP-RC, AFRP-RC, and CFRP-RC beams all experience
failure controlled by concrete crushing. Although this provides some
warning compared to sudden reinforcement breakage, their overall ductili-
ty is significantly lower than that of Steel-RC beams. Therefore, in engi-
neering applications, over-sizing design and reasonable safety reserves
are necessary to compensate for the insufficient ductility. Regarding ma-
terial selection decisions, CFRP, with its higher E¢, can significantly im-
prove load-bearing capacity and stiffness under the same reinforcement
ratio: In the case of this study, the ultimate load-bearing capacity of the
CFRP-RC beam is approximately 2.2 times that of the Steel-RC beam,
and the ultimate deflection is reduced by about one-quarter. It is suitable
for components with simultaneously stringent requirements for strength
and deformation, but it requires higher material costs and strict adher-
ence to the over-reinforcement principle to ensure the concrete crushing
failure mode. Although GFRP can effectively solve the corrosion problem,
due to its lowest E_f, the stiffness reduction after cracking is the most
significant. Under the same service load, it is more prone to larger deflec-
tion and cracks. The design is often constrained by SLS rather than ULS,
and the control of deflection and crack limits must be strengthened. AFRP
provides a pragmatic trade-off between performance and cost. Its load-
bearing capacity and stiffness are between GFRP and CFRP and are
generally superior to Steel-RC, making it suitable for scenarios that bal-
ance performance and economy. The final engineering selection should
comprehensively consider factors such as structural importance, load
conditions, environmental erosion level, deformation limits, and life-cycle
cost. Based on the specifications, the ULS and SLS should be double-
checked to reasonably determine the reinforcement scheme and target
performance indicators. In conjunction with key quantitative information
such asEy, P, and &, a design path for balanced optimization of durabil-
ity, load-bearing capacity, and service performance should be formed.
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Abstract

Operational monitoring of the technical condition of reinforced concrete structures (wells, collectors, tanks) in wastewater disposal systems
is a set of periodic measures aimed at the timely detection of defects and the prevention of accidents. Its particular importance arises from
the structures' operation in an aggressive environment exposed to moisture, temperature fluctuations, stray currents, and mechanical loads.
The objectives of operational monitoring include the identification of visible and hidden defects (cracks, chips, delamination of the protective
concrete layer, exposed and corroded reinforcement, leaks in joints, and mutual displacement of precast elements), an assessment of the strength
and deformation properties of materials (concrete and reinforcement), the degree of corrosion, checking the tightness of the structures,
and verifying the compliance of actual parameters with design specifications. Monitoring is implemented using visual and instrumental non-
destructive methods, ensuring rapid results. Based on the monitoring results, a report is prepared with measurement protocols, defect diagrams,
and recommendations for repair or reinforcement of the structure. Operational monitoring is planned and preventative in nature. According
to current regulations, the recommended frequency is at least once a year, and more frequently for facilities showing signs of deformation
orin a state of emergency. One of the modern innovative approaches that is beginning to be adopted globally is the digitalization of processes
related to the operational monitoring of the technical condition of wastewater disposal systems. However, the implementation of digitalization
requires both the development of new regulations and the development of an information infrastructure (systems and specialized equipment
for diagnostics in difficult operating conditions, specialized software, etc.).

Therefore, systematic operational monitoring using an integrated approach based on both visual and instrumental methods, including the use
of digital systems, is a prerequisite for maintaining the operability of wastewater disposal systems. This will enable a transition from repairs
following an accident to preventive technical condition management, significantly increasing the reliability and extending the service life of utility
networks.

Keywords: operational control, wastewater disposal systems, waste water, reinforced concrete structures, regulatory documents, technical
condition assessment, forecasting.

0 3AJAYAX ONEPATUBHOIO KOHTPONA COCTOAHUA XENE30BETOHHbIX KOHCTPYKLIUA KOMMYHANBHbIX CUCTEM
BOJOOTBEAEHUA

B. H. LLitena, H. H. WanoosiTa, E. B. Poccoxa, [. B. AHTOHOBMY, T. M. lano6kiTa

Pedepar

OnepaTuBHbIA  KOHTPOMb TEXHWYECKOTO COCTOSHUS Kene300ETOHHbIX KOHCTPYKUMA (KOMOALEB, KOMMEKTOPOB, pe3epByapoB) B cucCTEMax
BOLOOTBEAEHNSI — 3TO KOMMNEKC MepUOAMYECKUX MEPOMPUSTUIA, HanpaBMneHHbIX Ha CBOEBPEMEHHOE BbifBNEHWE AedeKToB W NpedoTBpaLleHue
aBapui. Ero ocobas BaxHoCTb 06ycroBneHa paboTol KOHCTPYKLMIA B arpecciBHON Cpede MO BO3AENCTBMEM Brarv, TeMnepaTypHbIX nepenapos,
OnyxgatoLLmx TOKOB M MeXaHUYeCKuX Harpy3ok. B 3agaun onepaTMBHOIO KOHTPOMNS BXOAMT BbiSIBNEHWE BUAMMBIX W CKPbITbIX Ae(EKTOB (TPELLWH,
CKO0B, OTCIIOEHMS 3aLUMTHOrO Crlosi BeTOHa, OrorneHne U KOppo3us apMaTypbl, IPOTEYKM B LUBAX, B3aUMHbIX CMELLEHMIA COOPHBIX 3NEMEHTOB), OLieHKa
MPOYHOCTHBIX 1 AEePOPMALMOHHBIX XapaKTEPUCTUK MaTepuanos (DeToHa 1 apmaTypbl), CTENeHU NX KOPPO3NK, MPOBEPKY FEPMETUYHOCTU KOHCTPYKLMIA
11 COOTBETCTBME (DaKTUYECKMX NapameTpoB MPOEKTHbIM peLeHusiM. KOHTpomnb peammsyeTcs C MOMOLLbIO BM3yanbHbIX M WMHCTPYMEHTAmbHbIX
Hepaspyllalwmx MeToAoB, obecneunBaiolmx ObiCTpoe nonyyeHue pesynbTaToB. [1o pesynbTatam KOHTPOMNS COCTABNSAETCA 3aknioyeHne
C MPOTOKONaMn M3MepeHuit, cxemami AedeKTOB M PEKOMEHAALMSMM MO PEMOHTY WM YCUIEHWMIO KOHCTPYKUMA. OmnepaTuBHBIA KOHTPOMb HOCKT
nnaHoBO-NpodunakTUieckuin xapaktep. CornacHo [eiCTBYIOLLMM HOPMaTUBHBIM JOKYMEHTaM, pekOMeHAyemas NepuoanyHOCTb — He pexe OfHOro
pa3a B rog, a Ans 06beKTOB C Npu3Hakamyu fedopmaLnii i B aBapuitHOM COCTOSHUN — Yalle. OBHAM W3 COBPEMEHHBIX MHHOBALMOHHbIX NOLXOA0B,
KOTOpbIE HAYMHAIOT NPUMEHATLCH B MMPOBON NPaKTUKe, SBNAETCA LM(pOBN3aLMS NPOLECCOB, CBA3aHHbIX C ONEPaTUBHBIM KOHTPONEM TEXHWUYECKOrO
COCTOSHWSA cucTeM BopooTBedeHus. OpHako BHeapeHue uUmudpoBusaumm TpebyeT kak pa3paboTk HOBbIX HOPMATMBHBIX [OKYMEHTOB, Tak
1 OpMUPOBaHNE WHGOPMALIMOHHON WMHAPACTPYKTYpbl (CMCTEM W cneuuansHoro 0OOpYAOBaHWA Ans AMArHOCTMKM B CRIOKHBIX  YCIOBUSX
JKCnMyaTaLuu, CreLranmanpoBaHHOro MPOrpaMMHOro obecneyenus n 1. a.).

Takum 06pa3om, CUCTEMATMYECKUA ONEPaTMBHBIA KOHTPONb C MPUMEHEHWEM KOMMIEKCHOrO MOAXO0Aa, OCHOBAHHOMO Kak Ha BM3yanbHbIX, Tak
1 MHCTPYMEHTaMbHbIX METOAaX C WCMOMb30BaHMEM, B TOM YMCMe LMGPOBbIX CUCTEM, SBMSETCA HEoOXOAMMbIM YCNOBUEM AN MOAAEpXaHus
paboToCnocobHOCTI KOHCTPYKLMIA cucTeM BogooTBegeHns. OH MO3BOMUT NepeiT OT PEMOHTOB NO (hakTy aBapiu K MPEBEHTUBHOMY YNpaBneHuio
TEXHUYECKUM COCTOSIHNEM, 3HAUUTENbHO MOBbILIAS HALEXHOCTb M NPOANEBas CPOoK CyxObl MHKEHEPHBIX CETEN.

KnioyeBble cnoga: OMepaTMBHLIA KOHTPOMb, CUCTEMbl BOAOOTBELEHMS, CTOYHble BOAbl, Xene3obeTOHHbIe KOHCTPYKUMK, HOPMaTUBHbIE
[OKYMEHTbI, OLleHKa TeXHUYECKOro COCTOAHUA, NPOrHO3NpoBaHue.
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Introduction

According to general technical practice, a municipal wastewater dis-
posal system (WDS) can be classified as a complex of interconnected
engineering structures designed to collect, transport polluted wastewater
(WW) outside settlements, and purify and neutralize it before discharging
it into reservoirs. About 2,700 wastewater treatment plants (TP) operate
in the Republic of Belarus to organize wastewater discharge into the
environment, of which about 300 are undergoing artificial biological
treatment with release into surface water bodies. At the same time, today
the service life of the main part of the existing water management net-
works ranges from 20 to 55 years. At the same time, about 30 % of them
are in dilapidated or disrepair, and a significant part of pumping stations
require modernization (reconstruction). The situation is complicated by
the fact that industrial enterprises, as a result of the lack of local effective
technologies for industrial wastewater treatment and disposal of their
precipitation, discharge highly concentrated wastewater into centralized
sewerage systems, the harmful substances of which violate the techno-
logical regulations for wastewater treatment and are not removed during
biological treatment. At the same time, at the stage of WW transportation,
such pollutants with significant redox properties destroy WDS structures —
the release of corrosive gases from wastewater, for example, hydrogen
sulfide, has a particularly negative effect. As a result of this extremely
negative impact, material and energy costs increase, which leads to an
increase in electric energy costs for transportation and wastewater treat-
ment, and, consequently, an increase in the cost of services, and the key
is unacceptably reduced reliability, especially of reinforced concrete struc-
tures, up to the occurrence of emergency situations [1].

At the same time, wastewater disposal systems of water supply and
sewerage companies (CWW) de facto belong to critical infrastructure
(most of which are concrete elements), since as a result of possible
emergencies, conditions are created for man-made pollution of territories,
the development of diseases and epidemics with potential catastrophic
effects on people and the environment. In accordance with the internal
regulatory documents of water utilities organizations CWW, the following
strict time intervals are allowed during their work: no more than 8 hours
(in total) during one month, 4 hours at a time (including in case of an
accident) 1, 2].

Thus, the scientific and practical task of operational control of the
condition of reinforced concrete structures of the WDS is relevant and of
national importance.

Setting the task. Substantiation of approaches to operational control
of the condition of concrete structures of municipal wastewater disposal
systems, primarily collectors, using modern automated tools and mathe-
matical modeling in order to reduce the risks of abnormal (catastrophic)
technological situations and increase the ecological safety of sanitation in
populated areas.

Analysis of the existing regulatory framework in the Republic of
Belarus and research by other authors on the issue of monitoring
the condition of reinforced concrete structures of WDS

To monitor the normal functioning water drainage network (WN)
WDS constant monitoring should be carried out on it, including [3]: exter-
nal inspection of the network; technical inspection of the network; tech-
nical inspection of the main highways, storm drains, duckers and emer-
gency outlets; inspection of the internal cavities of drainage pipes; inspec-
tion of tunnel collectors.

At the same time, the Resolution of the Council of Ministers of the
Republic of Belarus dated September 4, 2019 Ne 594 "On Approval of the
Rules for the Technical Operation of drinking water supply and sanitation
(sewerage) systems in settlements" [3] defines that "the operation of
sanitation (sewerage) systems in settlements includes organizational and
technical measures for inspection, technical inspection, technological and
technical control, maintenance, maintenance and repair carried out ac-
cording to the schedule of scheduled preventive maintenance and elimi-
nation of accidents and malfunctions, approved by the chief engineer of
the water supply company. The procedure for carrying out scheduled
preventive maintenance on centralized drinking water supply and sanita-
tion (sewerage) systems is determined by the Ministry of Housing and
Communal Services". This regulatory document (paragraph 158 [3]) also
states that "a technical inspection of the internal condition of the drainage
(sewerage) network, structures and devices on it is performed for: inspec-

tion wells and emergency outlets — once a year; collectors and chan-
nels — once every two years. Technical inspection of gravity collectors
and channels with diameters of 1,500 millimeters or more is carried out
by passing through them, provided that the wastewater supply is com-
pletely or partially stopped. Technical inspection of pressure collectors is
carried out by checking valves, plungers and sewer outlets".

An intra-industry document is Resolution Ne 22 of the Ministry of
Housing and Communal Services of the Republic of Belarus dated
May 12, 2006 "On the procedure for carrying out scheduled preventive
maintenance on centralized drinking water supply and sanitation (Sew-
erage) systems" [4], which defines the procedure for carrying out
scheduled preventive maintenance on centralized drinking water supply
and sanitation (sewerage) systems. Within its framework, the schedule
of scheduled preventive maintenance system is presented as a com-
plex of "technical and organizational and technical measures aimed at
maintaining and (or) restoring the operational, structural, engineering,
and aesthetic properties of structures and devices as a whole and (or)
individual components of equipment, structural units, and elements of
centralized sanitation systems (sewerage)". In Chapter 4, "Planning
and organization of the schedule of scheduled preventive maintenance”
of this Resolution [4], it is established that "the list of facilities subject to
capital and routine repairs is determined by the technical council CWW
on the basis of defective statements compiled based on the results of
inspections, journal entries for the operation of water facilities and de-
vices, as well as the results of surveys of commissioning organizations
and modernization and technical re-equipment projects”. At the same
time, "when planning preventive maintenance and routine repairs, it is
necessary to be guided by the timing of the frequency of repair work
(inter-repair periods) according to the appendix, as well as the time
standards for repair work, developed and approved in accordance with
the established procedure. The required number of inspections is as-
signed, after which routine repairs are planned; structures, devices and
equipment that require major repairs or replacement, including the
relocation (reconstruction) of pipelines".

Collectors and pipelines made of reinforced concrete structures of
WDS [6, 7] are especially critical in terms of reliability [5] and durability.
The annex to the Decree of the Ministry of Housing and Communal Ser-
vices [4] defines the following frequency and emphasis of inspection of
collectors:

- at flow rate WW of more than 3 md/s: frequency once every
12 months; the degree of filling, the presence of backup (flooding), block-
ages and other violations visible from the surface of the earth is checked;
the presence of gases in wells; the presence of a drainage surface or
other water in the reservoir;

- at flow rate WW of more than 1-3 m3s: frequency once every
12 months; inspections are carried out during internal inspection of collec-
tors and channels with a diameter of 1,5 m or more, changes in the geo-
metric shape of the section, the presence of drains, cracks, through
holes, voids for cladding, corrosion of concrete, reinforcement;

— at flow rate WW is less than 1 m%s: the frequency is once every
24 months; the precipitation of individual pieces of concrete and the sub-
sidence of individual sections are checked.

Thus, it is possible to formulate the directions that need to be signifi-
cantly improved in the framework of ensuring the control of all WW WDS,
based on the regulatory framework currently in use (Figure 1).

Such inertia and a significant duration of inspection periods leads to
uncontrolled and unpredictable decommissioning, including collapses, of
collectors made of reinforced concrete structures. Their opening often
shows that there are characteristic failures of the arch due to chemical
corrosion of concrete and reinforcement.

An option to overcome this problem may be the introduction of a tel-
evision inspection in systems of water supply and sewerage companies
(CWW), which acts as one of the technical means of operational inspec-
tion and control of the technical condition of sewage systems. This allows
you to remotely detect clogging sites, determine the presence of station-
ary objects, cracks, and identify areas of highway deformation and dam-
age to reinforced concrete structures without dismantling or partially dis-
mantling communications. At the same time, the use of such a technical
tool only allows you to visually fix defects — decision-making without ex-
ternal support is carried out by a specialist of water supply and sewerage
companies (CWW).
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Negative aspects of monitoring the condition of reinforced concrete
structures of the drainage network WDS

—

\

Lack of prompt diagnosis and,
as a result, preventive actions for
potential accidents

The visual assessment is performed by a non-
core specialist of the organization (not an expert
in the field of concrete structures), at the same
time, there are no unambiguous methodological
recommendations for such an analysis

The lack of a forecast of the risks of loss
of the strength characteristics of the structural
material and, as a result, based on indirect
parameters (for example, the quality
of wastewater discharged), preventive actions

for potential accidents

Figure 1 — The reasons causing a significant decrease in the controllability of the condition of reinforced concrete structures of drainage networks
of municipal wastewater systems

At the same time, there is a potential possibility of integrating such
remote operational control technologies into the control room control
system. There is no Resolution of the Council of Ministers of the Republic
of Belarus dated September 4, 2019 Ne 594 [3] it is stated that "the gen-
eral operational management of the operation of centralized drinking
water supply and sanitation (sewerage) systems, maintenance of the
established modes of their operation are assigned to the dispatching
service" and "the structure of the dispatching service of the of water sup-
ply and sewerage companies (CWW) organization is determined depend-
ing on the location of the premises and the performance of the sewerage
systems, the length of the network and the complexity of technological
processes".

Analysis of solutions for operational control of the condition of
reinforced concrete structures in other industries

The methodological foundations and principles of assessing the
technical condition of reinforced concrete structures, based on ensuring
structural reliability in accordance with CTB ISO 2394 [8], are currently
set out in the new edition of CTB ISO 13822 [9] in the Republic of Bela-
rus. In accordance with the new requirements, the assessment of the
technical condition of existing structures can be performed in the follow-
ing cases:

—in case of an intended (planned) change in the purpose of an ob-
ject (building, structure) or an extension of its service life or during struc-
tural reliability checks (for example, with the intensity of processes in the
material of structures under various influences, the appearance of new
influences, etc.) in the case of requirements of supervisory authorities,
owners and buildings, etc.;

- wear of structures with degradation of material properties due to
prolonged exposure and environmental influences (for example, corrosion
or other damage, etc.).

Currently, in the Republic of Belarus, the main regulatory document
for the inspection of buildings and structures is CH 1.04.01-2020 "Tech-
nical condition of buildings and structures” [10], which replaced the previ-
ous TKI 45-1.04-305-2016 [11]. The document establishes the basic
requirements for the technical condition of buildings and structures and
the procedure for their assessment.

At the same time, when assessing the technical condition of building
structures, other building codes and regulations apply, such as
SP 1.04.02-2022 "General provisions for the inspection of building struc-
tures of buildings and structures" [12], SP 1.04.03-2022 "Inspection and
reinforcement of stone and reinforced stone structures” [13],
SP 1.04.04-2023 "Inspection and reinforcement of steel structures" [14]
and others. The additional standards detail the examination procedures,
supplement and clarify the general requirements, and suggest reinforce-
ment options for specific types of structures.

The main objective of the survey is to develop recommendations
and technical solutions for restoring the lost operational qualities of
building elements or giving them new qualities in the changed operat-
ing conditions during repair or reconstruction. In some cases, it is nec-
essary to assess the remaining service life of the building and develop
restoration measures with an assessment of the feasibility of their im-
plementation, or develop only supportive (temporary) measures to en-
sure the safe operation of the facility for a specific limited period of time
set by the customer, etc. [15].

According to [10], the inspection of the technical condition of build-
ings and structures is carried out in three main stages: stage 1 — prelimi-
nary inspection of the building; stage 2 — general inspection (according to
external signs); stage 3 — detailed (instrumental) inspection.

A preliminary inspection of the building is carried out in order to draw
up a technical specification for conducting a general survey, clarify the goals
and objectives of the work, pre-determine the scope and timing of work, the
amount of available design, executive and operational documentation, and
access conditions to the building elements being examined.

The general survey is carried out for a general assessment of the
technical condition of construction structures, adjusting the goals and
objectives of the work, determining the actual volumes of the structures
being examined and drawing up a detailed survey program. The gen-
eral survey includes a general assessment of the structural scheme
and compliance of the building with the design documentation in terms
of spatial planning and design solutions, the type and nature of loads,
and operating conditions. During the general examination, a visual
inspection of all structures is carried out with the use of tools and de-
vices, if necessary. The main purpose of the general (visual) inspection
is to examine and record all damages or structural inconsistencies,
their location, and includes verifying the reliability of the original draw-
ings or determining basic information about the object; determining the
main deviations not represented on the original construction docu-
ments; determining visible structural damage, such as cracks and de-
lamination, as well as checking the quality of structures; determining
the potential risk of falling of non-load-bearing structures, etc.; exami-
nation of the condition of soils and foundations; generating a report on
the current status with photos. If necessary, tests and measurements
are performed to obtain additional data on the condition of structures:
an approximate assessment of the strength of concrete and its density,
measurement of the opening width and depth of the most characteristic
cracks, selective measurement of the largest deviations of the main
dimensions from the design documentation, etc. [18]. Based on exter-
nal signs (visually), an orientation assessment of the category of tech-
nical condition of individual structures is assigned with the determina-
tion of the need for emergency measures (if necessary).

A general inspection of the technical condition of structures (visual
inspection) is the first and most effective method of preliminary assess-
ment of the technical condition and identification of typical defects and
damages. It is designed for a quick inspection of the structure and as-
sessment of its general condition and provides valuable information to an
experienced engineer regarding the quality of the construction, servicea-
bility and mechanism of further destruction, and therefore is the basis for
a detailed plan of further actions and a quantitative assessment of the
degree of damage.

A detailed inspection of the building according to SP 1.04.02 [12]
includes: detailed measurements of structures and their interconnec-
tions, geodetic survey (if necessary), measurement of cracks, deflec-
tions, slopes of elements; determination of reinforcement and assess-
ment of the degree of corrosion wear; determination of the actual char-
acteristics of structural materials by non-destructive methods or by
testing samples selected from them; final schematization and classifi-
cation of defects; obtaining data on the parameters of operational envi-
ronments; clarification of the initial data required to perform structural
calculations, including the determination of actual loads and impacts,
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clarification of actual design schemes, taking into account the actual
characteristics of structures and their interconnections, etc.; analysis of
survey results and development of recommendations for the repair of
structures and (or) engineering systems, for their further safe operation;
development of technical solutions for strengthening building structures
(if necessary).

Based on the results of the survey and calculation, a certified building
survey specialist justifies and formulates the necessary measures for
repairing and strengthening structures, necessary changes in the operat-
ing mode, sets deadlines for their implementation, the duration and type
of the next survey taking into account their frequency. If necessary, spe-
cific technical solutions are developed, on the basis of which the neces-
sary project documentation should be developed in the future.

If the results of the assessment of the technical condition of struc-
tures are insufficient to make decisions based on the results of surveys in
accordance with 12.1.1 [18], in addition to safety issues, in some cases it
is advisable to take into account the results of economic, environmental,
social and other consequences of failures and planned restoration
measures [18, 21].

In general, according to table B.1 of Appendix B [18], for engineering
water supply and sewerage systems, it is recommended to conduct an
inspection once every 3-6 years, but at least once a year, depending on
the operating conditions (the frequency of technical inspections within the
established interval is determined by the operating organizations based
on the technical condition and local conditions).

The concept of operational control of the condition of reinforced
concrete structures of the WN WDS and the stages of its implemen-
tation are presented

One of the modern approaches by which a significant increase in
the level of automation is achieved, and hence the efficiency of control
and decision-making, is the digitalization of technological processes
with the synthesis of digital twins (CD). In the international normative
document ISO 23247 "Automation systems and integration — Digital
twin framework for manufacturing” [17]. "Digital Twin" [17] is defined by

"a digital model of a specific physical element or process with data
connections that ensures convergence between physical and virtual
states with an appropriate synchronization rate". In a practical context,
the introduction of such virtual models in production facilities, including
the introduction of operational approaches to monitoring the condition
of reinforced concrete structures of VSS, requires very significant fi-
nancial and material costs for the formation of information infrastructure
and specialized software [18, 19]. Thus, it is necessary to create con-
ceptual models of data centers, where new investments would be min-
imized while using an already working information base — a "non-
destructive implementation" would be performed.

1. Maintaining the operability of existing systems.

2. Combining different types of technical platforms.

3. Multiple connection and simultaneous use.

4. Loading the database of objects of working data warehouses.

5. Rapid deployment of the system.

6. Low financial, time and personnel investments.

The proposed block diagram formalizes such a cross-programmatic
approach and allows for integration into a single dispatching system of
water supply and sewerage companies (CWW) (Figure 2).

One of the advantages of the structure (see Figure 2) is its platform
type, which makes it possible to connect other specialized services (for
example, wastewater treatment plant management, quality control of
wastewater, maintenance and repair, environmental risk forecasting), with
the creation of a single software environment for the organization of water
supply and sewerage companies (CWW). The "Information and analytical
module for monitoring the condition of concrete structures" is part of the
"Service for monitoring municipal wastewater disposal systems", which
allows integrated collection and processing of information not only based
on the results of inspection by specialists, but also using technical means
such as a television inspection. An additional significant factor in reducing
the inertia of the observability of the condition of concrete structures is the
use of mathematical modeling, which makes it possible to indirectly pre-
dict the negative impact of WW pollutants on the elements of sewage
networks in populated areas [20].

An intelligent organization management platformof water supply and sewerage companies
(CWW) (digital basis of the dispatching service)

Monitoring service for municipal
wastewater systems

Information and analytical module for monitoring the
condition of reinforced concrete structures WN WDS

Technical means of operational control of the condition
of reinforced concrete structures WN WDS
(for example, the television inspection)

Conclusions and forecasts of the condition, recommenda-
tions for maintaining the reliability of reinforced concrete
structures

Personnel of organizations of water supply and sewerage
companies (CWW)

Technical means of operational control of the composition
of discharged wastewater

Expert diagnostics by the organization's of water supply and sewerage companies (CWW)
specialists based on sound recommendations and subject-oriented rules

Figure 2 — The general structure of the implementation of operational information and analytical control of the condition of concrete structures
of drainage networks of urban drainage systems

At the same time, in order to form a sufficient scientific and techno-
logical foundation for a sound structure for such information analytical
operational control (see Figure 2), it is necessary to solve a number of
interdisciplinary tasks.

1. System analysis of the theoretical basis of the reliability of con-
crete structures of WN WDS.

2. Formation of a database of typical defects in concrete structures of
WN WDS.
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3. Creation of a knowledge base on the influence of parameters and
modes of operation of WN WDS systems on their concrete structures,
including depending on wastewater quality indicators.

4. Creation and parameterization of mathematical models for as-
sessing and predicting the condition of concrete structures all of WN
WDS depending on the disturbing effects of internal and external nature.

5. Development of methodological recommendations for an expert
assessment of the condition of concrete structures of the VSS.

6. Formation of a methodology for using hardware and technical
means to analyze the condition of concrete structures of WN WDS.

7. Creation of technological regulations for the operational control of
the condition of concrete structures of WN WDS.

8. Substantiation and development of a software and hardware com-
plex for an information and analytical module for operational control of the
condition of concrete structures of WN WDS.

9. Testing and adaptation on real objects of the software and hard-
ware complex of the information and analytical module for monitoring the
condition of concrete structures of WN WDS.

10. Substantiation and creation of methodological support for the uni-
fication and scaling of the application of the information and analytical
module for operational control of the condition of concrete structures for
the organization of water supply and sewerage companies (CWW) in the
water supply organizations of the Republic of Belarus.

Conclusions

The article substantiates the need to implement prompt and ade-
quate monitoring of the condition of drainage networks of municipal
wastewater disposal systems, primarily made of iron-concrete structures,
while focusing on the potential catastrophic consequences of their de-
struction. An analysis of the existing regulatory framework for such moni-
toring in the Republic of Belarus indicates the inconsistency of approach-
es adopted at the level of a number of ministries, while suggesting a
direction for improving control over the technical condition of buildings
and structures in the context of reducing the inertia of decision-making
and increasing their adequacy. The structure of the implementation of
operational information and analytical control of the condition of rein-
forced concrete structures of drainage networks of municipal wastewater
disposal systems of the platform type is substantiated with the synthesis
of mathematical models based on expert opinions, the use of television
inspection and indicators of the quality of wastewater discharged; the
scientific and practical tasks of implementing such a monitoring system
are systematized.
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Abstract

The accelerated digitalization of the construction industry emphasizes the need for developing accurate and efficient methods for assessing
the technical condition of buildings and structures. Despite the growing adoption of Building Information Modeling (BIM) and Digital Twin (DT)
technologies, their potential for diagnostic purposes and forecasting the residual service life of structures remains underutilized. This paper presents
the results of a systematic literature review aimed at identifying and analyzing specific approaches at the intersection of BIM, DT, the Internet of Things
(loT), and Artificial Intelligence (Al) methods, specifically focused on condition assessment. The SLR procedure, covering 100 relevant publications,
enabled structuring the research field along three aspects: types of monitoring data and sensors used, methods for integrating diagnostic data
with digital models, and analysis algorithms for damage detection and degradation forecasting. The results indicate a transition from passive digital
models to active diagnostic systems operating in near real-time. However, a key barrier remains the fragmentation of solutions: data on physical
condition often exist in isolation from the semantic context of the BIM model, while analysis algorithms are not adapted to handle spatially distributed
and multi-parametric information streams. Based on the conducted analysis, the article proposes a conceptual framework for building comprehensive
diagnostic DT systems. This framework includes the semantic enrichment of models with condition attributes, unified protocols for streaming sensor
data, and hybrid analytical algorithms combining physical degradation models with machine learning. This research contributes to the systematization
of knowledge in the field of IT-enabled structural health monitoring and outlines directions for further applied development.

Keywords: building information modeling (BIM), digital twin, structural health monitoring (SHM), internet of things (loT), artificial intelligence (Al),
systematic review.

WHHOBALIMOHHBIE NOAX0oabl U MPAKTUKA NHOOPMALIMOHHbIX TEXHOJ'IO[I/IVI B OLIEHKE TEXHUYECKOIO
COCTOAHUA CTPOUTEJIbHBIX KOHCTPYKLIUK

v WyTwhr, H. B. YepHouBaH

Pedepar

YckopeHve LudpoBM3aLmMn CTPOMTENBHOM OTPACHM akTyanuaupyeT 3adady paspaboTku TOUHBIX U SGEKTUBHBLIX METOAOB OLEHKM TEXHNYECKOrO
COCTOSIHWSI 3[@HWIA U COOPYXEHWA. HecMoTps Ha pacTyllee BHELpEHWe TexXHoMoruin WHopmaunoHHoro mogenuposaHus (BIM) u umdposbix
neoitHukos (Digital Twin, DT), ux noTeHuman Ans Lenei AMarHoCTUKM W NPOrHO3UPOBaHNS! OCTaTOMHOTO PECYPCa KOHCTPYKLMIA PacKpbIT He MONHOCTLH.
B panHOW cTaTbe npeAcTaBneHbl pesynbTathl cUCTEMaTWyeckoro 0630pa nuTepaTypbl, BbIMOMHEHHOTO C LEMbl0 BbISBMEHWS W aHanusa
cneumudnyecknx nogxoaos Ha ctbike BIM, DT, uHTepHeTa Bewen (I0T) n METOAOB MCKYCCTBEHHOTO WHTEnnekta (AW), opueHTMpoBaHHbIX MEHHO
Ha OLEHKY TexHuyeckoro coctosiHus. Mpouenypa SLR, oxBaTuLuas 100 peneBaHTHbIX NybnmMkaLmit, N03BONMNa CTPYKTYpUPOBaTL UCCELOBATENBCKOE
rnorne no TPem acrekTam: TWMbl UCMOMb3YEMbIX [aHHbIX W CEHCOPOB ANsl MOHUTOPWHIA, METOAbI MHTETPaLMK LaHHbIX AUArHOCTUKA C LUPOBbIMU
MOZENsMW, anropuTMbl aHanu3a A71s BbISIBIEHUS MOBPEXAEHMIA U MPOTrHO3MPOBaHUS W3HOCA. Pe3ynbTaThbl YKasbiBAKT HA MEPexod OT MAacCUBHbIX
UNpOoBbLIX MOAENEN K aKTUBHBIM JUArHOCTUYECKUM CUCTEMAM, (DYHKLMOHMPYIOWMM B pexiuMe, Bnn3kom k peanbHOMy Bpemenu. OfHaKo KryeBbIM
Gapbepom ocTaeTcs (hparMeHTapHOCTb PELLEHNIA: JaHHbIe O (IU3MHECKOM COCTOSIHUM 3a4acTyI0 CYLLECTBYHOT M30MMPOBAHHO OT CMbICIIOBOTO KOHTEKCTA
BIM-mozenu, a anropuTmbl aHanu3a He afanTupoBaHbl K paboTe C MPOCTPAHCTBEHHO-PAcMpefeneHHbIMU U MHOroNapamMeTpUYecKUMI NoToKamu
nHopmaumm. Ha ocHoBe MpOBEAEHHOrO aHanuaa B CTaTbe MPEeLIaraeTcs KOHLENTyarnbHas paMka Ans MOCTPOEHWS KOMMMEKCHbIX AMarHOCTUYECKMX
DT-cuctem, Bkmtovarowas cemaHTuyeckoe oboralieHue mopenei atpubytamu COCTOSIHUSA, YHUDMLMPOBAHHbIE MPOTOKOMbI MOTOKOBOW nepefauu
[aHHbIX C JAaTYMKOB W rMBpUaHbIE aHaNUTUYECKUe anropuTMbl, COYETaKoWME (U3NYECKME MOLENM Lerpafauuu ¢ MalwuHHbIM 0ByyeHnem. [aHHoe
1ccrefoBaH1e BHOCUT BKNaA B CUCTEMATM3ALMIO 3HaHWIA B obnactu UT-06ecneyeHns MOHUTOPUHTA COCTOSIHUS KOHCTPYKUWA U 3aAaeT HanpaBneHus
ANs AanbHenWwnX npuknagHbix paspaboTok.

KntoueBble crnoBa: nHhopmaLmoHHoe Moaenvposanue 3nanuid (BIM), undpoBoit 4BOAHNK, MOHUTOPUHI TEXHUYECKOrO COCTOSIHUS KOHCTPYKLIANA
(SHM), nHTepHeT Bewei (IoT), nckyccTBeHHbIN uHTennekT (UMW), cuctematudeckuin 063op.

Introduction BIM has established itself as the standard for the digital repre-

The dynamics of the modern construction industry are characterized
not only by the pursuit of optimizing construction processes but also by
increasing demands for safety, operational reliability, and lifecycle man-
agement of existing buildings and structures. In this context, Structural
Health Monitoring (SHM) is evolving beyond periodic instrumental sur-
veys into a task of continuous, data-driven analysis [1]. The «Construc-
tion 4.0» paradigm, integrating 0T, Al, and big data, creates the techno-
logical foundation for this transformation, as discussed in detail in review
works on this topic [2, 3]. However, as researchers note, the technologi-
cal arsenal itself does not guarantee results; its targeted orientation to-
wards solving specific engineering problems, such as damage identifica-
tion and residual life prediction, is critically important.

sentation of the physical and functional characteristics of an asset.
However, the traditional BIM model, while being a rich source of stat-
ic information on geometry, materials, and components, is not inher-
ently designed to work with dynamic data concerning the actual be-
havior and condition of structures under load and over time [4].
This is precisely the limitation that the Digital Twin (DT) concept aims
to overcome, proposing the creation of a connected, synchronized,
and continuously updated digital copy of a physical asset [5]. Thus,
the DT presents itself as an ideal platform for SHM, potentially capa-
ble of enabling a shift from reactive to predictive maintenance, which
is particularly relevant in light of global trends in sustainable devel-
opment and lean asset management [1].
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Despite the obvious synergistic potential, research at the intersection
of BIM, DT, and SHM remains fragmented. A significant volume of work is
devoted to the general principles of DT in construction, their architecture,
or specific implementation cases [6, 7]. At the same time, questions re-
garding what specific dataon structural condition is most informa-
tive, how it should be semantically linked to BIM model elements, and by
which algorithms diagnostically significant conclusions can be extracted
from this data remain insufficiently studied. A clear gap exists in the sys-
tematization of technological pipelines that transform the abstract DT
concept into a working tool for a diagnostics engineer. This problem is
partially addressed in works dedicated to interoperability and standardiza-
tion, but the focus in them is often shifted towards general data rather
than highly specialized condition parameters [8, 9].

The aim of this article is to structure and critically analyze exist-
ing research and practical approaches to using information technolo-
gies (BIM, DT, IoT, Al) for the tasks of assessing the technical condi-
tion of building structures. To achieve this aim, a systematic literature
review (SLR) was conducted to answer the following questions:
1) What are the dominant data types and sources in modern IT sys-
tems for SHM? 2) Which architectural and technological solutions are
used to integrate monitoring data streams with digital models?
3) Which analytical methods are applied to interpret data and assess
condition? The results of this analysis will reveal prevailing trends,
identify bottlenecks, and define promising directions for creating ho-
listic, interoperable, and effective diagnostic systems.

Research Methodology

To achieve the stated aim, the Systematic Literature Review (SLR)
method was applied, following established protocols that have proven
effective in technical sciences [10]. The process was divided into clear
stages: planning, search, selection, analysis, and synthesis. This ap-
proach minimizes subjectivity and ensures the reproducibility of results.

Planning. The three points outlined above were formulated as Re-
search Questions (RQs). They are aimed at identifying technological
components and their interrelationships in the SHM context, shifting the
focus from general rhetoric about digitalization to specific technical im-
plementations.

Search. The search for relevant publications was conducted in the
Scopus, Web of Science, and IEEE Xplore databases, which have high
citation indices in technical and computer sciences. The search period
was limited to the last decade (2014-2024) to cover the period of active
development of DT and loT. However, to understand the evolution of
some basic concepts, earlier fundamental works were also consulted.
A combination of key terms, grouped into thematic clusters, was used:

1) objective: «structural health monitoring» OR «condition assess-
ment» OR «damage detection» OR «structural integrity»;

2) technology: «digital twiny OR «BIM» OR «Building Information
Modeling;

3) tools: («loT» OR «sensor» OR «artificial intelligence» OR «ma-
chine learning».

This search strategy allowed covering the interdisciplinary nature of
the topic.

Selection. The initial search yielded 412 results. After automatic and
manual removal of duplicates, 378 publications remained. At the prelimi-
nary screening stage based on titles and abstracts, works not meeting the
inclusion criteria were excluded: articles had to be peer-reviewed, written
in English, and directly describe the application of BIM/DT/IoT/Al for mon-
itoring, diagnosing, or predicting the condition of building structures
(buildings, bridges, tunnels). Works focused solely on energy efficiency
[5, 11], comfort management, or general project management issues
without an emphasis on structural condition were excluded. After this
stage, 152 publications remained in the pool.

Analysis and Synthesis. The full texts of these 152 articles were
examined for compliance. Ultimately, 100 publications that most fully and
substantively answered the research questions were included in the final
selection for in-depth qualitative analysis. Data from the selected articles
were extracted into a structured table by categories: structure type, sen-
sors and data used, method of integration with BIM/DT, applied analytical
algorithms, key findings. Information synthesis was carried out through
thematic analysis and comparison of the identified approaches, which
allowed not just listing technologies but identifying patterns in their appli-
cation and mutual influence.

Results and Analysis

The literature analysis allowed for the identification of three intercon-
nected technological layers in condition assessment systems based on
DT: the data layer, the integration layer, and the analytics layer. Each
layer has its own development logic and set of problems, but their effec-
tiveness is determined precisely by the coherence of interaction.

1. Data Layer. Sources and Types of Condition Infor-
mation. The dominant data source is a network of heterogeneous loT
sensors, installed either permanently or used mobile. Several categories
can be distinguished, each covered in a number of studies.

e Geometric Data. Laser scanning (LiDAR) and photogrammetry
provide high-precision point clouds for detecting deformations, deflec-
tions, and cracks [12]. Their primary value lies in creating an up-to-date
geometric «shell» for the DT, which is the first step towards detecting
macro-damage.

o Dynamic and Vibration Data. Accelerometers, gyroscopes, and
strain gauges record the structural response to static and dynamic loads
(wind, traffic, operational impacts). Analysis of frequency characteristics
and mode shapes is a classical method for identifying changes in stiff-
ness and the emergence of damage, as confirmed by both fundamental
and applied works [13, 14].

e Physico-Chemical Data. Corrosion, humidity, temperature
sensors, and acoustic emission sensors (for crack detection) provide
information on material degradation processes and the environment
[15]. This data often has a local character but is critically important for
assessing progressive damage. A critical problem at this layer, noted
by many authors, is the uncertainty in selecting the optimal sensor
type, quantity, and placement for specific structure types, as well
as ensuring the long-term autonomy and calibration of measurement
systems. A dilemma exists between sensor network density and the
economic feasibility of its deployment.

2. Integration Layer. Linking Data with the Digital Model. The in-
tegration problem extends beyond simply «attaching» a sensor reading to
coordinates in the model. It concerns the semantic enrichment of BIM/DT,
i. e., endowing digital objects with the ability to «understand» incoming
condition data. Two main approaches have been identified, which often
compete and sometimes complement each other.

o Extension of Data Standards. Attempts to extend the open
IFC (Industry Foundation Classes) format with classes and attributes
for storing monitoring data, maintenance history, and condition as-
sessments [8]. This is a «heavy» but potentially the most interoperable
path, as it relies on an already existing ecosystem. However, the
standardization process is extremely slow and often lags behind the
pace of technological development.

o Use of Ontologies and Linking Models. Creating sepa-
rate semantic models (e. g., based on the Brick Schema developed
for buildings) that act as an intermediate layer linking raw sensor
data to BIM model concepts [7, 16]. This allows for flexible descrip-
tion of complex relationships (e. g., that a group of vibration sen-
sors belongs to a specific beam, which in turn is part of the load-
bearing frame) but creates the problem of ontology multiplicity.
The main challenge here remains the lack of a unified, widely ac-
cepted standard for describing the «condition» of a structural ele-
ment in a digital representation, which hinders data exchange be-
tween different software platforms and creates barriers to scaling
solutions [9]. Moreover, as shown by the research of Seghezzi et
al. [8], even when technical solutions exist, the key obstacle can
be the absence of clear organizational information management
processes.

3. Analytics Layer. From Data to Diagnostic Insights. This is
where the role of Al and physical modeling is fully realized. The analysis
showed an evolution from simple to complex hybrid methods, with each
stage having its niche application.

o Threshold Methods and Physical Models. The basic level,
where an alarm is triggered when a predefined limit (e. g., strain) is ex-
ceeded. Detailed finite element analysis (FEA) models, embedded in the
DT, allow for simulating structural behavior and comparing it with reality,
performing so-called virtual load testing [16]. These methods are well
interpretable but require precise knowledge of material properties and
boundary conditions.
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e Machine Learning (ML) and Deep Learning (DL). These
methods dominate contemporary research, as clearly seen in the dynam-
ics of publications. Unsupervised learing techniques, such as clustering
or principal component analysis (PCA), are used to detect anomalies in
data streams without prior knowledge of damage, which is convenient for
monitoring complex objects with non-obvious degradation modes [10].
Supervised learning methods, e. g., convolutional neural networks (CNN),
are applied for automatic classification of damage types in images or
vibration spectra, demonstrating impressive accuracy in controlled condi-
tions [6, 18]. Recurrent neural networks (RNN) are effective for analyzing
time series and forecasting future trends (e. g., deformation development
or accumulation of fatigue damage).

o Hybrid (Physics-Informed) Models. The most promising direc-
tion, where physical laws (equations of solid mechanics) are embedded
into neural network architectures or used to generate synthetic data for
their training [14]. This helps overcome the «data hunger» characteristic
of purely data-driven approaches in SHM and improves the explainability
of results, which is a critical requirement for engineering practice. Such
approaches essentially create a digital twin that not only reflects but also
«understands» the physics of the process.

Case Study. A Retrospective View of Shanghai Tower from
an SHM Perspective. Although the Shanghai Tower project [19] is
often cited as a benchmark for BIM application, its potential for
continuous condition monitoring was only partially realized.
The integration of BIM with Building Management Systems (BMS)
was primarily focused on energy and climate. However, viewing this
model as a foundation for a future DT reveals key points for SHM
implementation. For example, elements of the complex facade and
the high-rise structures, subject to significant wind and seismic
loads, are ideal candidates for equipping with a network of fiber
optic strain sensors and accelerometers. Data streams from these
sensors, integrated into the BIM platform via a semantic layer,
could enable real-time tracking of stress levels, identification of
fatigue phenomena, and prediction of the need for targeted inter-
vention, minimizing risks and maintenance costs for the unique
structure. This example illustrates the evolution from BIM as an
archival model to DT as an active diagnostic system. Interestingly,
a similar approach, but for bridge structures, is demonstrated in the
work of Tita et al. [20], indicating the universality of the identified
principles for different types of infrastructure.

Figure 1 — Schematic diagram of the BIM model structure of Shanghai Tower

Conclusion and Future Research Directions

The conducted systematic review confirms that the convergence of
BIM, Digital Twin, loT, and Artificial Intelligence is shaping a new para-
digm in the field of technical condition assessment for building structures.
IT is ceasing to be merely a visualization tool and is becoming the core of
predictive analytics systems. A key conclusion is the recognition that the
value of DT for SHM is determined not by the complexity of 3D graphics,
but by the depth of semantic connections between model elements and
data streams, as well as by the intelligence of the algorithms interpreting
this data. The application of these technologies, as shown in various
studies, covers a wide spectrum of tasks — from virtual design and safety
management [18] to structural health monitoring [14] and even modeling
the spread of hazardous substances in buildings [6].

The analysis revealed several persistent problems hindering wide-
spread industrial adoption. These problems are systemic in nature and
require interdisciplinary efforts.

1. Semantic Gap. The lack of unified ontologies for describing struc-
tural condition and its linkage to monitoring data. Existing works, such as
[8], offer partial solutions, but there is no industry-wide consensus.

2. The «Last Mile» Data Problem. The difficulty of automatic, reli-
able, and cost-effective collection of high-frequency data from distributed
sensor networks over decades of operation. Issues of power supply, data
transmission, and physical durability of sensors in aggressive environ-
ments remain relevant [15].

3. The «Black Box» of Analytics. Insufficient explainability of de-
cisions proposed by complex machine learning models, which is critically
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important for making engineering decisions in the realm of safety.
An engineer must understand the basis on which the system recom-
mends an inspection or structural strengthening.

4. Ecosystem Fragmentation. Incompatibility between proprietary
platforms for BIM, loT, and analytics, leading to the creation of «siloed»
solutions, as rightly mentioned in the context of the construction industry
as a whole [9].

As directions for future research, based on the synthesis of the re-
viewed works, it is proposed to focus efforts on the following areas:

e development and validation of open, industry-focused on-
tologies, focusing specifically on condition attributes, damage, and diag-
nostic metrics, rather than general building descriptions. This work should
be carried out by consortia involving all stakeholders;

o investigation of hybrid analytical architectures that combine
physical fidelity (e. g., reduced-order FEA models) with the adaptability of
machine learning methods for working with incomplete and noisy data,
characteristic of real-world operation [14];

e conducting long-term pilot projects on real assets, aimed not
at demonstrating individual technologies, but at quantitatively assessing
the effectiveness of comprehensive DT-based SHM systems in terms of
enhancing safety, reducing maintenance costs, and extending the service
life of structures. Such projects should be accompanied by careful collec-
tion and analysis of economic indicators;

e exploring economic models and regulatory aspects of im-
plementing such systems, including issues of liability for decisions made
based on Al recommendations, risk insurance, and updating building
codes considering the new possibilities of digital monitoring. Without
solving these issues, even the most advanced technologies will remain
within the framework of laboratory experiments.

Thus, the path from the concept of a Digital Twin to an everyday tool
for a diagnostics engineer lies through solving not so much technical as
systemic and methodological challenges. This requires close and equal
cooperation among specialists in structural mechanics, computer scienc-
es, data theory, and industry management. Only such a comprehensive
approach will allow realizing the transformative potential embedded
in Construction 4.0 technologies for creating a sustainable and safe living
environment.
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Abstract

The paper proposes a simpler technique for producing an idealization of curved box-girder type bridge decking under dynamic stresses produced
by earthquake related excitation. The analysis focuses on two types of bridge decks with curved cellular structures, examining both single-cell
and multiple-cell configurations. This approach may be used to rectangular and trapezoidal box-girder sections with both equal and unequal dimensions
of cells. The proposed element “Panel Element (PE)” is coded as Component Element (CE) and has proved to be capable of modeling a full plane panel
of a curved cellular deck in its three-dimensional behavior by one element only. For verification purpose and to demonstrate the range of applicability
of the new idealization technique, a comparative study was made with the Finite Element Method (FEM), as a standard procedure, used to idealize
the box-girder bridge decks. Different configurations of curved box-girder bridge decks are considered to provide a thorough understanding
of the dynamic behavior of the curved bridge deck when acted upon by earthquake-based excitation besides the validation purposes. A computer
program using (MATLAB R2012b) is specially written using the proposed algorithm of the new idealization technique to evaluate the earthquake
analysis results. Comparison was made with those evaluated by the finite element approach using the ready software (ANSYS 12.0) to check
the adequacy and suitability of the proposed element in analyzing the box-girder concrete bridge decks. The results showed that the Panel Element
Method (PEM) has proved to be valid in estimating the earthquake response for both cases of single and double cell bridge decks, for all the ranges
of the aspect ratios; the results obtained by the Panel Element Method (PEM) are acceptable, with an error of less than (12 %) in deflection and less
than (18 %) in moments and shear forces for the cases of very large aspect ratios. This research demonstrates the validity of the proposed method
"Panel Element Method (PEM)" with wide range of applicability for the dynamic behaviors of free and forced vibration response analysis
and the approximate earthquake response analysis of the curved box-girder type of bridge decks of different configurations.

Keywords: curved box-girder bridges, seismic response, panel element method, finite element method, box girder, box-girder bridges.

KPUBM3HA UMEET 3HAYEHME: PACKPbIBASI CEACMUYECKUIA OTKNUK COTOBbIX MOCTOB

®. A. P. Temumu, A. X. @. O6aiigu, H. A. Epmowumn

Pedepar

B cratbe npegnaraetcd ynpoLjeHHas MeToAWka WAeanu3auuu KPUBOMWMHENHBIX COTOBbIX MPOMETHBIX CTPOEHMIA MOCTOB MPU AMHAMUYECKMX
Harpyskax, Bbl3BaHHbIX CEACMUYECKUMM BO3AENCTBUAMU. AHaNU3 COCPEAOTOYEH Ha ABYX TUMNAX NPOMETHbIX CTPOEHWIA C KPUBOMMHENHBIMU SYENCTBIMM
CTPYKTYpamu: OBHO- 1 MHOTOCOTOUHbIX KOHAUrypauusix. JaHHbIi nogxos MoXeT ObiTb MPUMEHEH K MPSIMOYrOMbHBIM U TpaneLenaarnsHbIM SYENCTbIM
CEYEHNAM C SYerkamm Kak PaBHbIX, Tak U HEpaBHbIX Pa3mMepoB. [peanoxeHHbI aneMeHT «[aHemnbHbIN 3NeMeHT» NporpamMMHO peanusoBaH B BUAe
KOMMOHEHTHOTO 3MeMEHTa M okasarn CBO CrOCOBHOCTL MOAENMPOBATL NONMHOPa3MEPHYHO NaHeNb KPUBOMMHEHOTO COTOBOTO HACcTUMa B TPEXMEPHOM
NoBeAEHUM BCEro 0fHUM 3nemeHToM. C Lenbio Bepudvkauuu 1 AEMOHCTpaLmMU AuanasoHa NPUMEHUMMOCTU HOBOW METOLMKM Waeanusauum Obino
NpOBELEHO CPaBHUTENbHOE UCCefoBaHNe C METOLOM KOHeuwHbIx 3nemeHToB (MK3), koTopblit Mcnonb3ayeTcs B kadyecTe CTaH4apTHOM npouesypbl
ONs ugeanusauum COTOBbIX MPOMNETHBIX CTPOEHWA. PaccmatpuBanuCh pasnuyHble KOH(Mrypaumn KpUBOMMHERHBIX COTOBBIX MOCTOBbIX HACTWOB
ANS NONYYeHUs BCECTOPOHHErO MOHVMaHWNS [AMHAMWYECKOro MOBEAEHUS KPUBOMMHENHOTO MPONETHOr0 CTPOEHNS MpU CENCMUYECKNX BO3AENCTBUSX,
nomumo uenen Banupauum. C WCMONb30BAHMEM MPEANIOKEHHOrO anropuTMa HOBOW METOAWMKM uaeanu3auuu Obina creuwanbHo HamucaHa
komnbtoTepHast nporpamma Ha (MATLAB R2012b) nons oueHku pesynbTaToB CeACMMYEcKoro aHanu3a. [MpoBeAEHO CpaBHeHMe C [aHHbIMK,
nomny4eHHbIMW METOZOM KOHEYHBIX 3IEMEHTOB C UCMONb30BaHWEM rOTOBOrO nporpamMmHoro obecneyerus (ANSYS 12.0), Ans npoBepkv agexkBaTHOCTY
1 MPUrOAHOCTW NPEANOXEHHOTO 3aneMeHTa Ans aHanu3a COTOBbIX XEene300ETOHHbIX MPOMNETHbIX CTPOEHMIA. PesynbTarhbl nokasanu, YTo MeToq
naHenbHbIX anemeHToB (MI3) foka3an CBOK COCTOATENBHOCTL B OLIEHKE CEACMUYECKOrO OTKIWKA KaK 7St OOHO-, TaK U ANst ABYXCOTOBbIX MPONETHbIX
CTPOEHU1 BO BCEM AManas’oHe 3HayeHWn Ko3ULUWMEHTOB (HOpM; NOMyYeHHble C MOMOLLbI0 MeToAa MaHenbHbiX anemeHToB (MI13) pesynbrathl
npyemnembl, C norpellHocTbio MeHee (12 %) ans nporuboB u MeHee (18 %) AN MOMEHTOB M MOMEPEYHbIX CUM B CRy4asx OYeHb 6OMbLUMX
koathchuumeHToB popM. [laHHOE UCCNEAoBaHWe AEMOHCTPUPYeT 000CHOBAHHOCTb NPEANOXeHHoOro MeToga «MeTtoaa naHenbHbIX anemeHToB (MIM3)»
C LUMPOKMM [Mana3oHoOM MPUMEHNMOCTV [N aHanusa [WHaMMYecKoro noBefeHust npu CBOBOAHbIX W BbIHYXAEHHbIX Konebauusx, a Takke
Anst NpuBNKEHHOrO aHanM3a CefCMUYECKOro OTKIMKA KPUBOMMHEHBIX COTOBLIX MPONETHbIX CTPOEHUA Pa3NNYHbIX KOHUTypaLWi.

KnioueBble cnosa: KpI/IBOJ'II/IHeI7IHbIe COTOBblE MOCTHI, CENCMUYECKMI OTKNWUK, MEeTOA NaHenbHbIX 3NEeMEHTOB, METO[ KOHEYHbIX 3NEMEHTOB,
kopobuatas banka, cOTOBble MOCTBI.

Introduction overpasses with limited space (Kahan et al., 1996) [2]. Furthermore,

The safety of highway bridges is essential to the sustainable economic
prosperity of our community. Highway bridge shapes may vary greatly de-
pending on the practical requirements of the project. Curved bridges are
commonly selected over linear bridges due to their lower cost and ease of
construction. (Tao and Guan, 2023) [1]. Curved bridges are often observed
in urban and mountainous areas due to their favorable compatibility with
the surrounding terrain and their capability to permit grade crossings and

in order to mitigate the build-up of driver fatigue resulting from driving
on lengthy and straight bridges with similar conditions, an increasing
number of curved bridges are being employed as substitutes for long
linear bridges. Curved bridges are occasionally constructed to harmo-
nize with the surrounding environment for aesthetic reasons. Curved
overpass bridges are increasingly favored as a solution to the city's
significant traffic problems (Tao and Guan, 2023) [1]. Curved bridges
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of different kinds have a significant impact on managing urban traffic.
Nevertheless, these bridges are more vulnerable to damage caused by
earthquakes compared to traditional bridges, mostly due to their irregu-
lar shape and uneven distribution of weight. Research has demonstrat-
ed that the spatial asymmetry of ground movements would negatively
impact curved bridges.

The cellular cross section of the curved box-girder bridge (Figure 1)
increases its efficiency by resisting the high torsional moment. Aesthetics,
economy, stability, efficacy, and utility all contribute to the curved bridge's
widespread recognition. Circular plans with transition curves are common
when choosing these. Since curved bridges in the plan experience both
bending and torsion due to the curvature of the girders, their analysis is
more involved than that of straight bridges. According to Agarwal et al.
(2023) [3], a curved bridge's optimal section for design should possess
strong torsional stiffness.

Figure 1 — Curved box-girder bridge deck (Agarwal et al., 2023) [3]

Literature review

Few studies have been conducted on the seismic behavior of curved
bridges subjected to ground motion exhibiting spatial variation. Sextos et
al. (2004) [4] examined the seismic behavior of curved bridges subjected
to multi-support excitation. They achieved this by creating synthetic multi-
support ground motion. A study conducted by Burdette et al. (2008) [5]
examined the impact of incoherence and traveling waves on the seismic
response of both straight and curved bridges. Using the finite element-
based software ANSYS, Fangping and Jianting (2012) [6] studied the
impact of curvature on prestressed tendons deformation in curved bridg-
es. The mid-span deflections were assessed by modeling and analyzing
five distinct curved bridges. Cho et al. (2013) [7] demonstrated the load
distribution in straight prestressed concrete (PSC) girder bridges using
Finite Element Method (FEM). The GDF was evaluated against the
AASHTO LRFD, AASHTO standard factors, and the findings of finite
element calculations. Formulas have been proposed to predict the distri-
bution of live loads in PSC girder bridges for preliminary design purposes.
Chen and Wang (2014) [8] studied the behavior of curved girder bridges
under spatially varying ground motion, with special emphasis on studying
random vibration angles. Cheng et al. (2016) [9] used shaking table tests
to show how important it is to think about the multi-support excitation
effect when analyzing irregular high-rise curved girder bridges for earth-
quakes. Bahadur et al. (2017) [10] studied the stresses and deflections of
a curved, rectangular plate that had only one side supporting it in 2017
and observed how the curve angle, span-thickness ratio, and aspect ratio
affected the plate. Curved bridges are more susceptible to travel wave
influence, according to shaking table experiments conducted by Li et al.
(2017) [11]. Said and Khalaf (2018) [12] looked at a horizontally bent box
girder bridge and found the live load moment distribution factor using
experimental data that was loaded with AASTHO loads. Agarwal et al.

(2019) [13] investigated the maximum bending moment and shear
strength in a single cell inclined box girder bridge using finite element
analysis. The researchers examined the effect of span, beam spacing,
and span depth ratio on a skewed box girder bridge. In their study, Yuan
et al. (2022) [14] investigated the mechanical properties and torsional
behavior of a curved square-girder bridge. Further finite element analyses
have quantified the response of curved girder and box-girder bridges to
various loads, examining parameters such as curvature angle and span-
depth ratio [10].

More lately, Temimi, et al. (2025), focused on the vibration character-
istics of 3D curved box-girder bridges by using the Panel Element Meth-
od, and using the finite element method by ANSYS program for many
deck types of box-girder bridges under earthquake loads [15].

Collectively, this body of literature confirms that curvature fundamen-
tally alters a bridge's seismic and structural response, necessitating spe-
cialized analysis that accounts for both spatial ground motion variation
and unique curvature-induced effects.

Research Importance

The majority of curved bridge assessments currently concentrate on
static and linear dynamic evaluations, which take into consideration pa-
rameters such as natural frequencies, modal shapes, and damping condi-
tions. This analysis aims to suggest recommendations for structural de-
sign and spectrum analysis, including support arrangements. The rela-
tionship between natural frequency, bridge connections, and dynamic
performance in basic box girder curved bridges, as well as the effect of
radius curvature, has been studied before (Jeon et al., 2016) [16]. It is
important to study how different properties affect the typical shapes of
curved bridges.

In present times, design codes often advise examining various seis-
mic inputs and using the highest allowable values for design objectives.
Applying this technique is tedious and requires significant computing
costs. Creating a more efficient technique for identifying the inputs most
susceptible to a curved bridge design is very challenging. It is important
to determine the seismic input parameters that are most susceptible to
damage and the corresponding main seismic interactions for curved
bridges. The investigation focused on the dynamic reactions of curved
bridges by the utilization of finite element analysis and parametric studies.
A framework for seismic design of a curved bridge was developed based
on a thorough investigation by providing a new simplified procedure and
an alternative reliable idealization technique for dynamic and earthquake
response analysis of curved box-girder type bridge decks.

Scope of Study

This study deals with the dynamic analysis of curved box-girder
bridges subjected to earthquake base excitation, which is characterized
by two orthogonal components, each of which is perpendicular to the
longitudinal axis, but one is assumed to be in the vertical Y-direction and
the other in the horizontal transverse X-direction. The 20 February 1990
modified smooth pseudo-acceleration design spectrum of AL-Hindya
Earthquake characterizes each base excitation component. Due to the
lack of acceleration records in the vertical Y-direction, the same response
spectrum that is used in the analysis of bridge decks is acted upon by
lateral base excitation, the same spectrum is assumed for the vertical
earthquake analysis or using El-Centro components (scaled down). It is
also assumed that the motion of all supports of the bridge has phase
excitation, that is, all supports are acted upon by the same base excita-
tions simultaneously. Since the box-girder bridges considered in this
study are curved in plan, the lack of symmetry results in a coupled re-
sponse. Therefore, any base excitation component produces a combined
response of bending and torsion, even under lateral excitation.

Problem Statement

The increasing demand for reducing traffic congestion has led to the
construction of additional highway bridges, particularly curved bridges.
There has been much study of the structural performance of curved
bridges since they were first designed and built. The structural intricacy of
curved bridges causes them to react dynamically differently than straight
bridges. Between the 1970-s and 1990-s, many powerful earthquakes
resulted in extensive destruction and economic losses for curved bridges
in numerous nations globally. Subsequently, various countries have
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intensified their endeavors in the realm of curved bridge seismic analysis
(Tao and Guan, 2023) [1]. Curved bridges have distinct dynamic reac-
tions, particularly in the case of small-curvature bridges, as compared to
linear bridges and exhibit a mix of moments and torsion when subjected
to both vehicular loads and horizontal seismic forces. When examining
the curved bridge's reaction in both the horizontal and vertical orienta-
tions, it is difficult to separate the moment-torsion combination. Develop-
ing a reasonable theoretical dynamic analysis of a curved bridge is
a challenging task due to the curvature and torsional vibration complexity.
Because of the significant actions that linear bridges show in these X-Y
directions, earthquake input tests that are both horizontal and vertical are
generally carried out. Curved bridges are not as resistant to seismic dam-
age as regular bridges, mostly because of their irregular mass distribution
and irregular structure. Earlier studies have established that the spatial
variation of ground motion has a detrimental impact on curved bridges (Ka-
han et al., 1996) [2]. Several curved bridges have experienced substantial
destruction during earthquakes, but none of the existing seismic specifica-
tions — like the 2008 Highway Bridge Seismic Design Specifications [17],
the Caltrans Seismic Design Standard (Caltrans 2025) [18], and the Ameri-
can AASHTO Seismic Design Guide (AASHTO 2023) [19] — have made
recommendations or used techniques to avoid these issues. This is at-
tributed to a lack of understanding of the dynamic actions of curved
bridges during earthquake occurrences. (Wang et al., 2010) [20].

The objective of the present research is to analyze the longitudinal
and transverse earthquake motion of the bridge and to determine the
design forces and moments at the supports bases by the Finite Element
Method (FEM) and the Panel Element Method (PEM). Then a compara-
tive study of the design forces and moments found from these two meth-
ods has been made. It is expected that the findings of this study will lead
to a better understanding of the behavior of bridges under seismic load-
ing. For simplicity of the analysis, linear material behavior is assumed
in this study.

Idealization of Curved Box Girders Using Panel Element Method

A curved box-girder bridge deck of a square or rectangular and trapezoi-
dal in cross-section typically consists of planar units or non-planar units inter-
connected to each other to form a three-dimensional structural system.

An idealization procedure for modeling box-girder type bridge decks
designated as the Panel Element Method (PEM) is proposed in this work.
The Finite Element Method (FEM) idealization procedure, as used in this
study for validation purposes.

The Panel Element Method (PEM) Idealization Method
This paper presents the Panel Element Method (PEM), an idealiza-
tion approach for panel elements (PE). Because the fundamental compo-

nent is derived via altering an element utilized in an existing comparable
frame technique, this process might be categorized as an analogous
frame approach.

The derivation and modification of the Panel Element Method (PEM)
take into consideration the following assumptions that are found to be
necessary for the formulation of the problem.

1. The bridge is assumed to be an assemblage of a finite number of
flat plates or wall panels.

2. Each wall or slab panel is modeled by the conventional space
frame element.

3. The analysis takes into account the flexural and shear defor-
mations of each individual panel element (PE) in the plane.

4. Every panel element's (PE) out-of-plane flexural and shear de-
formations are also taken into account.

5. Diaphragms are regarded as eternally unyielding inside their own
planes and flexible when positioned outside of those planes.

6. A partially rigid interface is assumed between panel elements
and diaphragm in both X-Y directions, that is; relative rotational, is al-
lowed between the panel element and the diaphragm only in the plane of
panels with no distortion of the cross-section.

Finite Element Idealization Method

The present work employs the finite element idealization process to
verify the efficacy of the suggested Panel Element Method (PEM) and to
facilitate comparisons. The finite element idealization approach is em-
ployed for the analysis utilizing the ANSYS12 program and the
CivilFEM12 software for ANSYS12.

A box-girder bridge deck normally consists of top and bottom slabs,
vertical webs, and transverse members (rigid diaphragms). All these parts
are modeled by an assemblage of the general four nodes flat shell ele-
ment as shown in Figure 2.

Transverse members, also known as rigid diaphragms, are assumed
to be rigid in one plane and flexible in another. This prevents the in-plane
degrees of freedom (d. o. f.) of the transverse member's nodes from be-
ing slavishly controlled by a master set of in-plane d. o. f. defined at the
mass center of the box-girder bridge deck cross-section. However, all
degrees of freedom which are not in-plane of diaphragms are not con-
strained to this transformation.

For the numerical examples of earthquake response analysis that
were considered, a specific mesh size is chosen to represent the building
at the outset, and then the mesh is fine-tuned until two consecutive solu-
tions achieve a maximum difference of less than 2 %. This process guar-
antees convergence and accurate results.

& &

a) axial stress; b) bending stress; c) total in plane stress; d) shear stress; e) twisting stress; ) total shear stress; g) stress conventions for thin plane
shell element (Iraq Specification, 1978) [21]
Figure 2 — Three-dimensional plane shell element
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Dynamic Analysis of Curved Box-Girder Bridges Subjected to
Earthquake
In the dynamic analysis, the main techniques currently used.

Response Spectrum Techniques

This approach is founded on the mode superposition methodology.
The general procedure is to compute the response of each of the struc-
ture's individual modes and then to combine these responses to obtain
the overall response. Only a few modes can be included in computing
any particular response of the system. The specific modes, which must
be considered, depend upon the properties of the structures and the
particular quantity, which is being computed, that is, the modal mass
participation factors in each mode.

Direct Integration Techniques

The direct integration of the equations of motion is derived through
a systematic and sequential process. This approach is applicable to any
seismic motion on a structure, wherein moment and force diagrams may
be obtained at specified intervals throughout the applied motion for both
linear elastic and nonlinear elastic material behavior. This method is the
more nearly complete dynamic analysis technique so far devised and is
unfortunately correspondingly expensive to carry out.

Normal Mode Technique

The normal mode technique is a more limited approach than direct
integration, as it depends on an artificial combining of the forces and
displacements associated with a chosen number of them using modal
superposition.

Equation of Earthquake Motion

In a typical dynamic problem, the motion of a system excited by an
external dynamic load, and the complete set of forces acting on the sys-
tem in addition to the external forces are inertia, damping and elastic
forces which resist the motion and are proportional to the accelerations,
velocities and displacements of the system, respectively. Thus, the equa-
tion of dynamic equilibrium of all forces acting on a multi-degree of free-
dom system at any time (t) can be written as follows

[M]-{O}+[C]- {0} +[K]-{U} = -[M]-{R}-C,. -
In which [M], [C] and [K] denote, respectively, the mass, damping
and stiffness matrices of the bridge deck, corresponding to the structure
degrees of freedom {U}; the variable {R} represents an earthquake effect
vector that is composed of both positive and negative values. Positive
values indicate the degree of freedom in the direction of the base excita-
tion component, while negative values indicate other directions. The vi-
bration mode of the structure may be obtained by transforming Equation
(1) into the normal coordinates, that is

Y +2lw, Y +a’ Y, =

V4 ..
0,0, @

n

where M, = (DE. M. @, is the generalized mass at mode (n);

l,, =®p. M. R, is the modal earthquake excitation factor in the
r-direction (r = X, Y).
And L'Jgr (t): The time varying base acceleration component in the

r-direction. The solution of the equation (2) may be written as

14
Yo ()= W (), @)

n n

where, Vn(t) the earthquake-response integral, defined as
t
V. (1) = j U, (7)-exp[~¢@, (t—7)-Sine, (t-7)]dz . (4)
0

If the response spectrum of the ground motion is available, the max-
imum response of the system at each node can be obtained from it, de-
pending upon the natural time-period and the damping ratio of the struc-
ture. The response could be spectral acceleration, velocity, or displace-
ment, for which

Voo (€T =2-5,(4T), o)

where T: Natural period, and Sa: the spectral acceleration or more proper-
ly, the spectral Pseudo-acceleration because it is not exactly the peak
acceleration value in general, denoting the maximum acceleration of the
structure relative to the ground.

Then, substituting equation (5) into equation (3) gives

14
—-5,(¢,T). 6)
n "W
The calculated displacements (Un) may be determined by multiplying
the mode shape (Pn) with the generalized coordinate amplitude (Yn).
Therefore, the total displacements can be expressed as follows
ly Sa(6T)
{U nr}:ch'M_nrn'a)—f' (7)
The elastic forces (Fs) corresponding to the relative displacements
may be derived by directly multiplying the relative displacements by the
stiffness matrix, such that

R(t) = K.U(t) = K.®.Y(). 8)
Expressing these forces in terms of the corresponding inertia forces

created in the undamped vibration is a more convenient approach
(Clough and Penzien, 1993) [22] such that

{anr}:wﬁ'[M]'{Unr}:[M]'{@n}'

Y =

n,max

Vi
i -5, (€.7).9)

Structural Response

It should be pointed out that, in practice, the superposition of the
mode responses is usually done in one of three ways (Dilger et al., 1988)
[23]. The most conservative approach that yields an upper limit is to nu-
merically add the response of the modes. This approach yields reasona-
ble results for cases where the contribution of the fundamental mode
predominates. For many problems this is usually true.

A less conservative approach is to take the sum of the fundamental
mode response plus the square root of the sum of the squares of the
higher modes. This will yield more reasonable results for cases where the
contributions of the higher modes are appreciable.

A third approach is to obtain a total maximum response by taking the
root mean square, that is, the square root of the sum of the squares of
the maximum responses. The third approach is considered in the present
study; thus, the maximum forces are approximated by

R :\/(Fsl)zmax+(Fsz)2max+“""""”+(an)§an ,

(10)

where (Fstmax, Fs2max, ..., Fsnmax) are calculated from equation (9).

The resulting force vector corresponds to the free degrees of free-
dom (d. o. f). The reaction at support is obtained by the static approach,

thus

[K]-{e}={F.. . (1)
where [K] denotes the stiffness matrix of the overall structure after applying
boundary conditions and {e}, denotes the displacement vector produced by
the static analysis of bridge deck subjected to the maximum force vector
{Fsmax}, Which are obtained from the response spectrum analysis. Back
substitution is applied to evaluate the reactions at supports.

Materials and methods

This study investigates the seismic response of curved box-girder
bridge decks using a newly proposed Panel Element Method (PEM),
validated against the conventional Finite Element Method (FEM).
The research methodology involved numerical modeling and simulation of
various curved box-girder bridge configurations.

Computer Programs by MATLAB and ANSYS Software

A computer program was written for the dynamic analysis of the box-
girder bridge decks by using the proposed Panel Element (PE) method.
Dynamic analysis which has been adopted consists of free and forced
vibration (earthquake response analysis).
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The program group of "FSPE-DYNAMIC" is coded in MATLAB lan-
guage by using a PC-computer. This program is used to analyze the
curved box-girder bridge decks for any support condition and under any
live load type.

Material properties were defined by an Elastic Modulus of 23,5 x 106 kN/m?,
a Weight Density of 24,517 kN/m3, and a Poisson's Ratio of 0,20.
The important material properties of MATLAB models (Linear, Elastic and
Isotropic) that are used in the studied cases which are shown in Table 1.

Table 1 — Material properties of MATLAB program

No. Material Properties Values
1 Elastic Modulus (E) 23,5 x 106 kN/m?
2 Weight Density (y) 24,517 kN/m3
3 Poisson's Ratio (u) 0,20

The finite element modeling and analysis conducted in this work
were carried out using program ANSYS. The calculations conducted in
this study were executed utilizing ANSYS version 12,0.

The Shell and Beam elements (ANSYS, 2025) [24] that are used in
this method of modeling.

1.Shell 63 (elastic shell).
2.Beam 4 (3-D Elastic Beam).

The important material properties of ANSYS models (Linear, Elastic,
and Isotropic) that are used in the studied cases are shown in Table 2.

There are primarily four case studies of cross-sectional areas of
curved box-girder bridges that are modeled in ANSYS for the current

cross-sections of the box-bridge. The types of studied curved bridges are
as follows: the first type of bridge is a curved bridge with (20 m) span
lengths, and acute angle of (20° degree) and radius of curvature
(57,3 m), as shown in Figures 3 ¢ and 5 c, while the second type of
curved bridge is (30 m) span length, with acute angle of (30° degree) and
radius of curvature (57,3 m), as shown in Figures 4 ¢ and 6 c.

The types of studied cellular decks are as follows: the first type is
asingle cell as shown in Figures 3 d and 5 d, while the second is a double
cell curved deck as shown in Figures 4 d and 6 d. The types of studied
cross-sections of the box-bridge are as follows: the first type is a rectangular
cross-section, as shown in Figures 3 a and 5 a, while the second is a trape-
zoidal cross-section curved deck, as shown in Figures 4 a and 6 a.

Typical layout and cross-section dimensions for each type are shown in
Figures 3, 4, 5, 6 and the material properties are listed in Tables 1 and 2.

These decks are the major decks of an existing bridge at Baghdad
city (Ur-Qaherah bridge). For the purpose of the present analysis, it is
assumed that each bridge is of a single (simply supported) span of length
and central angle shown in Figures 3 ¢ and 4 c. It is worth mentioning that
each deck is curved in the longitudinal direction by a central angle
(8=20° and 8 = 30°) and in the vertical direction by the profile described
in Figures 3 b and 4 b. All bridge decks, which are studied in the following
numerical case studies, are assumed to be of reinforced concrete, which
is assumed to be a linear elastic material. The required material proper-
ties in the analysis are shown in Tables 1 and 2.

Table 2 — Material properties of ANSYS models

study as shown below. No. Material Properties Values
1 Elastic Modulus (E) 23,5 x 103 N/mm?
Description of Case Studies 2 Weight Density (y) 2,500 kg/m3
The case studies which are presented in this work include two types 3 Poisson's Ratio (u) 0,20
of curved bridges, two types of box-girder deck bridge, and two types of
A
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S
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(c) Bridge Plan

(d) 3D-View of Model

Figure 3 — Case Study No. 1. Rectangular single cellular curved box-girder bridge
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Figure 4 — Case Study No. 2. Rectangular double cellular curved box-girder bridge
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Figure 5 — Case Study No. 3. Trapezoidal single cellular curved box-girder bridge
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Figure 6 — Case Study No. 4. Trapezoidal double cellular curved box-girder bridge

Numerical Case Studies

The bridge decks were analyzed for their earthquake response when
acted upon by a lateral base excitation (orthogonal to the longitudinal
tangential axis of the bridge at its mid-span) and a vertical base excita-
tion. All these bridges are analyzed using both the proposed Panel Ele-
ment (PE) approach and the results are compared to those obtained by
the Finite Element (FE) procedure using the ready software ANSYS.
For more details see (Al_Temimi F., 2014) [25].

The resulting moments and shear forces of each case study are giv-
en in two ways and as follows:

1) absolute response that is, the maximum moment and maximum
shear force;

2) normalized response, that is, the resulting moment and shear
forces are normalized to:

a) total mass of the bridge (m*);

b) the product of (m*) times the span length of the bridge (L).

Research Results
Some parametric studies are carried out to provide a better idea
about the behavior of curved box girder bridges including four main fac-

tors of: number of cells, web to flange thickness ratios, number of dia-
phragms and live load effects, to provide a better idea about the behavior
of curved box girder bridges. The comparative analysis between PEM
and FEM demonstrated the validity and efficiency of the proposed meth-
od. The results, summarized across multiple parametric studies, are as
follows.

Effects of Number of Cells Variation

Two types of cell bridges (single and double) are considered for veri-
fication purposes. A cantilever deck of (20 m) span length, (2,3 m) depth
and (3 m) width of each cell and element thicknesses of (0,3 m) is studied
for their earthquake response.

The absolute and normalized moments, shear forces and deflections
of a cantilever deck are given in Tables 3 and 4 for base excitation in (X
and Y-directions), respectively.

Analysis showed that a maximum difference of less than (12 %) in
deflection, base shears and bending moments is encountered between
the proposed Panel Element Method (PEM) of analysis and the finite
element (FE) procedure of ANSYS software irrespective of the direction
of earthquake base excitation.

Table 3 — Maximum response of a cantilever bridge deck of single and double cell (base excitation in lateral X-direction)

No. of Analysis Max. Bending Moment Max. Shear Force Max. Deflection
Cells Method Abs. (kN.m) Nor. to m* (m) Nor. to m* x L Abs. (kN) Nor. to m* (mm)
1 FEM 614,742 0,244 0,012 75,672 0,030 1,273
PEM 691,992 0,275 0,014 81,152 0,032 1,312
9 FEM 705,600 0,510 0,026 92,369 0,067 1,639
PEM 750,600 0,543 0,027 95,969 0,069 1,837

Table 4 — Maximum response of a cantilever bridge deck of single and double cell (base excitation in vertical Y-direction)

No. of Analysis Max. Bending Moment Max. Shear Force Max. Deflection
Cells Method Abs. (kN.m) Nor. to m* (m) Nor. to m* x L Abs. (kN) Nor. to m* (mm)
1 FEM 956,133 0,380 0,019 315,773 0,126 4,077
PEM 1023,383 0,407 0,020 325,925 0,130 4,369
9 FEM 1016,064 0,735 0,037 404,571 0,293 5,535
PEM 1056,912 0,764 0,038 407,235 0,295 5,700
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Effects of Web to Flange Thicknesses Ratio

The bridge decks are studied here for their earthquake response
characteristics. A single cell deck is considered with a depth of (2,3 m)
and a width of (3,0 m), then a double cell deck is considered with a depth
of (2,3 m) but a width of 6,0 m (3,0 m for each cell). The bridges under
consideration are of (20 m) single span with partially and fully restrained
supports, the radius of curvature of the bridge span is (57,3 m).
The thickness ratios varied from (0,5 to 2,0). To demonstrate the range of
applicability of the proposed idealization procedure of the Panel Element
Method (PEM) to different ranges of (web thickness: Slab thickness) ratio.
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The single cell bridge deck fully restrained at supports which is discussed
in chapter five is used here for earthquake response in two directions (X
and Y directions) transverse to the longitudinal axis of the deck (Z-axis).

The results are presented in Figures 7 and 8 for the cases of a single
cell and double cell bridge deck. Results reveal that the proposed ideali-
zation procedure of the Panel Element Method (PEM) works well in eval-
uating the response of bridge decks subjected to earthquake base excita-
tion as compared with the Finite Element Method (FEM) with errors not
more than (10 %) in the deflection and no more than (17 %) in moments
and shear forces when the (twits) thickness ratio reaches (2).
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Figure 7 - Maximum response variation with (web thickness: slab thickness) ratio for single curved bridge deck fully restrained at supports (base
excitation in lateral X-direction)
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Figure 8 — Maximum response variation with (web thickness: slab thickness) ratio for single curved bridge deck fully restrained at supports (base
excitation in vertical Y-direction)

Effects of Number of Diaphragms

Next is a parametric study on the effect of number of diaphragms along
the constant span length on the earthquake response behavior of curved
bridges to demonstrate the range of applicability of the proposed panel
element (PE) idealization scheme for two cases of earthquake base excita-
tion, namely, in a lateral X-direction normal to mid-span tangent and in the
vertical Y-direction. The numbers of panels are changed from (2 to 10).
In this case, the number of diaphragms represents the number of panels
where each panel represents a segment between two diaphragms.

Maximum moments and deflections at mid-span and maximum shear
forces at supports as a response of the bridge deck when acted upon by

base excitation are shown in Tables 5, 6, 7 and 8, for both partially and
fully restrained support conditions for earthquake base excitation in X and
Y-directions, respectively.

It can be seen clearly from the results that variation of number of
panels results in significant change in the value of the deflection for both
X and Y directions and boundary condition types, with errors not more
than (12 %) in the deflection and no more than (18 %) in moments and
shear forces when the number of diaphragms reaches (10). It is also
concluded that the proposed idealization procedure of the Panel Element
Method (PEM) is valid for all the range of numbers of diaphragms consid-
ered in the study.
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Table 5 - Maximum response variation with (number of diaphragms: span) ratio for single cell bridgdeck partially restrained at supports (base exci-

tation in lateral X-direction)

No. of Analysis Max. Bending Moment Max. Shear Force Max. Deflection
Cells Method Abs. (kN.m) Nor. to m* (m) Nor. tom* x L Abs. (kN) Nor. to m* (mm)
9 FEM 3494,16 2,527 0,126 1157,76 0,837 0,931
PEM 4109,6 2,972 0,149 1343,68 0,972 1,007
4 FEM 32292 2,335 0,117 1285,74 0,930 0,898
PEM 3799,2 2,748 0,137 1507,04 1,090 0,957
6 FEM 3600 2,603 0,130 1494,36 1,081 0,980
PEM 40224 2,909 0,145 1725,408 1,248 1,040
10 FEM 3895,2 2,817 0,141 1598,94 1,156 1,053
PEM 4233,96 3,062 0,153 1778,544 1,286 1,092

tion in lateral X-direction)

Table 6 - Maximum response variation with (number of diaphragms: span) ratio for single cell bridge deck fully restrained at supports (base excita-

No. of Analysis Max. Bending Moment Max. Shear Force Max. Deflection
Cells Method Abs. (kN.m) Nor. to m* (m) Nor. to m* x L Abs. (kN) Nor. to m* (mm)
9 FEM 2088,6 1,510 0,076 649,2 0,469 0,515
PEM 24594 1,779 0,089 753,2 0,545 0,564
4 FEM 2082,24 1,506 0,075 689,04 0,498 0,558
PEM 2401,92 1,737 0,087 813,16 0,588 0,591
6 FEM 2314,08 1,674 0,084 741,96 0,537 0,607
PEM 2600,06 1,880 0,094 8778 0,635 0,627
10 FEM 24984 1,807 0,090 787,8 0,570 0,650
PEM 27204 1,967 0,098 918 0,664 0,653

Table 7 - Maximum response variation with (number of diaphragms: span) ratio for single cell bridge deck partially restrained at supports (base ex-

citation in vertical Y-direction)

No. of Analysis Max. Bending Moment Max. Shear Force Max. Deflection
Cells Method Abs. (kN.m) Nor. to m* (m) Nor. to m* x L Abs. (kN) Nor. to m* (mm)
9 FEM 3744 2,708 0,135 1379,556 0,998 5,502
PEM 4425 3,200 0,160 1610,8 1,165 6,194
4 FEM 3542,04 2,562 0,128 1499,2 1,084 6,376
PEM 4094,64 2,961 0,148 1729,232 1,251 6,830
6 FEM 4046,4 2,926 0,146 1568,34 1,134 7,029
PEM 4572,18 3,307 0,165 1819,2 1,316 7,326
10 FEM 4432,8 3,206 0,160 1666,8 1,205 7,590
PEM 4923,72 3,561 0,178 1954,08 1,413 7,755

Table 8 — Maximum response variation with (number of diaphragms: span) ratio for single cell bridge deck fully restrained at supports (base excita-

tion in vertical Y-direction)

No. of Analysis Max. Bending Moment Max. Shear Force Max. Deflection
Cells Method Abs. (kN.m) Nor. to m* (m) Nor. to m* x L Abs. (kN) Nor. to m* (mm)
9 FEM 2665,32 1,928 0,096 982,4 0,710 2,099
PEM 3126,8 2,261 0,113 1129,56 0,817 2,313
4 FEM 2506,36 1,813 0,091 998,16 0,722 2,049
PEM 2966,04 2,145 0,107 1182,06 0,855 2,247
6 FEM 2868,84 2,075 0,104 1055,7 0,763 2,300
PEM 32434 2,346 0,117 1207,08 0,873 2,412
10 FEM 3145,68 2,275 0,114 1122 0,811 2,492
PEM 3487,32 2,522 0,126 1234,8 0,893 2,534
Effect of Live Load The uniformly distributed lane load is considered as an additional

To explain the effect of live load, simple load cases are considered
according to the Iraqg's Specifications for Bridge Loading (Iraq Specifica-
tion, 1978) [21].

1. Lane loading, where loads are distributed uniformly over
the deck and knife edge load is considered at mid-span to give the
maximum response. This load condition is designated the fast load
case (load case I).

2. Military Loading, two classes of this loading are studied as fol-
lows:

a) class 100 (Tracked), one tracked at mid-span. This load condi-
tion is designated the second load case (load case Il);

b) class 100 (Wheeled), one wheeled at mid-span. This load condi-
tion is designated the third load case (load case lll).

mass added to the mass density of the structures. The other types of live
loads are considered as lumped masses added to the corresponding
degrees of freedom in the horizontal transverse (X-direction) and vertical
(Y-direction).

All the results, which represent the dynamic response of the bridge
deck subjected to earthquake base excitation in X and Y-directions and
for both partially and fully restrained boundary conditions are given in
Tables 9, 10, 11 and 12.

It can be seen from the above-mentioned tables that a good agree-
ment with response predicted by the finite element is demonstrated out of
these numerical case studies, with errors not more than (10 %) in the
deflection and no more than (16 %) in moments and shear forces.

Also, the tables give more evidence of the validity of the proposed
idealization procedure of the Panel Element Method (PEM).
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Table 9 - Maximum response for different live load cases on a single cell bridge deck partially restrained at supports (base excitation in lateral

X-direction)
Load Case Analysis Max. Bending Moment Max. Shear Force Max. Deflection
No. Method Abs. (kN.m) Nor. to m* (m) Nor. to m* x L Abs. (kN) Nor. to m* (mm)
| FEM 5210,4 3,768 0,188 958,2 0,693 1,63
PEM 57318 4,145 0,207 1030,224 0,745 1,7
I FEM 5688,12 4,114 0,206 1068,12 0,772 1,729
PEM 6022,08 4,355 0,218 1136,16 0,822 1,766
" FEM 6368,72 4,606 0,230 1207,44 0,873 1,898
PEM 6915,16 5,001 0,250 1232,04 0,891 2,019
Table 10 — Maximum response for different live load cases on a single cell bridge deck fully restrained at supports (base excitation in lateral
X-direction)
Load Case Analysis Max. Bending Moment Max. Shear Force Max. Deflection
No. Method Abs. (kN.m) Nor. to m* (m) Nor. tom* x L Abs. (kN) Nor. to m* (mm)
| FEM 2685,6 1,942 0,097 703,44 0,509 0,749
PEM 3027,96 2,190 0,109 764,604 0,553 0,825
I FEM 319248 2,309 0,115 884,76 0,640 1,013
PEM 3566,88 2,580 0,129 924,84 0,669 1,095
il FEM 3877,32 2,804 0,140 1006,56 0,728 1,135
PEM 4045,68 2,926 0,146 1037,64 0,750 1,234
Table 11 — Maximum response for different live load cases on a single cell bridge deck partially restrained at supports (base excitation in vertical
Y-direction)
Load Case Analysis Max. Bending Moment Max. Shear Force Max. Deflection
No. Method Abs. (kN.m) Nor. to m* (m) Nor. to m* x L Abs. (kN) Nor. to m* (mm)
| FEM 4883,76 3,532 0,177 1486,44 1,075 7,85
PEM 5149,76 3,724 0,186 1617,6 1,170 8,642
I FEM 4907,16 3,549 0,177 1633,68 1,181 8,642
PEM 5287,24 3,824 0,191 1769,88 1,280 9,137
m FEM 5026,13 3,635 0,182 1862,64 1,347 9,863
PEM 5513,64 3,987 0,199 1920,24 1,389 10,655
Table 12 - Maximum response for different live load cases on a single cell bridge deck fully restrained at supports (base excitation in vertical
Y-direction)
Load Case Analysis Max. Bending Moment Max. Shear Force Max. Deflection
No. Method Abs. (kN.m) Nor. to m* (m) Nor. to m* x L Abs. (kN) Nor. to m* (mm)
| FEM 4620 3,341 0,167 1342,08 0,971 6,684
PEM 5316,3 3,845 0,192 1383,48 1,001 7,029
. FEM 4666,8 3,375 0,169 1503,6 1,087 6,798
PEM 5432,4 3,929 0,196 1542 1115 7117
il FEM 4965,6 3,591 0,180 1656,6 1,198 7,029
PEM 5744,76 4,155 0,208 1670,4 1,208 7,458
Conclusions 5. Forall the ranges of the aspect ratios; the results obtained by the

In order to assess the efficiency and accuracy of the proposed ideali-
zation procedure designated the Panel Element Method (PEM) for earth-
quake response analysis of curved box-girder deck bridge structures,
a number of examples of case studies are analyzed.

Different configurations of curved box-girder bridge decks are con-
sidered to verify the proposed Panel Element Method (PEM) against the
Finite Element Method (FEM) for both free and forced vibrations. Accord-
ing to the case studies considered in the present research, the major
conclusions are drawn.

1. The Panel Element Method (PEM) of idealizing curved box-girder
type bridge decks is verified for the dynamic analysis of earthquake re-
sponse of almost all-practical deck configurations, which are considered.

2. At the same time, a varied reduction in the number of elements
and hence, the degrees of freedom (d. o. f) is gained when using the
proposed idealization procedure of panel element (PEM) to model the
behavior of the bridge under consideration as compared to the traditional
finite element (FE) procedure.

3. Moreover, since the number of degrees of freedom needed by
the proposed element is limited, the number of equations and iterations
are largely reduced and hence less error is encountered.

4. The Panel Element Method (PEM) has proved to be valid in es-
timating the earthquake response for both cases of single and double cell
bridge decks.

Panel Element Method (PEM) are acceptable, with an error of less than
(12 %) in deflection and less than (18 %) in moments and shear forces for
the cases of very large aspect ratios. It can be seen that the proposed
Panel Element Method (PEM) predicts good estimates of cases of small
aspect ratios. The normalized value shows good compatibility in response
especially in the values of moments when normalized to the product of
total mass and the span of the decks.

6. Variation of the number of diaphragms for a constant span length
of a bridge deck results in almost no change in the deflection. The errors
encountered in estimating the deflection of bridge decks are inversely pro-
portional to the number of panels. The number of diaphragms has proved to
be of insignificant influence on the moment and shear force responses of
curved bridge decks when acted upon by earthquake base excitations.
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Abstract

Up-to-date architectural and engineering tasks require application of innovative materials, granting not only enhanced performance, but also
compliance with criteria of energy efficiency, eco-and technology-friendliness. Ethylene tetrafluoroethylene (ETFE) film is one of such materials. ETFE
was initially developed as a lightweight heat resistant film in the aerospace industry. However, it has been successfully applied in the construction
industry for many years, including as translucent enclosing structures.

Within design development of the biosphere string tent shed the properties of ETFE film were studied, while the material enables covering over
significant spans at minimal weight. Moreover, ETFE film has a whole range of unique properties, such as high strength, UV resistance, high
translucency, including the light spectrum necessary for photosynthesis. That makes ETFE film an ideal candidate for creation of closed complexes with
manmade manageable ecosystems.

In course of computer modelling of ETFE film serving as a roofing element of the tent shed an issue arose with regard to its properties, i. . whether
to consider the film as a linear isotropic material, thus facilitating the calculation, but it might stretch the reality of stress-strain behaviour, or whether
to consider it as nonlinear anisotropic material, thus facilitating more correct description of ETFE film behaviour under different loads.

Herein, the strength parameters of ETFE film were defined in different directions. Dependency of action of temperature on strength performance,
as well as influence of cyclic loads on the material was set.

The appropriate tests were conducted, which results formed the basis for the design solutions for the tent shed covering in order to choose
the most effective methods to interconnect the film sheets, including the ones via welding and mechanical connections.

Keywords: polymer films, ETFE, uniaxial and biaxial testing, adhesive joints, mechanical connections.

UCCNEAOBAHUE NPOYHOCTHbLIX XAPAKTEPUCTUK, COEAUHEHWIA NNEHKK ETFE A5 O PAXOAIOLLMX KOHCTPYKLIWWA
BONbLIEMPONETHLIX COOPYXEHUU

A. 3. lOHMukuiA, P. A. Manaxos, A. H. MeTtpoBeu

Pedepar

CoBpeMeHHbIE apXUTEKTYPHbIE W MHXEHEPHbIE 3afaqn TpebyioT NPUMEHEHNS MHHOBALMOHHBIX MaTepuanoB, cnocobHbIX 0BecneynTb He TOMbKO
BbICOKME 3KCMITyaTaLMOHHbIE XapaKTEPUCTMKW, HO U COOTBETCTBUE KPUTEPUSM 3HEproatdeKTUBHOCTM, SKONOMMYHOCTM U TEXHOMOTMYHOCTU. OfHUM
13 TaKWX MaTepuarnoB SBMSETCH MnéHka u3 atuneH-teTpadTopatuneHa (ETFE). MsHavyanbHo oHa paspabaTbiBanacb NS HYXO aBUaLWOHHON
1 KOCMUYECKOM NMPOMBILLNEHHOCTU. OBHAKO Y)Xe Ha NPOTSHKEHUM MHOTUX NET OHa YCMELHO NPUMEHSIETCS B CTPOUTENBCTBE — B TOM YUCIE B KAYECTBE
OrpaXaatoLLnX CBETONPO3paYHbIX KOHCTPYKLA.

B pamkax pa3paboTku 6roctepHoro CTpyHHOro warpa Obino NpoBEeAEHO WUCCreAoBaHue CBONCTB NnéHkn ETFE, nockomnbKy faHHbI matepuan
MO3BOMSET NMEPEKPbIBATL 3HAYNTENbHBIE MPONETHI MPU MUHUMANBHOM Bece W 0BnafaeT PSAOM YHUKANbHBIX XapaKTEPUCTUK, TaKMX Kak BblCOKast
MPOYHOCTb, YCTOWYMBOCTb K YNbTpachvoneToBOMy W3MyYeHWK0 W BbICOKAs CBETOMPOMYCKHAs CMOCOOHOCTb, BKMKYAs CMEKTPp, HEObOXOAUMBbIN
Ans hoTocuHTE3a. JTO AenaeT ero UaeanbHbIM KaHAMAATOM NS CO3AaHUS 3aMKHYThIX KOMMINEKCOB C KOHTPOMMPYEMOIA UCKYCCTBEHHOI 3KOCUCTEMOM.

B npouecce uMcneHHOro MogenvpoBaHus MNEHKA Kak aneMeHTa MOKPLITUS LaTpa BO3HWK BOMPOC Ha3HAYEHUs XapaKTepuUCTUK Matepuana —
YUNTbIBATb MM MNEHKY KaK NMHEAHbIA M3OTPOMHbIA MaTepuarn, YTo ynpowaeT pacyéT, HO MOXET UCKaxaTb PEeanbHyl KapTUHY HanpsikEHHO-
[ehopMUPOBAHHOTO COCTOSHHSI, UM € YUUTbIBATb €€ Kak HEMMHENHbI aHM30TPOMHbIM MaTepuan, No3BonskLLMiA Gonee KOPPEKTHO onucaTb paboty
MNEHKV NOA AEACTBUEM PA3NUYHOTO BUAA Harpy3oK.

B HacTosLem uccnenoBaHuy Gbinv onpeaeneHsl NPOYHOCTHbIE XapakTepucTuku nnénku ETFE B pasnuyHbix HanpaBneHusix. boina ycTaHoBneHa
3aBUCUMOCTb BIUSIHUS TEMNEPATYPbI HA NPOYHOCTHBIE XapaKTEPUCTHKK, @ TaKKe BIMSIHWAE LMKITMYECKUX Harpy3oK Ha Matepuan.

C uenbto Bbibopa Hambonee 3hEKTUBHBIX CMOCOOOB COEAVMHEHWS MONMOTEH MAEHKM Mexay Coboi, B TOM YMCNE Ha OCHOBE CBApKM
1 MEXaHWYECKUX KPEnneHuit, Obinu BbINONMHEHbI COOTBETCTBYIOWME WCMbITAHWUS, PE3yNnbTaTbl KOTOPbIX NEMMW B OCHOBY MPOEKTHbIX peLUeHuit
no hopmMMPOBaHMIO 0BOMOYKM LaTpa.

KntoueBble cnoBa: nonumepHsle nnéuku, ETFE, ogHoocHoe u [BYXOCHOE UCMbITaHKe, KNneesble COeaANHEHUA, MeXaH4eckne CoeHEeHNA.

Introduction Its unique parameters enable application of ETFE film as a covering

During design development of the biosphere tent shed with manage-  material for large-span structures with LBE (load-bearing elements) made
able inner ecosystems, large spans shall be covered over while ensuring  of tightened steel strips, wire ropes or spatial trusses. So that, a string-
translucency, energy efficiency, and technology friendliness while erect-  membrane shell is created where ETFE film serves as an enclosing
ing [1]. Structural solutions with optimal combination of strength, weight  translucent element enabling covering of large areas and creating closed
and operational parameters are required to solve such tasks. So, applica-  sustainable ecosystems due to enhanced translucency (including UV
tion of ETFE film with unique parameters is a viable solution. spectrum), weather resistance, ability to be engaged in heat exchange.
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Due to low density (cca. 0.15-0.25 kg/m?) and adequate strength, the
material significantly reduces loads acting on foundations and sup-
porting systems, as well as consumption of materials, also facilitates
transportation and assembly. Extra advantage of ETFE film compar-
ing with other translucent roofing materials (PE, canvas, synthetic
fabric) is that it is highly fire-resistant, chemically inert, UV-resistant
and durable [2, 3].

Nevertheless, despite the obvious advantages of the material, applica-
tion of ETFE film as an LBE of a roof structure shall be structurally justified
with regard to actual loads, temperature conditions and operational modes.

Brief overview of fluoroplastic films

Fluoroplastic thermoelectricity polymers that undergo treatment and
molding procedures are used to produce fims. Basing on the applied
polymer component different kinds of films with different parameters are
created. For instance, ETFE film is made from fluoropolymer-40, while
PVDF is from fluoropolymer-2M, etc. Let's review the most widely-spread
fluoroplastic films [4-6].

ETFE film type is made from fluoropolymer-40. That is ethylene-
polytetrafluoroethylene copolymer. It is characterized by high UV-
resistance, tensile strength, chemical resistance, high translucency within
a visible light and UV spectrum.

PVDF film type is made from fluoropolymer-2M. Its characteristics
are moderate strength, enhanced UV-, chemical and radiation resistance.

PTFE film type is also a product of TFE with the properties differ-
ent from that of ETFE. It was invented before ETFE, but has the ad-
vantage over ETFE at a working temperature range of —269 °C up to
+260 °C and even at a higher temperature. Despite its melting point
at +327°C it does not transit into a state of viscous flow. However, it
has clear disadvantages, such as lower strength, much lower elastici-
ty modulus and restricted translucency.

FEP film type is made from fluoropolymer-4MB. It is a copolymer of
hexafluoropropylene and tetrafluoroethylene. The material is character-
ized by high resistance to UV, alkalis, and concentrated inorganic acids,
dielectric properties. However, FEP ranks below in strength and rigidity
comparing with ETFE, thus restricting its application in highly-loaded
structures. Besides that, its lower elasticity reduces its effectiveness in
flexible systems and membrane coverings.

PFA fim type is made from fluoropolymer-50. It is a copoly-
mer of tetrafluoroethylene and perfluoroether. It is UV- and corrosive-
resistant, keeps stable at a wide temperature range from —196 °C to
+250 °C and has superior dielectric properties.

ETFE film is characterized by the following particular properties [4-8]:

— low density: its density is 1,700 kg/m3, which is the lesser of the
counterparts;

—  anti-drop property: excludes condensation formation on the surface;

— recycling: grants the opportunity to recycle the film wastes into
new materials;

— translucency: it transits 90-95 % of a visible, as well as UV light
spectrum,;

— chemical resistance: it is resistant to alkalis, concentrated acids;

— enhanced strength: its tensile strength is up to 65 MPa;

— repair-suitable with special adhesive tapes and sheets (patches);

— fire resistance: due to its properties and structure, in case of fire
the film does not create fire drops that could jeopardize people’s health.
Moreover, in case of big fire the membrane destroys itself and releases
smoke and other combustion products, thus decreasing the indoor tem-
perature and lessening the risk of structure failure. The film is rated G1 of
flammability class under GOST 30244-94, i.e. it refers to a low-
flammable material.

All these properties refer to the pluses of the material. However, the po-
tential issues with regard to them arise. For instance, the tensile strength
heavily depends on an operating temperature and could be significantly
lower, than the value mentioned herein [8]. Besides that, the anti-drop prop-
erty and chemical resistance hinder glueing or welding of the material.

Materials and testing procedure

200-microns-thick ETFE film with the declared tensile strength rang-
ing from 39-65.2 MPa was tested. The film is manufactured under Tech-
nical Specifications 22 21 30-015-46708974-2022.

The following tests were conducted to check the strength values of the film

1. Uniaxial tensile test in 2 orthogonal directions at a temperature of
-50°C, -25°C, 0 °C, +25 °C, +50 °C.

2. Cyclic uniaxial tensile test of the film;

3. Biaxial tensile test of the film.

Shear tests of the following options were conducted to study the be-
haviour of film connections:

1. Adhesive connection of the film;

2. Connection of the film with a special adhesive tape [9];

3. Welding film-to-film connection [10, 11];

4. Mechanical film-to-steel plate connection.

The film was tested in the Metal-Polymer Research Institute of the
National Academy of Sciences of Belarus.

Strength test

Routine test schedule of the samples for uniaxial tensile tests is de-
scribed in GOST 14236-81 [12]. Test bench of the uniaxial tensile test is
illustrated in Figure 1. Stress-strain behaviour was defined during the
uniaxial tensile test at a different temperature: =50 °C, -25 °C, 0 °C,
+25 °C, +50 °C (min. 5 samples at each temperature). As tested, the
stress-strain relation schedules at different temperatures were made
(ref. to Figure 2-6).

c

Figure 1 — Sample placement between the grips (a), sample stretching (b) inside the Instron environmental chamber (c)
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Table 1 - Characteristics and main use of fluoroplastic films [4-6]

ion 1 (top) and 2 (bottom) at a temperature of +50 °C

Parameters PVDF ETFE PTFE FEP PFA
Density, kg/m3 1,750 1,700 2,120 2,150 2,150
Tensile modulus, MPa 2,350 1,000 410 550 550
Break elongation, % 200420 200-510 250-500 200-300 250-340
Working temperature, °C from =50 to +130 from =200 to +180 from -269 to 260 from =150 to +200 from =196 to +250
Tensile strength, MPa 44.1-55.0 40-65 14-34 17.0-35.0 17.0-24.0
Translucency, % 80-90 90-95 50-80 94-96 90
Sg:;‘;'ﬁi”;)’:gpaeﬂ'ig)(a”t" High High High Average High
UV resistance Excellent Excellent Excellent Excellent Excellent

. Non-stick coat- . .
Main use Mvecongs | eennosses | ™ edeal e mas | neeal oy

Refer to Figure 7 for the test results in 2 orthogonal directions
as the mean values of UTS (ultimate tensile strength) op and
relative break elongation ¢ at different temperatures. By compar-
ing the test results, it is apparent that the higher the temperature
is, the lower the strength of the sample and the strain increases.
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Direction of the sample testing did not significantly influence the
test results.

Due to the fact that the uniaxial tensile test results of the samples cut
in different directions appeared to be close in their values, the biaxial
tensile tests were conducted to compare the strength values.
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Figure 7 — Histograms of UTS oy (from the left) and relative break elongation ¢ (from the right) in direction 1 and 2 at different temperatures
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Bubble inflation test was conducted to define the tensile modulus and Table 2 illustrates vertical displacements, w of 5 film samples and
strength of ETFE film at biaxial stretching. The principle of the test liesin  mean values of displacements at pressure varying, p in increments of

gradual pressurization of the film sample with air or liquid accompanied 40 mmHag. It is apparent that the test results are highly stable.
with simultaneous record keeping of created bending (buckling) of the film

[13-17]. In particular, effectiveness of the method is stated in the paper
[16] using SiO2/SisN4 films as an example. The tests were conducted at

Table 2 - Results of vertical displacements of the mark on the sam-
ples at pressure increase in the chamber

a temperature of +25 C on 5 square-shaped samples 250250 mm. ; :

At biaxial tensile test the film sample was fixed with a steel ring Pressure, p Vertical displacement w, m
flange to the air pressurization chamber. A sensitive distance gauge was P, P, Ne 1 Ne2 | Ne3 | Ne4 | Ne5 Mean
installed at an arbitrary distance from the sample. The gauge was di- | .mmHg | MPa value
rected on the non-transparent mark on the sample (Figure 8). The dis- 40 | 0.0053 | 0.008 | 0.008 | 0.008 | 0.008 | 0.008 | 0.008
tance between the mark on the sample and the sensitive distance gauge 80 | 0.0107 | 0.011 | 0.011 | 0.011 | 0.011 | 0.011 | 0.011
was measured before pressurization. Such a value (the distance) served 120 | 0.0160 | 0.016 | 0.014 | 0.014 | 0.014 | 0.014 | 0.014
as the reference of vertical displacements that were caused by biaxial 160 0.0213 | 0.020 | 0.019 | 0.019 | 0.019 | 0.018 | 0.019
deformation of the film in course of gradual pressurization. 200 | 0.0267 | 0.023 | 0.022 | 0.023 | 0.022 | 0.022 | 0.022

In course of testing the air W?S supplied into the chamber and, simultane- 240 0.0320 | 0.027 1 0.026 | 0.025 | 0.025 | 0.025 | 0.026
ously, the pressure, as well as gﬂsplacement of the film were measured and 280 1 0.0373 1 0.030 1 0.029 1 0.029 | 0028 10,029 | 0.029
recorded. On a rather small initial area under pressure ETFE film deformed 320 100427 10033 10032 10032 10033 | 0.032 | 0.032
elastically without any significant plastic deformation. The bigger the “bubble” : : : : : : :
was, the more irreversibly (plastically) deformed the film: noticeable reduction in 360 | 0.0480 | 0.043 | 0.044 | 0.044 | 0.082 | 0.081 | 0.059

its thickness at an increasing speed. That caused a fast growth of the “bubble”
volume and growth slowdown of the pressure at permanent air supply (pump The relation between of the biaxial modulus of elasticity and pres-
capacity). The sample was pressurized until it failed. sure was calculated from the obtained values (ref. to Table 3). The modu-
lus of elasticity under biaxial tension was determined based on the rela-
tion (1) between the bending of a thin membrane, w and the excess pres-
sure P, given in the paper [18]:
c hw Ehw®
P=C, ;2 +C, T (1)

where P — pressure, MPa;
oo — residual stress in the film, where P =0, MPa;
h — membrane thickness, m;
w — membrane bending, m;
a - membrane radius, m;
E - Young's module, MPa;
- Poison'’s ration.

Figure 8 — Test bench for the bubble inflation test of the film sample

Table 3 — Results of displacements at pressure increase in the chamber

Pressure, p Module E, MPa
mmHg MPa Ne 1 Neo 2 Ne 3 No 4 Ne 5 Mean value
40 0.0053 2,182 2,182 2,182 2,182 2,182 2,182
80 0.0107 1,695 1,695 1,695 1,695 1,695 1,695
120 0.0160 823 1,229 1,229 1,229 1,229 1,148
160 0.0213 561 655 655 655 770 659
200 0.0267 463 529 463 529 529 503
240 0.0320 343 384 432 432 432 405
280 0.0373 291 322 322 358 322 323
320 0.0427 250 275 275 250 275 265
360 0.0480 127 119 119 18 19 80
Values of ratio C1 and Cz depend on a membrane shape. For round 1 1 t 2
membranes C1 = 4 and Cz = 8/3 could be set. The relation P(w) consists of g, =&, =—7-€,=——" In[ij = In(1 +—2) ;o (5)
2 sections that differ in inclination. Steep section corresponds to small bend- 2 0 a
ings (the first addend of the relation (1) is much greater than the second one). )
Biaxial modulus of elasticity £/(1—) is calculated on a flat section of s =g = In(1 + h_ ] : 6)
the relation (1) at large values of membrane bending, w, when the value o a’
of the first addend could be neglected. The following formula (2) shall be 5
used in such a case: h?
E Pa4 tp = 0 (1+a—2J (7)
1—u Cth3 ' @ R - “bubble” radius (from the point on its surface up to its theoretical

By applying the formulae of stress-strain calculation under the article center), m;

[14], the stresses could be determined at biaxial tension for the mean h —h.eight from the fixation plane up to the; fop of the “bgbble", m
result (Table 4). Stress is determined from the formula: a - distance from the center up to the start point of fixation (circle radius, in

case of fixation with a ring flange — use the inner radius of the ring flange), m;

G6,=0, = % ; (3) €, €, - relative deformation of the sheet;
) P t,, tp — thickness of the initial and deformed sample, m;
R= a +h . @) Calculation results under formulae 3-7 are presented in Table 4.
2-h '
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Table 4 — Results of biaxial stretching

Formula Value of the indicator for the sample Mean value
Ne 1 Ne 2 Ne 3 Ne 4 Ne 5
p-R
x =0y, =—_—"".,MPa 27.93 27.76 27.76 33.21 32.82 27.47
2-t
p
2 2
R = a_+h m 0.180 0.178 0.178 0.124 0.125 0.145
2-h
h2
& =&, = In [1+ —J 0.127 0.132 0.132 0.400 0.391 0.227
y a2
h? )’
tp =t, .(1+ _2] .m 0.00016 0.00015 0.00015 0.00009 0.000091 0.00013
a

Refer to Table 5 for the results of uniaxial and biaxial tensile tests at
a temperature of +25 °C.

Table 5 - Results of displacements at pressure increase in the
chamber

Mean value of the
indicators for
direction 1 and 2
at uniaxial tension

26.3

Indicators at
biaxial ten-
sion

Divergence
of the
results, %

Indicator at
break

Tensile

strength, MPa 2747

Cca.5%

Graph Title

80

60

40

Load (N)

20

Extension {mm)
Graph Title

80

60

40

Load (N)

20

Extension {mm)

Cyclic uniaxial tension of the 200-micron-thick film in 2 orthogonal di-
rections at a temperature of +25 °C (2 sets of 5 samples per each., total
Qnty is 10 samples) was conducted under GOST 14236 [12]. Maximum
stress per cycle was set equal to the yield limit at static tension which
mean value under the diagram “stress-strain” is 15 MPa (Figure 5).
The samples were subject to 10 cycles of loading. Refer to Figure 9 for
the test results of one of the samples.

As illustrated in Figure 9, each load relief of the material was accom-
panied with increase of residual strain. Maximum value of the residual
deformations (5 samples) upon completion of the 10t loading cycle was
3.95 %.

Graph Title

15 IW— :
© | =
a
2 10
w
R

0

0 2
Strain [Exten.] (%)
Graph Title

15
) ]
o
2 10
a
E.;: -
P B

0

0 2 4

Strain [Exten.] (%)

Figure 9 — Cyclogram “force-displacement” (from the left) and “stress-strain” (from the right). From the top into direction 1 of the film, from the bottom
into direction 2

Film connection testing

Essence of the shear tests of adhesive, mechanical, welded connec-
tions of the film and the connections with an adhesive tape lay in deter-
mination of stress limits that caused sample failure. Samples were tested
like during uniaxial tensile tests at a temperature of +25 °C under
GOST 14759 [19]. One set of 8 samples designated for mechanical con-
nection and 6 samples each for the rest connection types were tested.

Bolted connection complete with a washer and rubber gasket served
for testing of a mechanical film-to-steel plate connection.

Partite 7400 [20] glue served for testing of an adhesive connection.
The glue was applied on the cleaned surfaces without corona discharge or
plasma treatment of the film. CMC 77700 adhesive tape was used for
a connection via a special adhesive tape. Test samples are illustrated in Figure 10.

Refer to Table 6 and Figure 11 for the test results of all the
connections as the values of ultimate shear stress t.

As tested, the best results belong to the adhesive connection, how-
ever, complexity, labour input and adherengce to the surface preparation
requirements, as well as keeping of the glued sample during the closed
assembly time for such a connection type is impossible to perform on-
site. Welding unit could be used while assembling rather small areas or
low-rise buildings/facilities. Use of the adhesive tape is a too costly solu-
tion. Moreover, it is recommended to be applied as a repair material.
Bolted connection is easily assembled on any areas, does not require any
special equipment. However, the surface of a bolted connection could
accumulate snow, icing, dirt. The choice of one or another film connection
type is prompted by the quantity and area of a connection.
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a) adhesive film-to-film and metal-to-film; b) welded film-to-film; c) with an adhesive tape film-to-film; d) with an adhesive tape metal-to-film;
e) bolted metal-to-film
Figure 10 — Connection samples

Table 6 — Results of the tests of different connections

Connections
Adhesive with . Adhesive with an adhesive Adhesive with an adhesive
Sample No. metal Adhesive Welded tape tape with metal Bolted
Ultimate shear stress 1, kPa
1 300 - 125 85.5 775 109
2 205 95 127 83.2 76.3 100
3 277 179 134 85.5 80.9 100
4 101 122 - 85.7 90.7 123
5 114 130 - 88.3 83.7 127
6 105 63 - 85.9 82.0 113
7 - - - - - 122
8 - - - - - 106
Mean 184 118 128 85.7 81.9 112
MD (mean 90.1 428 44 16 5.1 106
deviation)
200 184
150 128
118 112
£ 100 86 82
(%
O . T T . N T
Adhesive Adhesive Welded Adhesive Adhesive with an Bolted
with metal with an adhesive tape
adhesive tape with metal
Type of connection
Figure 11 — Comparison of strength of connections
Conclusion The scientific merit hereof lies in reception of new test data about

The conducted experimental study of the 200-micron-thick ETFE film pro-
vides a rather comprehensive description of its mechanical properties at static
and cyclic loading within a rather wide temperature range (=50 °C...+50 °C) that
covers its possible application in construction and architecture.

The paper illustrates uniaxial and biaxial tensile tests of ETFE film to
determine its strength and yield limits. The relation between the tempera-
ture and strength of the film, as well as the influence of cyclic loads on the
material was defined. In particular, it was found that ETFE film has suffi-
ciently high strength at uniaxial and biaxial tension that remains in the
tested wide enough temperature range.

The paper states different options of film connection and their subse-
quent shear testing to check their viability in application for large-span
structures. Strength limits of different connection types were defined.
The highest shear strength © = 128 kPa belongs to the welded film-to-film
connection, while the adhesive connection t = 184 kPa - to the film-to-
metal adhesive connection.

stress-strain behaviour of ETFE film and about the shear strength of its
mechanical, adhesive and welded connections.

The practical relevance hereof lies in consideration of real-life behav-
iour of ETFE film at calculation and design development of enclosing
structures. It is advisable to specify the film as a nonlinear material via
diagrams of materials with regard to operating temperature of the film.
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Abstract

The application of Timber-Concrete Composite (TCC) structures in long-span floor systems is becoming increasingly widespread, and their
collaborative efficiency highly depends on the shear stiffness and load-bearing capacity of the interface shear connectors. Although inclined self-tapping
screws significantly improve connection stiffness by utilizing axial tensile force, the mechanism by which the mechanical behavior of large-diameter
inclined connections with bolts steel rods, which have higher load-bearing capacity and require greater construction tolerance, is influenced by the
constraints of hole clearance and concrete slab thickness remains unclear.

This paper proposes a comprehensive research scheme combining theoretical derivation, full-scale experiments, and high-fidelity numerical
simulation for a TCC system composed of a 70 mm thin concrete slab and a 160 mm timber beam. The study aims to quantify the coupling effect of the
diameter of the bolts steel rods (d = 6, 8, 12 mm) and inclination angle (a = 30°, 45°, 60°), focusing on solving two key problems: initial slippage caused
by the clearance of the bolts steel rods and brittle punching out of thin slabs. In the numerical simulation stage, this study will use ANSYS finite element
analysis software to establish a three-dimensional nonlinear solid model. ANSYS's powerful contact algorithms will be used to accurately simulate the
closing process of the gap between the shank of the bolts steel rods and the hole wall. Combined with the concrete damage plasticity model (CDP)
illustrated in Figure 2a, which can simultaneously, the evolution of failure modes under different working conditions will be predicted.

Expected results show:

1) ANSYS-based contact analysis will reveal that a 30° tilt angle can produce a significant geometric self-locking effect, effectively suppressing the
initial stiffness loss caused by pre-drilled hole gaps;

2) in a 70 mm thin plate, 12 mm diameter bolts steel rods easily induce concrete cone failure, and numerical simulation will provide the critical
parameter boundary to avoid this brittle failure. The results of this paper will correct the existing European Yield Model (EYM), providing a design basis
based on high-precision simulation for the reinforcement and renovation of thin-plate concrete structures in existing timber floor slabs.

Keywords: timber-concrete composite structure, inclined bolted connection, ANSYS finite element analysis, slip modulus, bolt clearance, European
yield model.

MEXAHWYECKUE XAPAKTEPUCTUKU U MEXAHWU3MbI PA3PYLIEHWA KNEEHbIX JEPEBAHHO-EETOHHbIX COEAUHEHWUM
C HAKINOHHbIMU CTAJIbHbIMU CTEPXXHAMU

Beii 101, A. 1. Haituyk

Pechepar

lMpumeHeHne aepeBobeTOHHbIX KOMMO3NTHbIX (JBK) KOHCTPYKLMIA B CMCTEMaX MOHOMMTHBLIX MEPEKPBITUI C GONbLUMMM NPONETaMM CTaHOBUTCA BCE
fornee pacnpoCTpaHeHHbIM, 1 X COBMECTHAsH S EKTUBHOCTb B 3HAUUTENBHOM CTEMEHU 3aBUCUT OT CABUTOBOM KECTKOCTW W HECyLLel cnocobHOCTM
COEAMHUTENbHbIX 3MEMEHTOB. XOTS HAKMOHHbIE CaMOHape3aloliye BWHTbI 3HAYUTENBHO MOBLILIAKT KECTKOCTb COEAMHEHWS 3a CYET OCEBOW
pacTarvBatoLeit Cumbl, MEXaHW3M BIMSIHWSI OTPaHMYEHUi 3a30pa OTBEPCTUS W TONMWMWHbI GETOHHOM MAWTbI HA MeXaHUYecKkoe MoBedeHue
KpynHorabapuTHbIX HaKMOHHbIX COELMHEHM C GONTOBBIMM CTamnbHbIMU CTEPXHAMM, KOTOpble obnagaT 6onee BbICOKOM HeCyLuen CrnocobHOCTbI0
1 TpebyioT BOMbLLEr0 CTPOUTENBHOTO AOMYCKA, OCTAETCS HESICHBIM.

B atoi cTatbe npegnaraeTcs BceoObemmiollas UCCneaoBaTenbCkas cxema, CoYeTalollas TeopeTYeckoe npouseeneHne, nonHomaciutabHble
3KCMEPVUMEHTbI U BBICOKOTOMHOE LiMdpoBoe MogenmpoBaHue ans cuctemsl TCC, cocTosiLen 13 TOHKOM BeToHHOM nnnTbl 70 MM 1 AepeBAHHON Banku
160 mm. ViccnenoBaHne HanpaBreHo Ha KONMYECTBEHHOE U3MepeHue apekTa CoeanHeHNs auameTpa cTanbHbix npyTukos 6ontos (d = 6, 8, 12 Mm)
nyma HaknoHa (a = 30). WccnepoBanne HampaBneHO Ha peLleHMEe [BYX KMKYEBbIX Mpobrem: nepBOHAYanbHOE CKOMbXEHME, BbI3BaHHOE
pacLienneHnem CTanbHbIX NPYTUKOB 6ONTOB 1 Xpyrnkoe NpobuBaHMe TOHKWX MAKT. Ha aTane uuchpoBOro MOAENMpoOBaHmMs B 3TOM UCCneaoBaHuv OyaeT
CMONb30BaHO NporpamMMHoe obecneyeHre Ans aHanm3a KoHeuHbx anemeHToB ANSYS ans co3faHus TPeXMEpHON HENWHEHOW TBEPAON MOLEnM.
MouwHble anroputmbl koHTakta ANSYS ByayT mcnonb3oBatbCs AN TOYHOTO MMMTALMKM MPOLECCa 3aKpbITUS paspbiBa MEXLy CTBOIOM CTalbHbIX
WTaHr, BONTOB M CTEHON OTBEPCTUS. B coveTaHnm ¢ MOZenbio MMacTUYHOCTM noBpexaerus GetoHa (CDP), nnncTpupoBaHHOM Ha pUCYHKe 2a,
KOTOpast MOXET OAHOBPEMEHHO NMPeLickasaTh 3BONMOLMI PEXMMOB cOOS NpK pasnnyHbIX YCOBUsIX paboTsl.

Oxmpaemble pe3ynbTaTbl NOKA3bIBaKT:

1) aHanu3 koHTakTa Ha ocHoBe ANSYS nokaxeT, uto yron HaknoHa 30° MOXeT CO34aTb 3HAYMTENbHLIA TeoMeTpudeckuii adhexT
camMoOnoKMPOBKM, 3h(EKTUBHO MOLABNSS NEepBOHAYaNbHYK MOTEPH KECTKOCTW, BbI3BAHHYK NpeLBapuTENbHO NPobypeHHbIMM npobenamu
B OTBEPCTUN;

2) B TOHKOM nnactuHe 70 MM, 12 MM anameTpa 6ONTOB CTanbHble NPYThI NETKO BbI3bIBAOT OO BETOHHOMO KOHyCa, 1 LMPOBOE MOAENMPOBaHIE
00ecneunT rpaHuLy KpuTudeckoro napameTpa, u4Tobbl M3bexaTb 3TOro Xpynkoro c6os. PesynbTathl 3Toit paboThl OymyT KOppeKkTUpoBaTh
cywectsytowyio EBponeiickyio Moaens ypoxaiHoctu (EYM), obecneunas OCHOBY MPOEKTUPOBAHWSI Ha OCHOBE BbICOKOTOYHOrO MOLENMPOBaHMS
OJ151 apMUPOBAHMNS U PEMOHTA TOHKOMUTOUHbIX BETOHHbIX KOHCTPYKLMIA B CYLLECTBYHOLMX AEPEBSHHBIX NOSOBLIX MINTAX.

KnioueBble cnoBa: [jepeBOBETOHHAs KOMMO3UTHAs KOHCTPYKUWS,, HAKNMOHHOE GONTOBOE COeAuHEeHWe, aHanmu3 KoHeuHbix anemeHToB ANSYS,
MOZYITb CKOMbXeHUs:, KnpeHe BonTa, EBpOneickuil pexum ypoxanHocTy.
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Introduction

Against the backdrop of the continuous advancement of green trans-
formation and carbon reduction goals in the global construction field,
Timber-Concrete Composite (TCC) is becoming a hot topic in academic
research and engineering applications due to its complementary materi-
als and high system efficiency. This system typically connects concrete
slabs with excellent compressive performance and timber beams or
planks with excellent tensile performance through shear connectors, so
that the two materials have clear division of labor and complementary
advantages in the same stress system, thereby significantly improving the
overall stiffness and load-bearing capacity of the components, and show-
ing better sound insulation and vibration comfort in terms of floor perfor-
mance [1]. For the reinforcement and renovation of existing timber struc-
tures, TCC can improve structural safety reserves and service perfor-
mance without significantly increasing structural complexity; and in mod-
ern multi-story timber structures, TCC floor slabs are also considered
a powerful technical path that takes into account structural efficiency and
sustainability, thus showing broad potential for promotion [2]. At the same
time, the requirements for space utilization and floor height control in
architectural design are constantly increasing, making the development
trend of "thinner and lighter" floor systems more and more obvious. Driv-
en by this, thin-plate wood-concrete composite structures have gradually
entered the research field. For example, the construction form with
a concrete slab thickness of only about 70 mm is attractive in practice,
but it also brings more stringent connection performance requirements
[1]. Under thin-plate conditions, traditional vertical shear connectors often
cannot provide sufficient connection stiffness, and interface slip is more
likely to accumulate, resulting in limited composite action; at the same
time, the reduction in concrete slab thickness directly compresses the
anchorage space of the connectors, making the risk of brittle failure such
as local crushing, splitting or pull-out of concrete more prominent, which
may control the structural bearing capacity and ductility level in advance.
Based on the above engineering pain points, the inclined bolts Steel rods
as a shear connector is considered to have strong application prospects
in thin-plate TCC systems [3]. Based on a systematic review of relevant
research, this paper discusses the mechanical performance of inclined
connections with bolts steel rods in thin-plate TCC, focusing on its stiff-
ness prediction method, failure mechanism and the influence of factors
such as pore defects and long-term load on connection and overall per-
formance, aiming to provide more targeted theoretical basis for the opti-
mization design and safety assessment of this type of structure.

To provide a unified reference for the subsequent discussion, the
push-out specimen configuration, inclination-angle cases, and the key
geometric details (slab/beam thicknesses, hole clearance, and embed-
ment length) are summarized in Figure 1.

@F (Applied Force)

f " d R a : "L7Omm Concrete Slab

70mm

160mm 160mm Timber Beam

Clearance
(3d)

a=45°

X
X

(b) Inclination Angle Comparison (c) Clearance and Detail (Key)

Figure 1 — Specimen geometry and key details

As shown in Figure 1a, the TCC push-out specimen consists of
a 70 mm concrete slab and a 160 mm timber member connected by an
X-shaped pair of inclined bolts Steel rods. Figure 1b compares the three
inclination angles (a = 30°, 45°, and 60°) considered in this study, while
Figure 1c defines the bolt-hole clearance and the embedment length
in timber (L2 = 10 d), which are critical to the initial slip response and the
potential brittle failure of the thin slab.

The Development of Timber-Concrete Composite Structures and
the Advantages of Inclined Connectors

Whether a wood-concrete composite structure can achieve efficient
collaboration depends on the reliable transmission of interface shear
force, and the interface force transmission capacity is directly controlled
by the stiffness and strength level of the connectors. Early TCC systems
generally used traditional fasteners such as nails, vertical bolts Steel rods
or pins. Although these connection forms are convenient to construct and
have mature structures, they often have a low slip modulus. Interface slip
is more significant under load, making it difficult to fully form the compo-
site section. The structure is closer to "partial composite action" than the
ideal full composite action [3]. With the increasing requirements for struc-
tural bearing capacity, stiffness and service performance, research has
gradually shifted to more efficient connection strategies. Among them,
inclined screw or bolts Steel rods connections have received widespread
attention due to their unique force path and stronger stiffness potential.

Unlike vertically inserted fasteners that mainly rely on pin groove
bearing (Embedment) and fastener bending deformation (Bending) to
transmit shear force, inclined connections can more fully mobilize the
axial stiffness of the fasteners to participate in interface shear resistance,
thereby achieving higher connection efficiency under the same material
and construction conditions [1]. When fasteners are arranged at a certain
angle along the direction of force (usually about 45° in engineering), the
interfacial shear force will decompose inside the fastener and induce
significant axial tensile or compressive components, so that the connec-
tion no longer relies solely on local bearing and bending energy dissipa-
tion, but forms a force transmission characteristic closer to a "tension-
compression rod system”. Especially for inclined bolts Steel rods on the
tension side, their working mechanism can be compared with the tie rod
members in the truss system. By leveraging the excellent tensile strength
of steel to bear the main internal force, and generating a "rope effect"
during deformation, additional normal pressure is introduced at the wood-
concrete interface. This normal pressure not only helps to suppress inter-
face opening and relative slippage, but may also further stimulate the
contribution of interface friction, so that the shear bearing capacity and
stiffness level of the connection are improved simultaneously [4].

Experimental studies have shown that compared with traditional ver-
tical connectors, the use of inclined screws or bolts Steel rods arranged
at 45° (X-type) can significantly improve the connection stiffness, with an
increase of up to 66 % or even more than 100 %, thereby more effectively
restraining interface slippage and significantly enhancing the combined
action level [3]. This advantage is even more decisive in thin plate TCC
systems, because when the thickness of the concrete slab is reduced to
the order of 70 mm, the contribution of the thin plate itself to the bending
stiffness is limited, and the overall performance of the structure depends
more on efficient interface force transfer to form the effective stiffness of
the composite section El ¢ [5]. However, it should be emphasized that
thin plate construction will also amplify several special challenges of in-
clined bolts Steel rods connections: the reduction of concrete slab thick-
ness will limit the effective anchorage depth of the bolts Steel rods, there-
by weakening the bearing margin of the concrete ends and local areas,
and causing the potential failure mode to gradually shift from wood bear-
ing or fastener yielding to concrete local failure or pull-out failure control.
Since this type of concrete failure often has more obvious brittle charac-
teristics and is not conducive to structural ductility and safety reserve, in
thin plate TCC design, how to avoid or delay brittle concrete failure
through structural refinement and parameter optimization often becomes
one of the controlling factors affecting the reliability of the system [6].

Mechanical Mechanism and Stiffness Model of Inclined connec-
tion with bolts (steel rods)

To reliably assess the working mechanism of inclined connection
with bolts (steel rods) in thin-plate wood-concrete composite structures,
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it is insufficient to rely solely on empirical descriptions. A unified explana-
tory framework must be established from three dimensions: force bal-
ance, deformation compatibility, and material constitutive model. This is
because inclined bolts Steel rods, under interfacial shear, often simulta-
neously bear lateral compression and bending effects, and under certain
geometric conditions, significantly induce axial tensile and compressive
effects. Therefore, the stiffness and load-bearing capacity of the connec-
tion are the result of multiple contributing mechanisms. Simultaneously,
wood exhibits significant anisotropy and nonlinear embedding character-
istics, while concrete displays strong brittleness and size effects in local
compression and cracking. When these two factors are coupled with the
elastoplastic behavior of the steel bolts Steel rods, the load transfer path,
local stress concentration, and potential failure modes of the connection
significantly change with factors such as angle, anchorage length, porosi-
ty, friction, and long-term effects. Based on this understanding, the core
objective of establishing a stiffness prediction model for engineering de-
sign is not to pursue formal complexity, but rather to incorporate decisive
factors into a clear parameter form under computable conditions. This
provides a traceable theoretical basis for SLS deflection and vibration
control, as well as the optimization of connection details.
2.1 Stiffness Analytical Model and Component Superposition Method
In serviceability limit state design, the slip modulus K., of the in-
clined bolts Steel rods is often considered one of the most critical connec-
tion parameters because it directly controls the amplitude of interface slip,
which in turn determines whether the composite section can maintain
high cooperative efficiency within a small deformation range. When K.,
is low, more significant relative slip occurs between the concrete slab and
the timber beam, weakening the composite effect, leading to a decrease
in effective moment of inertia, and further amplifying deflection and vibra-
tion response. When K,,, is sufficiently high, relative interface slip is
effectively suppressed, the composite section is closer to the ideal coop-
erative state, and the overall stiffness and service performance are signif-
icantly improved. Based on the research of Tomasi et al. and combined
with the theoretical treatment of inclined fasteners in the European Tim-
ber Structure Design Code (Eurocode 5), the equivalent stiffness of in-
clined bolts Steel rods can be understood as the result of the synthesis of
the axial stiffness component and the lateral pin stiffness component in
the shear direction [7]. The key to this idea is that the inclined arrange-
ment changes the way forces are decomposed, so that the connection,
which was originally mainly controlled by lateral bearing and bending, can
make more use of the axial stiffness of the bolts Steel rods at a certain
angle. If the angle between the bolts (steel rods) axis and the normal to
the shear plane is «, then the total stiffness K;,:q; can be approximately
written as
Kiotal = Kax sinz(a) + Kjat - COSZ( ). (1
In this expression, K, represents the axial stiffness of the fastener.
Its physical source includes not only the axial tensile stiffness EA/L of
the bolts Steel rods itself, but also the anchorage and interface interaction
of the bolts Steel rods on both sides of the wood and concrete. For the
wood side, the pull-out resistance and local indentation deformation
around the thread or the shank will change the equivalent length and
equivalent stiffness of the axial deformation. For the concrete side, the
anchorage length, local crushing, and the tendency of possible splitting or
tapered pull-out failure will also limit the extent to which the axial stiffness
is exerted. Correspondingly, K, represents the lateral stiffness compo-
nent, that is, the traditional pin stiffness, which is mainly controlled by the
bearing stiffness of the wood and concrete hole wall, the evolution of local
damage to the hole wall, and the bending stiffness of the bolts Steel rods
[7]. In the thin plate TCC scenario, due to the small thickness of the con-
crete plate, the local deformation and cracking on the concrete side are
more likely to occur earlier. This will cause the "effective value" of Kj4; to
enter the degradation stage more quickly, which also means that the
model parameters need to be reasonably selected in combination with
the structure and material state. This component superposition formula
further reveals the mechanical nature and angular sensitivity of the in-
clined arrangement. When & approaches 0°, the sin?( &) term is almost
zero, and the overall stiffness of the connection is basically controlled by
K¢ The lateral pin mechanism typically corresponds to larger borehole
wall bearing deformation and more significant slip accumulation, thus the
equivalent stiffness is often low. When « increases and approaches 45°,

the weight of the axial component increases significantly, and the high
axial stiffness K, is more fully incorporated into the shear deformation,
resulting in a significant increase in K;o¢q;. It is worth noting that this
increase is not unlimited, because whether the axial stiffness can be fully
utilized is also constrained by anchorage conditions and local material
failure. Especially in thin concrete slabs, insufficient anchorage may
cause concrete splitting or prying before the axial force is fully estab-
lished, thus prematurely "cutting off" the theoretical contribution of axial
stiffness.

In order to describe the coupling deformation of fasteners in the two
media more precisely in theory, Symons et al. further introduced the
Beam on Elastic Foundation (BOEF) theory, which regards bolts Steel
rods as beams embedded in two elastic media, wood and concrete.
By establishing and solving the corresponding differential equations,
analytical solutions are obtained, so as to more clearly consider the dif-
ference in stiffness of wood along the grain and across the grain, as well
as the influence of local compression deformation of concrete and con-
straint conditions on the distribution of lateral reaction force in the calcula-
tion [8]. Compared with the simple superposition method, the BOEF
frame can provide a more reasonable description of the internal force and
displacement distribution, and is also more conducive to explaining why,
at the same angle, changes in material anisotropy, contact length and
boundary conditions lead to significant differences in stiffness and dam-
age mode. For TCC structures characterized by thin plates, such more
refined analytical models can also help identify the balance point between
"stiffness improvement" and "brittle failure risk", thus providing a more
targeted basis for structural design and parameter optimization.

2.2 Contribution of the Rope Effect

The outstanding advantage of inclined bolts Steel rods, especially
tension-type inclined bolts Steel rods, in terms of connection bearing
capacity is often attributed to the additional shear contribution brought
about by the rope effect. The basic mechanism is that when shear slip
occurs at the interface and causes deformation of the connector, the
inclined arrangement makes the bolts Steel rods more prone to axial
elongation, thus generating axial tensile force F,,. This axial tensile force
directly participates in resisting interface shear through its horizontal
component, thereby supplementing the traditional pin bending and hole
wall bearing mechanism in the force path; on the other hand, the vertical
component of F,,. introduces additional compressive stress at the wood-
concrete interface, increasing the interface normal pressure, thereby
activating and enhancing the Coulomb friction contribution [4, 9]. In this
process, the shear capacity of the connection is no longer entirely deter-
mined by fastener yield and hole wall bearing, but exhibits a composite
mechanism of "axial tensile force and friction synergy", which is one of
the key reasons why inclined connections often achieve higher bearing
capacity under the same diameter and spacing conditions.

To theoretically incorporate the rope effect into shear capacity calcu-
lations, the Extended Kinematic Approach (EKA) is often used to modify
Johansen's Yield Theory. Traditional Johansen's theory primarily focuses
on the yielding mechanism of fasteners forming plastic hinges under
shear stress and the bearing failure mechanism of wood hole walls, com-
bining these mechanisms into expressions for shear capacity correspond-
ing to different yield modes. However, this framework has limited consid-
eration of axial forces. EKA, by introducing the work done on axial tensile
forces and the mechanical equilibrium condition, allows the rope effect to
be superimposed on the traditional yield capacity as an additional term,
thus yielding a modified expression for shear capacity

Fv,Rk = F]ohansen + AE‘ope- ()

Wherein, A, represents the gain of the rope effect on the bear-
ing capacity. It should be emphasized that the rope effect is usually more
likely to develop significantly under large deformation conditions. Over-
reliance on this effect may lead to unfavorable tendencies in design in
terms of ductility and safety margin. Therefore, research and code rec-
ommendations usually set an upper limit on the value of AF,,,, to en-
sure that the bearing capacity assessment is not based on excessive slip
or unacceptable local damage. According to the latest research conclu-
sions and code recommendations, the contribution of the rope effect is
usually limited to 25 % to 100 % of the Johansen yield bearing capacity.
The specific upper limit is closely related to the fastener type, whether it is
threaded, and the anchorage conditions and pull-out control mechanism
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on both sides [9]. In the thin plate TCC system, the assessment
of the rope effect must be more cautious because the thickness
of the thin concrete plate limits the anchorage length and the develop-
ment space of the concrete side bearing zone. The concrete is more
likely to experience failure modes such as splitting, local prying out or
conical pull-out before the axial tensile force is fully established. Once
brittle failure occurs on the concrete side first, the axial tensile force of the
bolts Steel rods is difficult to increase continuously, the normal pressure
at the interface cannot be maintained stably, and the friction contribution
decreases accordingly, making it difficult to achieve the theoretically ex-
pected AF.,,. [10]. Therefore, in thin plate structures, the rope effect
should be regarded as a "possible gain term" rather than a "necessary
dominant term", and its potential needs to be evaluated in a consistent
manner with the thickness of the concrete slab, the edge distance, the
reinforcement or local reinforcement measures, and the initial defects
caused by construction errors.

2.3 Interface slip and nonlinear behavior

Although linearized models have the advantages of simple calcula-
tion and clear parameters in engineering design, a large number of exper-
imental and numerical studies have shown that the real load slip relation-
ship of TCC connection usually exhibits obvious nonlinear characteristics,
and this nonlinearity often begins to appear in the early stage. Typical
load slip curves can be summarized as the initial approximately linear
elastic stage, the subsequent elastoplastic development stage, and the
final softening and failure stage [11]. In the initial stage, the connection
response is mainly controlled by the elastic modulus of the material, the
contact stiffness and the interface friction condition. At this time, the hole
wall bearing pressure has not yet caused significant plastic damage, and
the bolts Steel rods are mostly in the state of elastic bending or small
axial deformation. Therefore, the stiffness is high and the curve slope is
relatively stable. As the load continues to increase, the wood hole wall will
gradually show local indentation and plastic extrusion. The hole wall
damage causes the stiffness of the contact area to decrease. At the same
time, the bolts Steel rods gradually enter yielding and form plastic hinges
under the combined action of shear and bending. The overall stiffness of
the connection begins to continuously degrade, and the curve slope de-
creases significantly. After entering the later stage, if local damage ex-
pands or cracks and spalling occur on the concrete side, the connection
may soften after peak or even suddenly become unstable. This stage is
highly sensitive to failure mode and structural details, and it best reflects
the control role of brittle risk in thin plate structures.

The influence of clearance on nonlinear response is particularly
noteworthy. If there is a significant gap between the bolts Steel rods hole
and the bolts Steel rods diameter, the connection may mainly rely on
frictional force transmission under small loads, and the bearing pressure
of the hole wall has not yet formed an effective contact. Once the load
exceeds the friction threshold, the bolts Steel rods will move relatively
freely in the hole until it contacts the hole wall and re-establishes the
bearing pressure transmission path. At this time, the load slip curve often
shows a significant slip plateau or a near-zero stiffness section. This
phenomenon will not only significantly reduce the initial stiffness and the
equivalent value of K., but will also amplify the slip accumulation under
dynamic action or repeated loads, making vibration comfort and fatigue
performance face more unfavorable responses [12]. For thin plate TCC,
since the overall system stiffness relies more on the connection stiffness
to maintain the combined effect, the initial low stiffness section caused by
pores may have a more direct impact on SLS deflection and vibration
control. Therefore, at the design and construction level, it is usually nec-
essary to reduce the adverse effects of pores by means of pore precision
control, grouting or local reinforcement, and to reasonably characterize
the initial slip section in the analysis model in order to avoid systematic
misjudgment of the structural performance.

Special Failure Mechanisms in Thin-Plate Structures

When the thickness of the concrete slab is reduced to approximately
70 mm, the failure control logic of thin-plate TCC systems often under-
goes a fundamental change. Traditional design and research of thick-
plate TCCs typically assume that the concrete slab has sufficient local
load-bearing and anchorage reserves. Therefore, failure in the connection
zone is more likely to be dominated by ductile mechanisms such as bear-
ing development through the wood hole walls, bending yielding of fasten-

ers, or tensile yielding of steel. The structure often undergoes sufficient
plastic development and deformation redistribution before reaching its
ultimate state. However, the geometric constraints of thin plates signifi-
cantly weaken the anchorage space and crack propagation path on the
concrete side, making the connection zone more susceptible to brittle
phenomena such as local crushing, splitting, and spalling. Especially in
inclined connection with bolts (steel rods), the axial component and lev-
erage effect amplify local stress concentration near the concrete cover
and anchorage zone, making brittle failure modes on the concrete side
more likely to occur earlier and become the controlling factor. Existing
studies have shown that, under thin plate conditions, two types of failure
modes characterized by brittle cracking and spalling of concrete, namely
concrete cone failure and pry-out failure, often occur before the bolts
Steel rods have fully yielded, thereby altering the ductility level of the
connection and the available load-bearing capacity [6]. Therefore, for thin
plate TCC, identifying and constraining the triggering conditions of brittle
fracture of the concrete side is usually more critical than simply pursuing
higher connection stiffness or greater steel strength.

3.1 Concrete Pry-out Failure

Pry-out failure is generally considered to be a typical failure mode
that is more likely to occur in short-anchored, relatively "short and thick"
shear connections under shear loads. In thin plate structures, this mode
often has stronger suddenness and destructiveness. When the inclined
bolts Steel rods deforms under the action of interface shear force, if its
anchorage depth is shallow and the bending stiffness of the connector is
relatively large, the bolts Steel rods tends to exhibit a combination of
rotation and small translation of an approximately rigid body, rather than
forming a long bending deformation zone in the anchorage area. At this
time, the rotation of the bolts Steel rods will form an obvious lever effect
on the force path, resulting in a strong local action of compression and
tension on the concrete side. More specifically, the bolts Steel rods tail
area often applies a relatively concentrated compressive stress to the
concrete, and the local concrete may first be crushed and crushed; at the
same time, in the deep part on one side of the force direction, the bolts
Steel rods shank will have a prying effect on the concrete, causing the
back concrete to be lifted along the potential crack surface and form
a cone or wedge, and finally be "pried out" in the form of overall peeling
[6]. Since this process is mainly characterized by concrete cracking and
local spalling, the failure often lacks obvious yield wamning, and the bear-
ing capacity may drop rapidly after the load reaches its peak, thus signifi-
cantly weakening the structural ductility and safety redundancy. From
adesign calculation perspective, the Concrete Capacity Design (CCD)
method in ACI 318 or Eurocode 2 provides a commonly used mechanical
framework for assessing pry-out failure. This framework typically corre-
lates the shear capacity V,, of pry-out failure with the tensile cone failure
capacity N, of concrete, commonly expressed as

ch = kcp “Nep, (3)

Where k., is the pry-out coefficient, typically used to reflect empiri-
cal corrections when the anchorage zone transitions from a tensile cone
mechanism to a pry-out mechanism under shear conditions. For connec-
tions with shallow anchorage depths and greater susceptibility to rigid
body rotation, k., is often taken on the order of 1,0 or 2,0. N, is strong-
ly correlated with the effective anchorage depth h,, and is often consid-
ered to be proportional to hz,fs The key problem of thin plate construction
is that the 70 mm plate thickness will significantly limit the achievable
hes, which will cause the calculated value of N, to drop sharply, thus
theoretically putting the load reserve for pry-out failure at an unfavorable
level. In engineering, it is even more troublesome that dense steel mesh
is often configured in thin plates to control cracks and improve the overall
integrity, but when the protective layer is too thin or the steel reinforce-
ment arrangement near the anchorage zone does not match the cracking
path, the steel mesh may act more as "post-crack constraint" rather than
"pre-crack enhancement", and may induce the protective layer to peel off
or local cracking concentration, resulting in earlier or more sudden pry-out
failure [13]. Therefore, in the detailed design of TCC connections
in thin plates, pry-out failure is usually considered as one of the con-
trol modes to be checked first, and it needs to be specifically sup-
pressed by means of anchorage length, edge distance, local rein-
forcement or structural thickening.
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3.2 Concrete Cone Failure and Edge Effect

Besides pry-out failure, the axial component introduced by inclined
bolts Steel rods under shear conditions can also trigger direct pull-out brittle
failure on the concrete side, i. e., concrete cone failure. This failure mode is
usually characterized by a crack initiation area near the tension end of the
fastener, forming a failure cone surface extending from the concrete interior
to the free surface. The angle between the cone surface and the concrete
surface is often empirically taken as about 35°, eventually leading to the
overall detachment of the concrete cone or wedge within a certain range
[14]. In thin plate TCC, cone failure is more alarming because, on the one
hand, the thickness of the thin plate limits the complete development of the
cone failure surface, making it easier for the failure surface to be "cut off" by
the free surface in advance, thus forming a smaller effective resistance
volume; on the other hand, thin plates are usually accompanied by smaller
edge distances and more compact connector arrangements, which makes it
easier for the cone failure surface to intersect with the plate edge or overlap
with the failure surface of adjacent connectors, resulting in a further reduc-
tion in bearing capacity relative to the single-unit condition. Considering that
TCC floor slabs usually function as composite beams in structural systems,
connectors are often arranged in rows along the beam length, and the
group anchoring effect is particularly significant under thin plate conditions.
If the spacing between connectors is insufficient, multiple cone failure sur-
faces will overlap, reducing the effective concrete resistance volume that
each connector can "allocate", and the individual bearing capacity cannot
be simply linearly superimposed. Accordingly, engineering design usually
needs to introduce a reduction factor or use the group anchoring check
method to correct the bearing capacity of a single connector in order to
reflect the mutual influence and edge cutoff effect [15]. Furthermore, since
the force direction of inclined bolts Steel rods is not purely tensile or purely
shear, cone failure and pry-out failure may exhibit a competitive or coupled
relationship under certain structural and load conditions, which means that
independent verification of a single mode may not be sufficient to cover the
actual control situation. For thin plate TCC, a more reasonable approach is
to understand the potential failure of the concrete side as a brittle failure
family "with anchorage depth and geometric boundaries as the core con-
straints", and to prioritize ensuring sufficient edge distance, reasonable
connector spacing and local reinforcement scheme that matches the poten-
tial crack path in the structural design, so as to improve the resistance of the
connection area to brittle failure and the predictability of failure.

3.3 Failure Modes on the Timber Side

Unlike concrete, which is mainly controlled by brittle cracking and
spalling, the failure modes on the timber side are more often manifested
as a progressive damage process of anisotropic materials under local
pressure and crack propagation. For inclined connection with bolts (steel
rods), typical failures that may occur on the timber side include dowel
bearing failure, splitting along the grain, and block shear failure when
multiple connectors are arranged in a row [16]. In the dowel bearing
mechanism, the bolts Steel rods generates local compressive stress on
the hole wall, and the timber undergoes indentation and plastic defor-
mation under the constraint of the fiber structure. The bearing area grad-
ually expands and is accompanied by local fiber buckling and crushing.
This mechanism has ductile characteristics to a certain extent, but its
development speed and ultimate bearing capacity depend significantly on
the grain direction and moisture content.

The stress on timber by inclined bolts Steel rods is more complex
because after the decomposition of the axial force and shear force of the
bolts (steel rods), the timber will simultaneously bear stress components
perpendicular to the grain and parallel to the grain. In order to deal with
this complex stress state at the engineering level, the Hankinson formula
is often used to estimate the equivalent bearing capacity of timber under
different grain direction combinations. However, for connections with
large tilt angles or significant axial components, stress concentration
caused by wood anisotropy may lead to early microcracks at the hole
edge. These microcracks may gradually penetrate and evolve into split-
ting failure along the grain under repeated loading, humidity changes, or
stress redistribution. Such splitting failure often exhibits more obvious
brittle characteristics and is highly sensitive to edge distance, end dis-
tance, pre-drilling quality, and wood moisture content changes. Therefore,
it needs to be regarded as an important design control in the actual con-
struction of thin-plate TCC [2]. In addition, when the connectors are ar-
ranged in rows along the beam length, hole edge cracks and shear

cracks may be interconnected and form a block shear failure path,
causing shear plug failure to occur at a small slip level. This will reduce
the connection ductility and weaken the overall assembly efficiency [16].
Therefore, in the thin-plate TCC system, the wood side is not necessarily
a "controllable ductile end". Its failure mode may also turn to brittle or
quasi-brittle failure in advance due to geometric constraints, environmen-
tal effects, and arrangement density. This, together with the brittle mech-
anism of the concrete side, determines the controllable failure mode and
structural safety boundary of the connection area.

The Influence of the Clearance of Holes for Bolts (Steel Rods)
on Installation Accuracy

In actual engineering construction, to reduce installation difficulty and
improve assembly efficiency, the pre-drilled hole diameter in the concrete
slab is often moderately enlarged relative to the bolts Steel rods diameter.
Simultaneously, factors such as drilling deviation, formwork positioning
error, and duct deformation during pouring can also lead to unavoidable
geometric deviations. The combined effect of these factors results in varying
degrees of porosity between the bolts Steel rods and the hole wall, i. e.,
hole diameter margin. The geometric definition of the holes for Bolts (Steel
Rods) clearance adopted in this study is illustrated in Figure 1 c. Extensive
testing and field experience show that this seemingly subtle geometric dif-
ference not only affects construction convenience but also alters the stress
initiation mode of the connection during small deformation stages, causing
the interface shear force to shift from continuous transmission to staged
contact transmission. This, in tumn, significantly impacts the initial stiffness,
energy dissipation characteristics, and failure mode of the TCC connection.
To facilitate establishing a direct correspondence between porosity levels
and mechanical consequences at the engineering level, this paper summa-
rizes the initial response characteristics, stiffness and bearing capacity
variation trends, and typical failure characteristics of different porosity types,
as presented in Table 1, serving as a reference framework for subsequent
discussion and parameter selection. For 70 mm thin plate TCC, the con-
crete cover and effective anchorage depth are already limited. Contact
impact and local stress concentration caused by pores are more likely to
trigger crushing or spalling near the concrete opening, making the pore
effect more sensitive in thin plate systems.

4.1 Effects on Stiffness and Slip

The most direct consequence of pores is that they alter the stress ini-
tiation process of the connection, significantly affecting initial stiffness and
slip evolution. When the pores are small or even close to a tight fit, the
bolts Steel rods can form stable contact with the hole wall in the early
stages of loading, the shear force transmission path is relatively continu-
ous, and the load-slip relationship usually exhibits a clear linear elastic
characteristic, thus maintaining a high equivalent slip modulus K,
Conversely, when the pores increase, the connection often experiences
a stage where contact is not fully established in the early stages of load-
ing. At this time, the interface shear force is mainly borne by friction and
local point contact, and the bolts Steel rods will experience a certain de-
gree of free movement within the hole until they fully conform to the hole
wall and enter the bearing deformation stage. Because the stiffness in this
stage is significantly lower than in subsequent stages, the overall load-slip
curve will exhibit slip lag or a slip plateau, thus systematically reducing the
equivalent stiffness of the initial segment. The patterns summarized in Table
1 show that from tight fit to Small clearance and then to Large clearance,
the initial response gradually transitions from approximately linear elasticity
to a more pronounced slip plateau characteristic, with the corresponding
equivalent initial stiffness showing a decreasing trend. This phenomenon is
usually further amplified in thin-plate TCCs.

From a structural response perspective, the deflection and vibration
control of thin-plate TCCs are highly dependent on the initial stiffness of
the connections. This is because the system often has not yet entered a
significant plastic development stage under service load levels, and
whether the combined effect is fully formed is largely determined by early
slip. When porosity leads to amplified initial slip, the effective stiffness of
the combined section will decrease at lower load levels, thereby amplify-
ing mid-span deflection and floor vibration response. It also increases the
dispersion between different specimens or different construction batches,
making it more difficult to interpret test results consistently with actual
engineering performance. Based on the classification results shown in
Table 1, when performing SLS calculations and connecting the model,
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a more reasonable approach is to include the initiation stage correspond-
ing to the pores as a component of the model, rather than using only
a single linear stiffness to cover the entire process. This avoids systemat-
ic misjudgments of slippage and stiffness during small load stages.

4.2 Impact Effects and Stress Concentration

Pores not only affect stiffness, but more importantly, they alter the
continuity of the contact process, introducing adverse effects such as
impact and local stress concentration. When pores exist, the bearing
contact between the bolts Steel rods and the hole wall is often not
smoothly established from the loading start point, but rather occurs in
a relatively abrupt manner after free movement ends. At this time, the

stress in the local contact area will rapidly increase over a very small
bearing area, equivalent to a contact impact, and induce local crushing
and microcrack propagation near the concrete hole opening. For 70 mm
thin TCC plates, the concrete slab thickness and protective layer are
relatively thin. Once cracks initiate in the hole opening area, they are
more likely to penetrate to the free surface and form spalling or local
breakage, leading to further degradation of the bearing capacity and
stiffness of the connection area. The typical failure characteristics in Ta-
ble 1 also reflect this trend: as the pore size increases, the failure mani-
festations tend to shift from localized crushing to more significant splitting,
prying out, or the associated risk of brittle spalling.

Table 1 - Influence of holes for bolts (steel rods) clearance level on connection performance [17]

Clearance level Initial behavioural Effect on Impact on load- Typical Failure Characteristics

characteristics Rigidity bearing capacity
Tight-fit Linear elastic response High High Bolt yielding/wood compression
failure
Small clearance (0,5-1 mm) ‘ Minor slip hysteresis Medium Slightly reduced Localised concrete crushing

Large clearance (>2 mm) ‘ Significant slip plateau Low Significantly Impact-induced splitting/prying out

reduced

Under long-term loads, repeated loads, or dynamic actions, the
aforementioned impacts and stress concentrations exhibit stronger cumu-
lative damage characteristics. The gradual propagation of pore wall
crushing and microcracks continuously softens the contact surface, lead-
ing to sustained growth in slippage at the same load level. The equivalent
stiffness and bearing capacity of the connection gradually decrease with
the number of cycles. Especially when the pore size is large, the slippage
platform is more pronounced, and repeated contact and release make
localized damage more easily amplified, potentially resulting in a com-
bined failure of splitting on the wood side and prying out or localized
fragmentation on the concrete side. Consequently, the structural safety
reserve is depleted more early. Given the correlation between porosity
level and performance degradation summarized in Table 1, porosity
should be considered as a key factor that changes the stress path of the
connection in the structural design and construction control of thin plate
TCC. Its adverse effects should be reduced by controlling the porosity
accuracy, optimizing the installation process, and taking necessary local
reinforcement and constraint measures. Sufficient attention should also
be paid to the nonlinear starting behavior caused by porosity in the calcu-
lation model.

Finite Element Numerical Simulation and Parametric Analysis

To overcome the limitations of experimental research in terms of
cost, parameter coverage, and observability of internal responses, finite
element analysis (FEA) has become an important tool for studying in-
clined connection with bolts (steel rods) in thin-plate TCC (Transient Cavi-
ty Cordless Concrete) systems. Unlike external characterizations that rely
solely on bearing capacity or slip curves, numerical simulation can simul-
taneously track the evolution of the axial force and bending moment of
the bolts (steel rods), stress concentration in the borehole bearing zone,
the propagation of concrete cracks, and the formation of potential pry-out
cones within a unified mechanical framework. This provides a more com-
plete chain of evidence for identifying failure modes and sensitivity analy-
sis of design parameters. Especially in cases where the concrete slab
thickness is only about 70 mm, local failure often precedes overall yield-
ing, and structural behavior is more dependent on subtle differences in
detailed geometry and contact conditions. This makes it even more nec-
essary to establish a high-precision model that reflects actual contact and
damage evolution.

5.1 Material Constitutive and Contact Models

High-reliability FEA models are typically built upon the foundations of
"interpretable material constitutive model" and "traceable contact defini-
tion". For wood, due to the significant differences in its mechanical prop-
erties along the grain, across the grain, and radial directions, and the
obvious asymmetry in tensile and compressive strength and yield evolu-

tion, the orthogonal anisotropic elastoplastic model combined with the Hill
yield criterion can more reasonably describe its strength envelope and
yield initiation under multi-directional stress conditions [2]. In the borehole
wall bearing problem of the connection zone, local indentation of wood is
usually an important source of nonlinearity of the slip curve. Therefore,
the constitutive model also needs to be able to reflect the gradual harden-
ing or softening characteristics under compression, and to make the evo-
lution of the borehole wall crushing zone consistent with the experimental
phenomenon as shown in Figure 2c. If the model only uses linear elastici-
ty or an oversimplified yield rule, it will often underestimate the initial
stage of bearing deformation and overestimate the connection stiffness,
thus affecting the reliability of subsequent parameterization conclusions.

The simulation of the concrete side is usually based on the concrete
damage plasticity (CDP) model, because CDP can simultaneously char-
acterize the stiffness degradation after tensile cracking and the hardening
and softening process under compressive damage, and allows the influ-
ence of the crack propagation zone on the overall bearing capacity and
stiffness to be characterized by damage variables [2]. For thin-plate TCC
(Transformed Crush Capacitance), the key to the concrete side lies not in
whether the overall compressive strength is sufficient, but in whether the
model can stably capture local crushing, cracking cones, and pry-out
wedges. Therefore, CDP (Contraction Power Determination) parameters
typically need to be calibrated around the tensile softening segment,
fracture energy, and the rationality of post-compression peak softening,
ensuring that the crack morphology, crack propagation direction, and
spalling tendency observed near the borehole in the model are consistent
with thin-plate experimental observations. If tensile softening is ignored or
an overly rigid post-compression peak behavior is used, the model may
incorrectly transform the failure path, which should be controlled by brittle
cracking, into ductile compressive yielding, thus masking the true control-
ling role of cone failure and pry-out failure.

The steel of the bolts (steel rods) typically employs an isotropic elas-
toplastic constitutive model with a bilinear response (Figure 2b), and the
strain hardening, and the strain hardening process after yielding is de-
scribed using the Von Mises yield criterion and strengthening laws.
Forinclined connections with bolts (steel rods), these bolts (steel rods)
not only bear shear and bending but may also generate significant axial
tensile force due to the rope effect. Therefore, the model needs to ensure
consistency between the yield criterion and strengthening response of the
steel under coupled axial tension and bending conditions. If the research
objective involves the formation location of the yield hinge and the length
of the plastic zone, a sufficiently fine mesh and a reasonable element
type are usually required to avoid numerical sensitivity caused by plastic
localization. The specific constitutive curves and stress responses de-
fined for the three materials are summarized in Figure 2.
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Figure 2 — Material constitutive models and stress-strain relationships
adopted in the FEA

Contact simulation is one of the core aspects of the reliability of this
type of FEA. The contact between the bolts (steel rods) and the wood
hole wall, and between the bolts (steel rods) and the concrete hole wall,
is generally defined as surface-to-surface contact as shown in Figure 3b.
Hard contact is used in the normal direction to avoid penetration and
ensure a reasonable contact pressure distribution during pressing. In the
tangential direction, a penalty function friction model is often used, with
the friction coefficient u typically ranging from 0,3 to 0,6 to cover different
interface roughness and construction conditions [4]. In thin plates, friction
not only affects the initial slip but also changes the local damage evolu-
tion by increasing the interface normal pressure. Therefore, the value of
the friction coefficient usually needs to be combined with experimental
curves or literature recommendations for sensitivity testing to avoid mis-
taking the friction contribution as the material strength contribution.
Meanwhile, porosity and installation deviations can cause the contact to
not be continuously established in the early stages of loading. The initial
clearance (gap) to be closed during loading is defined according to the
detail shown in Figure 1c. If the initial gap is ignored in the model, the
initial stiffness is often significantly overestimated and the slip plate length
is underestimated. This is particularly important to be aware of in the SLS
analysis of thin plate TCC. To more accurately reproduce the formation
mechanism of pry-out failure, it is usually necessary to establish a solid
model that includes the geometric details of the head of the bolts (steel
rods), washer, and thread, rather than simply using equivalent beam
elements, because pry-out failure is essentially driven by the local com-
pression of the head of the bolts (steel rods) and its neighborhood, con-
tact eccentricity, and lever rotation [18]. When the thickness of the thin
plate is limited, the size of the local bearing zone near the head of the
bolts (steel rods) is on the same order of magnitude as the thickness of
the concrete cover, and the geometric details have a direct impact on the
peak contact pressure and the crack initiation location. Accordingly, the
model usually needs to use locally refined meshes at the orifice and an-
chorage area (Figure 3a), and through reasonable boundary constraints,
and through reasonable boundary constraints and loading methods,
make the stress path of the connection area as consistent as possible
with the loading fixture conditions in the experiment, thereby improving
the interpretability and comparability of the simulation results.

5.2 Parametric Analysis Results

After completing the reasonable calibration of the material and con-
tact model, parametric analysis can systematically reveal the influence of
key design parameters on the performance of thin plate TCC inclined
connections with bolts (steel rods) at a lower cost. Based on a combina-
tion of multiple numerical studies and comparative conclusions, a relative-
ly consistent trend judgment can be obtained, which explains the mutual
constraint relationship between "stiffness improvement" and "brittleness
risk" under thin plate conditions.

a)

b)

a) Global mesh generation with local refinement; b) Definition of contact pairs at the head of the bolts (steel rods) interface
Figure 3 - Finite element model establishment details, developed by the author of the article
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parameters, received by the author of the article

The tilt angle « is often one of the most decisive geometric parameters.
As a gradually decreases from a vertical arrangement of 90° to around 45°,
the initial stiffness and ultimate bearing capacity of the connection usually
increase synchronously (Figure 4a). This is because the axial force compo-
nent is easier to establish, the axial stiffness of the bolts (steel rods) and the
interface friction effect are more fully mobilized, and the interface slip is more
strongly constrained [3]. As shown in Figure 4 a, the 30° case exhibits the
highest stiffness and effectively suppresses the initial slip plateau compared to
the 60° case. In most studies, 45° is often considered to achieve a better
balance between mechanical efficiency and construction convenience, be-
cause this angle can provide a significant axial contribution and avoid

{E 0020241 BN

a)

the construction perforation difficulties and insufficient anchorage length
caused by too small an angle. If the angle is further reduced to the order of
30°, the effective anchorage depth that can be provided in the thin plate will be
significantly reduced, and the concrete side is more likely to split or pry out
before the axial tensile force of the bolts (steel rods) is fully developed, thus
reducing the bearing capacity and possibly showing a stronger tendency for
brittle failure [3]. This phenomenon suggests that angle optimization in thin
plate TCC is not a monotonic problem, and the anchorage space and potential
concrete failure surface must be taken into account.

The role of concrete strength £,” in thin plate systems is often more prom-
inent than in thick plates, especially when the control failure mode is close to
prying or cone failure, concrete strength almost directly determines the upper
limit of brittleness of the joint. Numerical studies usually show that increasing
f" can significantly delay crushing and crack initiation near the orifice, slow
down the propagation rate of the cone failure surface, and give the bolts steel
rods a greater chance to enter the steel yield stage before reaching the con-
crete control limit, thereby improving the ductility and energy dissipation ca-
pacity of the joint [19]. In thin plates, due to the limitation of h., it is often
unrealistic to obtain higher load-bearing capacity simply by geometric en-
largement. Therefore, the strength improvement and local constraint en-
hancement at the material level are more efficient within a certain range.
However, it should be noted that strength improvement is not necessarily
equivalent to toughness improvement. If the CDP parameter or fracture ener-
gy value is unreasonable, the model may show a "strong but brittle" response.
Therefore, in the parameter analysis with f," as the variable, it is usually nec-
essary to check the crack propagation morphology and the post-peak soften-
ing rate at the same time to avoid mistaking the increase in bearing capacity
as the disappearance of the risk of failure.

The bolts steel rods diameter d has a direct impact on the bearing ca-
pacity, because the increase in cross-section can increase the axial and
shear bearing capacity reserves, and at the same time change the bearing
area of the hole wall and the distribution of contact pressure. Most simula-
tion results summarized in Figure 4 b show that increasing d can signifi-
cantly increase the shear bearing capacity of the single unit and reduce the
slip level required for steel yielding to a certain extent, but this gain is often
accompanied by stricter end distance and edge distance requirements.
The more critical problem in thin plates is that larger holes will weaken the
effective cross-section of concrete and aggravate the stress concentration
in the hole area (as visualized in Figure 5a), making the concrete plate more
prone to splitting or spalling, especially when the connectors are densely
arranged or close to the edge of the plate, this adverse effect will be further
amplified [3]. Therefore, there is usually amore sensitive "diameter-
thickness matching range" in thin plate TCC. If the diameter is too small, the
steel yielding and friction effect will be difficult to develop fully, while if the
diameter is too large, the failure mode may be pushed to the brittle control
of concrete, making it difficult to exert the ductile advantage. The value of
parametric analysis lies in its ability to clarify, by comparing the crack initia-
tion location, the time of prying out cone formation (Figure 5a), and the
evolution of the plastic zone of the bolts steel rods (Figure 5b) under differ-
ent d, that the "optimal" is not determined solely by the peak bearing capac-
ity, that the "optimal" is not determined solely by the peak bearing capacity,
but is constrained by both bearing capacity and ductility.

0000 frem

b)

a) Von Mises stress concentration indicating potential concrete pry-out failure (d = 12 mm); b) Large deformation and plastic hinge formation
in the shank of the bolts steel rods (d = 6 mm)
Figure 5 — Comparison of simulated failure modes under different diameters of the bolts steel rods
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The presence of an interlayer is a common structural condition in ac-
tual TCC engineering. For example, OSB permanent formwork or sound
insulation layers introduce additional thickness between the concrete slab
and the wooden beam. Numerical simulations generally show that the
interlayer increases the shear arm and introduces additional bending
moment, making the bolts steel rods more prone to rotation, and the
bearing zone of the hole wall also exhibits a more uneven stress distribu-
tion. Its direct consequences are usually manifested as a decrease in
connection stiffness and a reduction in bearing capacity, with the reduc-
tion reaching approximately 30 % to 50 % in many studies [1]. For thin-
plate TCC, this reduction is even more noteworthy, because thin plates
rely on connection efficiency to form effective combined stiffness, and the
stiffness reduction caused by the interlayer will quickly manifest as in-
creased deflection and decreased vibration comfort during the service
stage. Meanwhile, the intermediate layer may also alter the normal pres-
sure path formed by the axial component of the bolts (steel rods) at the
interface, making the friction contribution more unstable and thus exacer-
bating the nonlinearity and dispersion of the load-slip curve. Based on
these mechanisms, engineering design typically requires explicit reduc-
tion of the intermediate layer effect, rather than treating it as a negligible
construction ancillary condition. The numerical results in Figure 4a con-
firm that smaller inclination angles effectively mitigate the stiffness loss
caused by hole clearance.

Long-term performance and environmental factors

The long-term service performance of thin-plate TCC structures is
largely determined by the time-varying properties of the materials and the
effects of the environment. Both wood and concrete exhibit significant
creep behavior, and under long-term loads, the slippage of the joints
increases over time, making the long-term deflection of the composite
beam significantly greater than the short-term deflection [20]. Due to its
larger specific surface area, thin-plate concrete develops drying shrink-
age faster, and early shrinkage may introduce additional tensile or shear
stresses near the interface, thereby changing the microcrack state and
friction conditions in the joint area. In addition, wood is highly sensitive to
changes in temperature and humidity; moisture absorption expansion and
desiccation shrinkage will induce continuous stress redistribution in the
bearing area of the borehole wall, leading to cumulative degradation of
the joint stiffness. More importantly, in a cyclic humidity environment,
a mechanical sorptive effect often occurs under moisture-drying cycles.
This effect causes wood to produce additional deformations exceeding
conventional creep predictions under the combined action of load and
humidity changes, resulting in a gradual increase in residual slip and
weakening the recoverability of the joint [20]. The difference between
indoor and outdoor environments is often reflected in the humidity fluctua-
tion range and cycle frequency. Therefore, the long-term slip growth rate
of the same connection type may be significantly different in different
environments. Related studies have pointed out that the creep coefficient
of connections with bolts steel rods in outdoor environments can reach
about 2,5 times that in indoor environments [20]. This means that if indoor
parameters are directly used for long-term prediction of outdoor thin plate
TCC, the risk of deflection growth and stiffness degradation may be sig-
nificantly underestimated. Based on engineering usability considerations,
long-term performance prediction should not directly use short-term K.
A more reasonable approach is to reduce the short-term stiffness to long-
term stiffness through the effective modulus method and introduce the
creep coefficient ¢ to characterize the time-varying effect. Its expression
can be written as [21]

Kerr = Kser /(1 + &). )

In thin plate TCC, this reduction not only changes the deflection cal-
culation results, but also affects the judgment of interface slip accumula-
tion, because a lower K.rr means a greater long-term slip demand.
Meanwhile, the self-balancing stress caused by shrinkage and moisture
expansion may alter the normal pressure level in the connection zone,
thereby changing the friction contribution and slip threshold, resulting in
stronger nonlinearity and path dependence in the long-term response of
the connection. Therefore, in durability design, it is necessary to consider
environmental level and humidity cycle characteristics as important bases
for determining long-term stiffness values, and to verify the value of ¢
using experimental or long-term monitoring data to reduce systematic
biases caused by environmental differences.

Conclusions and Outlook Research

Based on existing research, it can be concluded that inclined con-
nections with bolts steel rods have clear mechanical advantages
in thin-plate wood-concrete composite structures. In particular, the 45°
cross arrangement can improve the initial stiffness and ultimate bearing
capacity of the connection by introducing a stronger axial stiffness
contribution and stimulating the rope effect, thus compensating to some
extent for the insufficient flexural stiffness contribution of the thin con-
crete slab itself. Atthe same time, the geometric characteristics
of the thin slab significantly compress the anchorage space and crack
propagation path on the concrete side, making pry-out failure and cone
failure more likely to become the controlling failure modes earlier, and
triggering the upper limit of bearing capacity before the bolts steel rods
have fully yielded. Given this paradoxical relationship, the key to thin-
plate TCC (Transient Concrete Cavity Control) lies not in infinitely in-
creasing the strength of the steel or the stiffness of the connection, but
in ensuring that brittle fracture of the concrete side is not prematurely
triggered while improving the efficiency of the combined action.
To achieve this goal, the design phase needs to adopt stiffness models
and load-bearing capacity assessment methods that better conform
to the inclined connection mechanism, such as stiffness estimation
based on the Tomasi model and explicit consideration of porosity ef-
fects. Simultaneously, the risk of brittle fracture of the concrete side
should be reduced by reasonably controlling porosity, optimizing end
and edge distances, and implementing necessary local structural rein-
forcement. Furthermore, the reduction in stiffness due to creep and
humidity cycling effects should be incorporated into long-term predic-
tions to make the performance assessment during service more closely
reflect real-world service scenarios.

Looking to future research, several directions warrant further explo-
ration. One direction is to develop more targeted structural details
to address the anti-pry-out requirements under thin-plate conditions.
For example, this could involve improving bolts Steel rods head and
washer construction, introducing local reinforcing mesh or local thicken-
ing strips to reduce stress concentration at the orifice and delay the
formation of cone and pry-out failures. Another direction is to establish
a long-term slip prediction model that can reflect the coupling effect of
humidity cycles, so that the damp-drying cycle and creep shrinkage can
be consistently described within the same framework, thereby improv-
ing the prediction accuracy of long-term deflection and residual slip.
Further research can be conducted on the applicability evaluation
of new fasteners such as self-tapping screws in thinner concrete slabs,
especially when the slab thickness is less than 50 mm. Anchoring
mechanisms, crack propagation paths, and group anchoring effects
may exhibit new controlling laws, requiring verification through both
experiments and high-fidelity numerical simulations to promote
the development of the TCC system towards lighter weight and higher
efficiency.
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Abstract

The strengthening of metal surfaces by applying thin-film silicon-containing coatings deposited from arc plasma at atmospheric pressure allows
them to be protected from wear and aggressive environments, and is ultimately determined by the performance characteristics of such coatings.

One of the basic operating performances of hardening protective thin-film coverages is their thickness. Definition of thickness of thin films by direct
gauging represents an intractable technical problem.

In the paper, the use of an optical interference picture in the system of a substructure thin-film coverage for determining thickness is offered.
The given approach allows determining and controlling the coating thickness not only on completed product but also during the coating process.
An experimental study of the thickness of a thin-film silicon-containing coating using a scanning electron microscope showed that the film thickness
is within 1,1-1,2 ym. Comparison of the calculated and experimental data on the thickness of the strengthening coating showed high convergence
of the results (12-15 %). The ability to precisely control the thickness significantly expands the scope of application of thin-film strengthening silicon-
containing coatings applied from argon arc plasma at atmospheric pressure.

Precise control over coating thickness significantly expands the range of applications for thin-film silicon containing strengthening coatings
deposited from arc argon plasma at atmospheric pressure.

The results obtained during theoretical and laboratory studies were used in real production conditions at the largest enterprise of the Republic
of Belarus, Open Society Mozyr Oil Refinery. In the conditions of repair and mechanical production, an author's installation for applying thin-film
coatings and a technological process for applying corrosion-resistant thin-film silicon-containing coatings on parts operating under conditions of non-
abrasive wear and in contact with aggressive environments were introduced.

Keywords: hardening, a thin-film siliceous coverage, arc plasma, thickness, an interference.

NCCNEQOBAHWE 3KCMNYATALUMOHHBIX XAPAKTEPUCTUK NMIASMOXUMUYECKMUX YNPOYHAKOLNX TOHKOMNEHOYHbIX
KPEMHUUCOOEPXALLUX NOKPbITUWN, OCAXAAEMbIX U3 OYTOBOW MNA3MbI NPU ATMOC®EPHOM JABNEHUA

A. 1. Tono3y6oB

Pedepar

YNpoyHeHne MeTannmyeckmx NoBEpPXHOCTEN HAHECEHNEM TOHKOMMEHOYHBIX KPEMHMIA COAEPXALLMX MOKPbITUA, OCaXaaeMbIX U3 [yroBOM Mnasmbl
npu aTtMOC(EPHOM [aBMeHUW, MO3BOMSET 3aMTUTL WX OT M3HOCA M AENCTBMS arpecCMBHbIX CPEA W B KOHEYHOM CyeTe onpepensercs
9KCMNyaTaLMOHHBIMI XapaKTEPUCTUKaMI Takux NOKPbLITUIA.

OpHOM 13 OCHOBHBIX 3KCMITyaTaLMOHHBIX XapaKTEPUCTUK YMPOYHSIOWMX 3aLNTHBIX TOHKOMMEHOYHbIX MOKPBITUI SBNSETCA WX TOMWMHA.
OnpepeneHue TONLLMHbI TOHKUX MNEHOK HENOCPEACTBEHHLIM N3MEepeHNeM NpeacTaBnsaeT coboit TPYAHO paspeLLnMyto TEXHUYECKYIO 3adauy.

B cratbe npeanaraeTcs MCMOMnb30BaHWe OMTUYECKOW MHTEP(EPEHLIMOHHON KapTWHbI B CUCTEME MOAMOXKKA — TOHKOMMEHOYHOE MOKpbITME
ANs onpefenexns ero TOMWWHbI. [laHHbI NOAX0A MO3BONSET ONPeAensTb U KOHTPONMPOBATb TOMLMHY MOKPLITUS HE TOMBKO Ha FOTOBOM W3Aenuw,
HO W HENOCPEACTBEHHO BO BPEMS HAHECEHMS. JKCMEPUMEHTANbHOE UCCneaoBaHne TOMLLMHbBI TOHKOMNEHOYHOr0 KPEMHWA COLEepXKaLLero MoKpbITUS
C MOMOLLbK0 PaCTPOBOrO 3MEKTPOHHOTO MUKPOCKONa Noka3anu, YTo TOMLLMHA NeHKN HaxoauTes B npegenax 1,1-1,2 mkm. ConoctaBneHne pacyeTHbIX
11 KCTIEPUMEHTANbHbIX JAHHbIX O TOMLMHE YNPOYHSIOLLEro NOKPLITUS Aanu BbICOKYH0 CXOAMMOCTb pe3ynbtaTos (12-15 %).

BO3MOXHOCTb  TOYHOTO  KOHTPONS  TOMLWMHBI  3HAYMTENBHO — pacluMpsieT o6nacTb  WUCMONb30BaHMSA  TOHKOMMEHOYHbIX,
KPEMHMIICOAEPXaLUMX MOKPLITUA, HAHOCUMbIX U3 JYTOBOW ApPrOHOBOI MNa3mbl NPX aTMOCHEPHOM AaBMEHNN.

MoryyeHHble B XOA€ TEOPETUYECKMX W NabopaTopHbIX MCCNEeAoBaHMi pesynbTaThl Obinv MCNONB30BaHbI B YCMOBUSX pPeanbHOT0 NpoM3BOACTBA
Ha kpynHeiiwewm npeanpusTtum Pecnybnukm Benapycs OAO «Mo3sbipckuit HedbTenepepabaTbiBatoluin 3aBog». B ycnoBusix peMOHTHO-MeXaHN4eckoro
npou3BoAcTBa Obina BHeApeHa aBTOPCKAs YCTAHOBKA [NS HAHECEHWS TOHKOMMEHOYHbIX MOKPbITMA M TEXHOMOTMYECKUA MPOLIECC HaHEeCeHMs
KOPPO3MOHHO-CTOMKMX, TOHKOMMEHOYHbIX, KPEMHUIACOAEPXKALMX MOKPbITUA Ha AeTanu, paboTalowmx B ycnoBusix Heabpa3vBHOrO W3HALLMBaHWS
11 B KOHTaKTe C arpeccuBHbIMU Cpefami.

YNPOUHSIOLLMX,

KntoueBble cnosa: YNpO4YHEHUE, TOHKONNEHOYHOE, KpeMHucogepxallee nokpbITue, ayrosasa nnasma, TonwmHa, UHTEpdepeHLms.

Introduction

Drawing of thin-film siliceous coverages from arc plasma at atmospher-
ic pressure is new enough direction in a work-hardening range of details of
cars[1,2,3,4,5,6,7,8,9, 10, 11, 12, 13]. Working capacity of thin films is
influenced by variety of factors — cohesive and adhesive properties of
a coverage, and also property of a metal substructure [8, 14, 15, 16].

Hardening of metal surfaces by drawing thin-film silicium of containing
coverages, besieged of arc plasma at atmospheric pressure allows to pro-
tect them from deterioration and operation of excited environments and
eventually is defined by operating performances thin-film silicium of contain-

ing coverages. Definition of operating performances is necessary and
a sufficient condition for an estimation working capacity and longevity of sys-
tem «a substructure - a coverage». Those are: hardness (microhardness),
adhesion, phase and a chemical compound, wear resistance. Important per-
formance of a sheeting is also it thickness which can influence considerably
on its operation features, defining including its longevity [17, 18].

Definition of thickness thickness of a thin-film coverage
Samples from fragments thin-film silicium of containing coverages
separated from a substructure were examined by the RSMA-ANALYSIS
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method on REM "Nanolab-7" with a spectrum of power variance
EDS "Sistem 860".

As a result for films on the basis of a silicon oxide the following data
on chemical element composition has been obtained: Si - 60,84 %, O -
39,02 %, C - 0,14 %. For films on the basis of silicium carbide: Si —
73,22 %, C — 26,7 %, O — 0,08 %. For films on the basis of silicium ni-
tride: Si— 67,72 %, N - 32,2 %, O - 0,08 % [16, 18, 19].

Thus the conducted probes allow to make conclusion that received of
the arc plasma containing products pyrolysis silicium of the organic,
hardening siliceous thin-film silicium of containing coverages represents
a difficult pseudo-alloy not stoichiometric composition, containing in the
composition oxides, carbides and the silicium nitrides, not having a crys-
talline structure and representing uncrystalline (passer-by on the glass)
structure. The obtained data will agree with results of probes [3, 8, 11, 20]
also specifying in uncrystalline structure of the thin films received by sed-
imentation from ion bundles in vacuum.

Ratio change between components in thin-film silicium of containing
coverages is possible at the expense of a variation of composition of arc
plasma (a gas phase) a path the additional introductions of elements and
joints in necessary densities, and also at the expense of process control
in temperature the purposeful the job of its parametres [6, 8, 9, 21].

The picture observed in an optical microscope confirms an optical trans-
parency hardening thin-film silicium of containing coverages (Figure 1).

Figure 1 - The Sample with plotted thin-film silicium of containing
coverages. Material of substructure WC-Co, the polished surface

At small thickness of transparent films in an optical range, as the
most exact and simple method of study of their shape and thickness
serves visual observation changes of an interference picture on a surface
of the substrate with simultaneous timekeeping [5, 18, 22].

For growth kinetics probe samples with the polished a surface for de-
riving of an accurate optical picture were used at when applying thin-film
silicium of containing coverages [7, 18, 23, 26].

In the course of drawing plasma of the chemical coverages at sta-
tionary position plasma the generator (plasmatron) on the processed
surfaces series of the optical phenomena is observed. In the beginning
handlings, the polished surface of the sample starts to lose gradually
areflecting capacity, acquiring dark colour. Further handling leads to
colour change on dark blue then in the hcentre of a plasma spot start to
appear sequentially the expanding circles of the colours making a spec-
trum of a natural light. Circles grow to certain magnitude (diameter of 6—
10 mm) then in the centre the monochrome a circle there is a growing
circle of following colour. In result on a surface the picture of the concen-
tric colour rings similar to rings of Newton is observed.

By results of the experiment, shown in table 1 the graph of depend-
ence of thickness of a besieged coverage from duration of handling of
a substructure which is presented in Figure 2 is constructed.

On a curve there are some characteristic sites, the corresponding to
different stages of formation and coverage growth.

Table 1 — Dependence of occurrence of maxima on duration of han-
dling by a plasma stream

Appearance Experiment number
a colour picture (time in seconds)

1 2 3 4 5

Dark-blue 16 17 16 12 14

1 red 26 33 30 29 31
2red 41 48 40 48 46
3red 63 72 62 75 64

4 red 92 95 90 91 94
5red 120 115 117 122 116
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Figure 2 — Growth kinetics thin-film silicium of containing coverages
Experiments by coating separation from a substructure have displayed r2=R?— (R—hy)?. (1)

that the coverage is optically transparent, and its thickness decreases from
the centre to periphery, according to radial distribution of temperatures in
plasma the jet [22, 24]. Such in the image, the observable optical picture
grows out interference of light in system a thin lens-metal a substructure.
In this case, from geometrical reasons (Figure 3), we have

where r¢ — radius of k-rings, R — radius of curvature of a lens, hx — height
of a lens from a surface of a coverage to a plain of k-rings.

Mechanical Engineering
https://doi.org/10.36773/1818-1112-2025-138-3-94-98

95



Vestnik of Brest State Technical University. 2025. No. 3 (138)

After transformations with the account that hk2 — 0, we have
r2=2-R-hy, (2)
accordingly
r2.=2'R-d, 3)
where rmax — radius of the maximum ring.
R - radius of curvature of a lens, hx — height of a lens from a surface

of a coverage to a plain of k-rings, d - thickness of a lens (film) on the
centre.

1 i
Nk
/\ dk/\/ | 2
-

Figure 3 — The Settlement circuit of definition of thickness thin-film
silicium of containing coverages

Considering that both rays are reflected from optically more tight en-
vironments (in the first case from a lens material, in the second from
a surface metal) with phase loss on half of wavelength in each case,
condition a maximum will be recorded in an aspect

d=2-dy-n=k-A4, (4)
where n - an index of refraction of a lens (fim), (k=0,1, 2...).
From here
kA
di=5_. (5)

Considering that dk = R — hk, we will receive

k-2
hk =R—a. (6)

Substituting (2) in (1) it is had

ri=2 g2 - &2

From here, having expressed a lens radius of curvature through radi-
us of i and k rings and taking into account (1) we receive expression for
definition thicknesss coverages

d= 1200 (i—k)-A (®)

ECED

As a result of gaugings next sizes of radiuses of rings have been de-
fined: rmax = 9,1 mm, ri = 7,0 mm, rk = 5,56 mm. The index refractions for
thin-film silicium of containing coverages composition SiO2 is equal
n=1458 + 0,002 [25]. The wavelength of light corresponding to red
colour is accepted equal 672 nanometers. Thus, after evaluations under
the formula (8) it is had maximum thickness lenses

d=1,017+ 0,092 pum.

Thickness change coverages, leading to changeover of a colour gamma,
it is possible to define thickness change from the output before regularities.
Distance (thickness of a film) between the next maxima on a surface (rings of
one colour) in conformity about figure 1 are defined on ratio

‘A k-A
hy —h; = ;—n ~om )
AR =2 = 57217 093 um.

2n 21,4584

Thus, occurrence of a following ring of identical colour in process
processing testifies to increase in thickness of a film at 0,23 microns.

It allows operatively and to watch precisely enough thickness of
a plotted coverage in the course of handling that is important parametre
of technique. Besides, the test coating on substructures allows to estab-
lish univalent connection with simultaneous timekeeping between thick-
ness of a coverage and a run time for the given mode of behaviour of
installation. It does possible to realise exact control of thickness thin-film
silicium of containing coverages in places where direct observation of
an interference picture, for example, in holes of small diameter through
passage, including, die holes is impossible. Feature of drawing thin-film
silicium of containing coverages from arc plasma at atmospheric pressure
(as transport response), is ability of drawing of coverages in holes of
small diameter through passage, and also under any edges to a shaft of
a plasma stream, thus exact control of thickness of plotted coverage thin-
film silicium of containing coverages allows to harden such difficult details
with a thickness quality assurance that cannot achieve with use of tradi-
tional techniques.

For experimental definition of thickness thin-film silicium of containing
coverages it was used REM "Nanolab-7" and a fragment of the coverage
separated from a substructure. Gaugings on a back of the sample have
displayed that thickness of a film is in within the limits of 1,1-1,2 microns
[14, 18]. Thus, for the first time compared settlement and experimental
data about thickness hardening thin-film silicium of containing coverages,
received by sedimentation from arc plasma, have given high convergence
of results (12-15 %). Toe-outs in values most likely are linked with
an aberration of curvilinear external surface thin-film silicium of containing
coverages from a theoretical surface of a thin lens with fixed radius.

Figure 4 — Color gamma on surface thin-film silicium of containing
coverages. An optical microscope «Altamix» with a digital camera.
1 pixel = 3,2 x 3,2 a micron

Exact values of thickness allow to delineate area of use coverages,
in particular, obviously that the coating thick to 0,3 microns gets to a zone
of the tolerance for all qualifications exactitude and consequently process
on a coating can be finishing (not demanding aftertreatment).

The maximum thickness besieged thin-film silicium of containing
coverages has made 2 microns. Receiving such thicknesss it has ap-
peared possible only at use special the measures preventing overheating
of a substructure. Thus processing it was carried on by cycles till 15-20
seconds, with an interval 20-30 seconds, and with insignificant lowering
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(on 20-30 %) densities of metalloorganic joint in plasma after application
coverages thickness more than 1 microns. However, spent tribological
trials have displayed that in the best performances possess thin-film silic-
ium of containing coverages thickness from 0,7 microns to 1,0 microns.

Thus, having possibility of exact control of thickness of a coverage, we
can essentially expand area of use of technique. Control of thickness of
a coverage on a colour gamma allows to plot thin-film silicium of containing
coverages the set thickness on surfaces of any configuration and shapes.
And there is possible drawing thin-film silicium of containing coverages of
the set thickness on local sites, i.e. for example strips of the set thickness
and length. Figure 4 also there is possible drawing thin-film silicium of con-
taining coverages of identical thickness, including on a surface of a difficult
configuration that is almost impossible with use of traditional methods of
drawing of protective hardening coverages. It is necessary to mark that
occurrence of an interference picture in a place of drawing thin-film silicium
of containing coverages takes place not only for the polished surfaces, but
also for surfaces after a coarse finishing, for example polishings, millings,
turning. In this case the picture interference rings becomes more diffusion
and not having clear boundary, but nevertheless allowing to define thick-
ness with enough split-hair accuracy (to 20 %).

The observable picture of interference rings (Figure 1) is characteris-
tic only for a fixed plasma stream, i.e. at exhibiting plasmatron over one
point. The longitudinal travel plasmatron allows to plot thin-film silicium of
containing coverages in the form of strips of the set thickness (Figure 5).

In the conditions of real manufacture most often there are situations
when it is necessary to harden surface of revolutions (shafts, axis). In this
case shaft rotation is carried out in accommodating, and the coating on
extended sites occurs for the movement score plasmatron along a shaft
shaft therefore the coverage is plotted on extended sites.

Figure 5 — A site of a surface with identical thickness thin-film silicium of
containing coverages

Received during theoretical and laboratory probes results have been
used in the conditions of real manufacture at the largest operation of
republic of Belarus Open Society Mozyr Qil Refinery. In the conditions of
mechanical-repair manufacture author's installation for drawing of thin-
film coverages and a master schedule of drawing of noncorrosive thin-film
siliceous coverages on a detail, working in the conditions of not abrasive
wear process and in contact to excited environments has been intro-
duced. Surfaces of shafts of pumps of centrifugal type PC (a material-
steel 40X, 290 HB) intended for pumping the oil, the liquefied hydrocar-
bon gases and oil products were hardened at temperature of a pumped
over fluid from 193 K (-80° C) to 673 K (+400° C) with viscosity from
0,5-10* m?/sec to 8,5:104 m?/sec.

Principal causes of outage of shafts of pumps were: excess of sup-
posed escape through shaft seals and deterioration of mounting surfaces
to pinion point under bearings and he impeller. The given problem has
been solved for the score plasmochemical drawings of its — thin-film
sheetings saving resources the technique allowing safely to protect met-
als from staining and deterioration by drawing on their surface of chemi-
cally steady siliceous joints, having high physicomechanical properties

(«Anticorrosive guard of details of the nasosno-compressor equipment»
certificate of registration Ne 2003536, «Working out of a master schedule
of hardening and a corrosion prevention of seats of bearings and face
seals» certificate of registration Ne 20023233).

Thus thin-film silicium of containing coverages it was used not only in
the form of a noncorrosive coverage, but also as a barrier coverage for
separation of contacting mounting surfaces to pinion point under bearings
and impeller, at joint assembly-demolition that has led to change of condi-
tions of deterioration yo-to reduction or complete an exception microcut-
ting at the expense of surface hardness increase. In this case the opti-
mum condition-elastic interaction of conjugated surfaces is ensured.

Operational trials of shafts of pumps of centrifugal type PC (cantilever) for
pumping oil products in the conditions of real manufacture have displayed that
the period of their use was augmented in 2,5-3 times at the expense of
an exception of effect of the active corrosion environment and deterioration by
mounting surfaces to pinion point of shafts that has allowed to cut expendi-
tures on reconditioning of the equipment and to raise its reliability.

Conclusion

The method of definition used in operation on an interference picture
of thickness of the protective hardening thin-film siliceous coverages
besieged from arc plasma at atmospheric pressure, has displayed split-
hair accuracy with simultaneous possibility not only definitive, but also
intermediate and a process control inspection.

Reliability of the received theoretical dependences is confirmed by
experimental researches of the separated fragments of a coverage meth-
ods of scanning electron microscopy.

The obtained data about thickness thin-film silicium of containing
coverages allows to define and specify areas of use of such coverages in
various areas of engineering.
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Abstract

Fluorine-containing coatings are promising materials for increasing the service life of equipment used in construction. The range of these
compounds is quite wide, and the thickness of the coatings can vary from tens of nanometers to tens of millimeters. Interest in these coatings is due
to high performance. Thin-layer coatings of fluorine-containing compounds formed from solutions were studied. These connections can be widely used
in various friction assemblies of construction equipment to increase the service life. The article discusses issues related to the change in the physical
and mechanical characteristics of fluorine-containing coatings, known under the trade name "Foleox." The morphology and microhardness of coatings
were studied depending on the technological parameters used to create these protective layers. As surfactant, fluorine-containing oligomers of the trade
name "Foleox" were used, the structural formula of which is RF - COOH (F1); RF = CONHR1 (F-AK1); RF — RF (F14) (where RF — fluorine-containing
radical), RF — CONHR2 (F-AK2), B1 — water-soluble foleox. The coatings were applied by dipping the substrate in a 1-2 % solution of fluorine-
containing oligomer in chladone 113 followed by air drying. A HWMMT-X7 microhardness meter was used to measure the microhardness of coatings
formed on metals. The morphology was studied using an NT-206 atomic force microscope. It has been found that fluorine-containing oligomers
strengthen the surface layers of the substrate if chemical (chemisorption) bonds such as salts of higher acids are formed between the film of the
fluorine-containing oligomer and the metal (substrate). If the formation of a chemisorption interaction between the oligomer molecules and the substrate
does not occur, plasticization of the surface layers of polycrystals occurs. Energy treatment intensifies the processes of crystal formation in thin films,
asa result, the microhardness of the thin-layer composite coating increases. These coatings can be recommended for friction assemblies
of construction equipment operated in severe conditions.

Keywords: nanocomposite coatings, morphology, microhardness, fluorine-containing compounds, oligomer, crystal, construction machinery.

TOHKOCJTIOMHLIE HAHOKOMNO3WUTHbIE NOKPbLITUA ANA CTPOUTENBHOWU TEXHUKM

E. B. OBunHHUKOB, A. L. Bepemeituuk, B. M. XBuceuy, H. H. Ketpuk, [1. A. Jlunnuk, A. E. OBunHHuKOB, E. H. Ma3yp

Pedepar

OTopcoaepxaluMe MOKPbITUS  SIBMSIOTCA  MEPCTIEKTUMBHBIMU - MaTepuanamu Ans  yBENWYEeHUst Ccpoka CRyxObl TEXHUKW, NPUMEHSIEMON
B CTPOUTENLCTBE. ACCOPTVMEHT AaHHbIX COEAMHEHUA AOCTATOYHO LUMPOK, @ TOMLLMHA MOKPLITUA MOXET BapbUpOBaThCA OT AECATKOB HAHOMETPOB
[0 AECATKOB MUNNMMETPOB. VIHTEPEC K JaHHbIM MOKPbLITUSIM 0BYCNIOBNEH BbICOKMMM 3KCMIyaTaLMOHHLIMK XapakTepucTukamu. B pabote uccnenosatbl
TOHKOCINOMHbIE MOKPLITUA (PTOPCOAEPXKALYNX COEAMHEHWA, (DOPMUPYEMBIX M3 PACTBOPOB. [laHHble COEAWMHEHUS BO3MOXHO LUMPOKO NPUMEHSTH
B Pa3NNYHbIX Yy3nax TPEHUS CTPOMTENbHOM TEXHUKW [N1s YBENWYEHUs cpoka aKchnyaTtauwu. B cTaTbe paccMoTpeHbl BOMPOChI, CBSI3AHHbIE
C M3MEHEHNEM (DU3NKO-MEXaHMYECKMX XapaKTEPUCTUK (PTOPCOAEPXALLNX NOKPbITUA, M3BECTHBIX MOA TOProBbIM HassaHueM «Poneokc». M3yyeHa
MopconorMst U MUKPOTBEPAOCTb MOKPLITUA B 3aBUCUMOCTW OT TEXHOMNOMUYECKMX MapaMeTpoB, MPUMEHSBLUMXCS NMPW CO3MaHUM [aHHbIX 3aLLMTHbIX
cnoes. B kauecTse MAB ucnonb3oBanu hropcogepxalline onMroMepsl ¢ TOProBbIM Ha3BaHueM «Poneokc», CTPYKTypHas hopMyna KOTopbIX UMeeT
Bug RF — COOH (®1); RF — CONHR1 (®-AK1); RF - RF (®14) (rne RF - dropcogepxawmin pagukan), RF - CONHR2 (®-AK2), B1 -
BOAOPACcTBOPUMbI choneokc. [oKpbITUS HAHOCUNK NyTeM OKyHaHWs nognoxks B 1-2 % pacteop hropcoaepxallero onuromepa B xnagoHe 113
C nocreaytoLLen CyLLKOM Ha Bo3gyxe. [1ns n3mepeHns MUKPOTBEPAOCTYU NMOKPbITUIA, CHOPMMPOBAHHBIX HA MeTannax, MCnonb3oBany MUKPOTBEPSOMED
HWMMT-X7. Mopdbonorvio usyyanu ¢ npuMeHeHWeM aTomHo-curioBoro mukpockona NT-206. YcraHosneHo, 4to dTopcogepkaline Oonuromepsbl
YNPOYHSIOT MOBEPXHOCTHBIE CIIOV MOAOXKKN, B CIy4ae eCrv NPOMCXoauT 0Bpa3oBaHmne XMMUYECKUX (XEMOCOPBLIMOHHBIX) CBA3EN THna Comneil BblCLUIMX
KACNOT MexXay NMNeHKoi (pTopcoaepaLlero onuromepa U MeTanna (Moanoxkoit). B cnyyae ecnn He npoucxogut 0Bpa3oBaHue XeMOCOPOLMOHHOTO
B3aUMOLENCTBIA MEXOY MOMeKynamu Onuromepa M MOAMIOKKOA MPOUCXOAMT NnacTU(MUMPOBaHNE MOBEPXHOCTHbIX CIIOEB MONMKPUCTAmNOB.
OHepreTuyeckast 06paboTka MHTEHCUULMPYET NPOLIECCHI KPUCTannoobpa3oBaHus B TOHKMX MMeHKax, B pe3ynbTaTe NoBbILLAETCS MUKPOTBEPAOCTb
TOHKOCIMOMHOTO  KOMMO3WLMOHHOMO MOKPbITUS.  [JaHHble MOKpbITUS MOryT ObiTb PEKOMEHOOBAHbI AN Y3MOB TPEHWS CTPOWUTENBHON TEXHUKY,
3KCMIyaTUPYEMOIA B TSKEMbIX YCMOBMSIX.

KntoueBble cnoBa: HaHOKOMMO3WLMOHHbIE MOKPbLITUS, MOPONONUs, MUKPOTBEPAOCTb, (hTOPCOLEPXKALLMEe COEAMHEHMS, ONUTOMEP, KpucTanm,
CTpouTenbHaa TexXHKKa.

Introduction ranging in thickness from nanometers to several millimeters, consisting of
Fluorine-containing coatings are a promising material for increasing the  fluorinated polymers, oligomers, or polymer-oligomer compounds. The most
service life of construction equipment. These materials consist of layers ~ common representative of this class of materials polyvinylidene fluoride
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(PVDF). These coatings are known for their high performance characteris-
tics: high chemical resistance, resistance to ultraviolet radiation, high Me-
chanical strength, hydrophobicity, and heat resistance. Another fluorinated
material widely used in the construction industry is polytetrafluoroethylene.
It has unique anti-adhesive properties. It is often used not as a decorative
but as a functional coating for friction units (bearings, sliding surfaces) to
reduce the adhesion of soil, clay, and concrete [1-3]. The use of coatings
based on this chemical compound can significantly increase the durability
and appearance of the product, provide protection against corrosion, in-
crease resistance to mechanical damage, and reduce the adhesion of vari-
ous types of contaminants to the surface of construction equipment, which
improves environmental friendliness and reduces fuel consumption. Typical-
ly, the thickness of these coatings is 100 um or more. Another area is the
use of thin-film coatings with a thickness of about 0,5 um to 10 um. These
coatings are formed on the surface of solids from solutions and using vacu-
um methods. Formation from solutions is carried out by applying surfactants
to a pre-cleaned substrate [1-4].

According to modern concepts, the application of surfactants to the
surface of a polycrystal leads to a decrease in strength. This strength-
reducing effect (meaning the external adsorption effect, when volume
diffusion and corrosion phenomena do not occur) is caused by the facili-
tation of dislocation emergence at the surface of the deformation crystal
as a result of a decrease in the surface energy of the solid during surfac-
tant adsorption [4-6]. This effect is widely used in the plastic deformation
of metals. However, in a number of cases, when treating crystals with
surfactants based on fluorine-containing oligomers, an increase in the
microhardness and strength of metals is observed [4, 6, 7].

The aim of the work was to study the strength properties of polycrys-
tals modified with surfactants based on fluorine-containing oligomers,
including when exposed to energy factors.

Study methodology and some results

The following metals were used as a substrate: copper (M1); steel
45; aluminum (Al 99); titanium nitride. Fluorine-containing oligomers with
the trade name "Foleox" were used as surfactants; their structural formula
is Rr— COOH (F1); Re— CONHR 1 (F-AK1); Re— R (F14) (where Rris a
fluorine-containing radical), Re — CONHR 2 (F-AK2), B 1 — water-soluble
foleox. The coatings were applied by dipping the substrate in a 1-2 %
solution of fluorine-containing oligomer in freon 113, followed by drying in
air. Heat treatment of metals with a FSO coating was carried out in air for
1 hour at T = 373 K; 473 K; 573 K. Irradiation was carried out on a URS -
1,0 setup at a voltage of 40 kV and a current of 20 pA on a molybdenum
anode (wavelength K ., = 0,7 (A)). The irradiation time was varied from 0 to

60 min. The morphology of the FSO film was examined on an NT 206 atom-
ic force microscope. Microhardness was measured on. The structure of the
boundary layers was studied by IR spectroscopy (AFR).

Figure 1 shows the dependence of the microhardness of a steel
substrate treated with different grades of fluorine-containing oligo-
mers on the heat treatment mode. The application of fluorine-
containing oligomers in all cases leads to an increase in the micro-
hardness values. This can be explained by the process of chemisorp-
tion of polar molecules on the surface of the steel substrate, which
results in the healing of microdefects in the surface layers of poly-
crystals and an increase in the free energy of the surface layers of
the metal, which hinders the emergence of dislocations on the sur-
face [6]. Chemisorption of these grades of foleoxes on the metal
surface is confirmed by the appearance of an absorption band in the
IR spectrum in the region of 1610-1690 cm-1, which is identified as
the absorption band belonging to the metal salts (COO)2 Me,
Me (NH2), Me (NH3) [7].

22  H.GPa

a—steel 45; b — steel 45 + B1; ¢ — steel 45 + FAK-2; d — steel 45 + F14
Figure 1 — Dependence of the microhardness of steel treated with fluo-
rine-containing oligomers on the heat treatment mode

The optical density of the absorption band depends on the grade of
foleox used, i. e., on its structure. Heat treatment leads to a further in-
crease in microhardness values. As a result of energy exposure, crystalli-
zation processes occur in thin-layer composite coatings (Figure 2), which
may explain the effect of increased microhardness values [8-11].

e)

a - original steel substrate; b — steel substrate + Folekos F1; ¢ — steel substrate + Folekos F1, heat treatment at 473 K for 1 hour;
d - steel substrate + Folekos F1, heat treatment at 573 K for 1 hour; e — steel substrate + Folekos F1, X — ray irradiation for 15 minutes;
f - steel substrate + Folekos F1, X — ray irradiation for 60 minutes (scanning area 12 x 12 um)
Figure 2 — Morphology of oligomer films on metals depending on the energy treatment
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Foleoxes F1 and F14 are fluorine-containing compounds containing
chemically active groups: COOH (F1) and CF2 - CF (F14). Exposure of
FSO to radiation results in noticeable changes in both the ATR and ex-
ternal reflectance spectra, with the difference that the changes in the ATR
spectra are more significant. This indicates that, although the process
affects the entire volume of the FSO, it is diffusion-controlled and is ap-
parently related to the action of atmospheric oxygen [12-14].

Qualitatively, the spectral changes are expressed in a decrease in
the optical density of the absorption bands at 980 and 1280 cm-!,
an increase in the optical density at 1340 cm~" and the appearance of
additional peaks in the region of wavenumbers of 1600-1900 cm-". In the
F1 spectra, there is a decrease in the optical density of the 1640 cm-"
band with the simultaneous appearance of absorption bands at about
1720 and 1780 cm-", which can be attributed to C = O bonds in orga-
nofluorine compounds.

Irradiation of Foleox F1 on an aluminum substrate leads to the ap-
pearance of absorption bands in the ATR and BO spectra in the region of
1700-1800, 1870-1900 cm-", which can be attributed to peroxide and
hydroperoxide groups [15-17].

Transformations of this kind are characteristic of organofluorine acids
and can occur according to the scheme

0—o0

Ry—CF;—CF

2R¢— CF;— COOH CF—CF;—R¢+H,

o0—o0 )

Based on the properties of fluorinated acids, oxidation under the in-

fluence of oxygen promotes the formation of free radicals, which leads to
the formation of peroxy acids R f(= COOH ® RCOOOH.

Another possible process under these conditions may be decarboxy-
lation with the formation of unsaturated compounds:

RF-COOH®R¢-CF 2H +CO 2
R¢-CF 2H®R - CF +HF
Rt-CF+R2-CF®R-CF=CF-R2.

Unsaturated compounds are capable of reacting with peroxyacids to form
cross-inked structures. The appearance of absorption bands at 1700-
1800 cmin the spectrais consistent with the proposed mechanism.

It is obvious that transformations of this kind must be carried out with
the participation of the substrate as a catalyst. It is known that copper and
iron are capable of forming carboxyl binuclear complexes with metal-
metal bonds, which are catalysts for many transformations. The absorp-
tion bands at 1540-1670 cm-" correspond to the absorptions of the car-
boxyl groups COO — in complex compounds with Al, Cu and Fe.

Irradiation of F1 deposited on a copper substrate leads to a decrease
in the intensity of the absorption band at 1660 cm-" with a simultaneous
increase in absorption in the region of 1520-1600 cm-1[18, 19].

Irradiation of FSO grade F1 film on an iron sample leads to increased un-
saturation and, with longer exposure times, to oxidative processes. The orien-
tation of CF and CF2 bonds is perpendicular to the substrate plane, while the
C—C bonds are parallel to the substrate. The C-O bonds formed as a result of
irradiation are oriented perpendicular to the substrate. With increasing irradia-
tion time, the orientation increases for both F1 and F14 [20].

0,6 H. GPa
0,5 F
04 |

03

a—aluminum + FAK-2; b — aluminum + F14; ¢ — aluminum; d — aluminum + B1
Figure 3 — Dependence of the microhardness of aluminum treated with
fluorine-containing oligomers on the heat treatment mode

At temperatures above 523 K, ~destructive processes occur in fluo-
rine-containing oligomer films, resulting in film desorption from the metal
surface and a consequent reduction in microhardness. Applying fluorine-
containing oligomers to an aluminum substrate sometimes leads to
a decrease in microhardness (Figure 3).

IR spectroscopy studies of the structure of fluorine-containing oligo-
mer films revealed that chemisorption bonds do not form upon application
of fluorine-containing oligomers, resulting in the Rehbinder effect. Heat
treatment induces crystallization processes in thin fluorine-containing
oligomer films. Figures 4 and 5 show the microhardness curves for cop-
per and titanium nitride substrates treated with various grades of fluorine-
containing oligomers. As in the previous cases, an increase in microhard-
ness is observed when chemisorption bonds form between fluorine-
containing oligomer molecules and the substrate. If this process does not
occur, plasticization of the polycrystal is observed. Heat treatment virtual-
ly always leads to an increase in microhardness.

22 . H.GPa

a — copper, b — copper+FAK2; 3 — copper+F1; 4 — copper+B1
Figure 4 — Dependence of the microhardness of copper treated with
fluorine-containing oligomers on the heat treatment mode

Another mechanism explaining the increased microhardness of poly-
crystals may be that oligomer molecules "flow" into the indentation after
the indenter is removed from the test material. This results in a decrease
in the indentation diagonal and, consequently, an increase in microhard-
ness. Studies have shown that this effect has virtually no effect on micro-
hardness measurements.

125 H, GPa

T -

a - titanium nitride + fluoroplastic; b — titanium nitride + FAK2;
b — titanium nitride + F14; g — titanium nitride + FAK1, titanium nitride + F1
Figure 5 — Dependence of the microhardness of titanium nitride
treated with fluorine-containing oligomers on the heat treatment mode

According to classical concepts, the application of surfactants to metal
surfaces should lead to the implementation of the Rehbinder effect [9].

Typically, two types of the Rehbinder effect are distinguished: 1) ex-
ternal and 2) internal. The external Rehbinder effect consists in the fact
that upon adsorption of surface-active substances (surfactants), the free
energy of solids decreases. This reduces the resistance of the surface
layer of the solid to plastic deformation, facilitates plastic flow in grains
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and the emergence of dislocations to the surface [9]. The upper layer of
the metal may have lower microhardness than the underlying layers satu-
rated with dislocations. The internal Rehbinder effect (adsorption-
wedging) is realized during the adsorption of molecules on the surfaces of
cracks occurring in the surface layer of the solid. The active centers of the
molecules reach an area whose size is less than two sizes of the mole-
cules, the latter, attracted by the crack walls and experiencing the pres-
sure of neighboring molecules, tend to wedge it. This phenomenon con-
tributes to the destruction of the modified surface layer. However, in the
works [10-13] it was shown that the application of surfactants such
as fluorine-containing oligomers to metal substrates in a number of cases
leads to strengthening of the surface layers of the material and the Re-
binder effect does not appear.

The application of fluorine-containing oligomers to metals results in the
formation of nanophase composite materials that exhibit an electret state,
as evidenced by the presence of conduction current values ranging from |1-
5| pA under normal experimental conditions. It was found that increasing the
thickness of the fluorine-containing oligomer coating leads to a decrease in
conduction current values, which is explained by the shielding effect of the
fluorine-containing oligomer coating on the charge mosaic of solid surfaces.
However, exceeding the thickness of the fluorine-containing coating on
a metal surface above 1,0-1,2 um reduces the shielding effect due to disor-
dering in the boundary layers of the coating. The charge activity of the metal
substrate significantly influences the activity of the resulting fluorine-
containing coating. The presence of picoampere currents in coatings
formed from non-polar fluorine-containing oligomers was established, with
these currents exceeding those generated in coatings formed from polar
oligomers. This effect can be explained by the fact that chemisorption of
polar fluorine-containing oligomers most likely occurs primarily at the active
(charge) centers of the metal surface. Changes in thermally stimulated
currents in coatings formed from non-polar oligomers on a metal substrate
are virtually independent of the coating thickness when the metal surface is
treated with fluorine-containing oligomers more than twice. Coatings formed
from a combination of polar and non-polar oligomers produce protective
layers that combine high chemical adsorption activity provided by the polar
oligomer with a surface layer formed from a non-polar oligomer with low
shear strength. These coatings exhibit a high shielding effect on the charge
surface of the solid.

Conclusions

Fluorinated oligomers strengthen the surface layers of the substrate
if chemical (chemisorption) bonds, such as salts of higher acids, are
formed between the film. A fluorine-containing oligomer and a metal
(substrate) are combined. If chemisorption interactions between the oli-
gomer molecules and the substrate do not occur, plasticization of the
surface layers of the polycrystals occurs. Energy treatment intensifies
crystal formation processes in thin films, resulting in increased micro-
hardness of the thin-film composite coating. These coatings are recom-
mended for friction units of construction equipment operating in harsh
conditions.
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Abstract

The development of lead-free ferroelectric materials is an important task due to the restrictions on the use of lead in industry enacted in a number
of European countries, the United States, and Japan (Directive 2011/65/EU of the European Parliament). In the Republic of Belarus, a technical
regulation TR EAEU 037/2016 has been in effect since 2018, established by the EAEU member states. This technical regulation sets down
requirements for the restriction of the use of hazardous substances in electrotechnical and radio-electronic products.

The bismuth sodium titanate solid solution system Na0.5Bi0.5TiO3 (NBT) is considered one of the promising materials for practical application, despite
its characteristics being inferior to those of the classical PZT-system. The application of ultrasonic vibrations during the synthesis of PZT-ceramics suggests
that ultrasound at different stages of the production of NBT-based piezoceramics could also enhance its physical and mechanical properties.

This work presents the results on the influence of ultrasonic vibrations during mechanoactivation and pressing on the properties of lead-free
piezoceramics of the NBT type. It has been shown that applying ultrasonic vibrations during mechanoactivation and pressing leads to the grinding
of the initial powder, allowing the obtaining of denser homogeneous ceramics, preventing the formation of microcracks during sintering, reducing
the sintering temperature by ~60° C, increasing the Curie temperature by 50-60° C, and increasing the dielectric constant. Ceramics produced
with ultrasound is characterized by high electromechanical anisotropy (d33/d31), which is important for practical applications when it is necessary
to excite certain vibration modes. The obtained results will serve as a basis for further development of the scientific field of ultrasonic mechanoactivation
and pressing of piezoceramic powders.

Keywords: piezoceramics, ultrasound, ultrasonic mechanoactivation, sodium bismuth titanate, ultrasonic pressing.

MONYYEHUE BECCBUHLIOBOW NbE3OKEPAMUKW C MPUMEHEHUEM YNbTPA3BYKOBbIX KONEBAHWU

B. B. Py6anuk, A. 1. LiunuH, B. K. ®ponos, B. B. Py6aHuk — mn., Aiime Menaus-Bappatko, A. H. Canak, U. B. Hukudoposa

Pechepar

Pa3paboTka CerHeToanekTpuyeckux mMatepuanos, He COAEPXalMX CBUHEL, SBNAETCA aKTyanbHOW 3afayen, YTo 0ByCnoBneHO OrpaHUYeHUsMM
MO MCMOMb30BaHWI0 CBMHLA B MPOMBILLIEHHOCTH, NPUHATLIMK B psige EBponeiickux ctpaH, CLUA n Anonum (aupektuea EBponapnamenta 2011/65/EU).
B Pecnybnuke Benapyck ¢ 2018 r. geiictByeT TexHuyeckuit pernameHT TP EASC 037/2016, paapaboTaHHbiii CTpaHamu, BXOASLWMMMY B TaMOXEHHbI i
CO103, KOTOpbIN 3anpeLLaeT UCMOMNb30BaH1e TOKCUYHBIX SNEMEHTOB B PAAMO3NEKTPOHHON NPOMBILLIIEHHOCTM.

Cuctema TBEpPAbIX pacTBOpOB TUTaHaTa-HaTpus-BucmyTa Na0.5Bi0.5TiO3 (NBT) cuutaetcs oaHOMA M3 MepCnekTUBHBLIX B MiaHe NpakTUYecKoro
MPYMEHEHNs HECMOTPS Ha TO, YTO N0 CBOWM XapaKTEPUCTUKaM OHa YCTynaeT Knaccudeckoi PZT-cucteme. PesynbTaTbl NpUMEHEHNs yNbTpasByKoBbIX
konebaHuit B npouecce cuHTe3a PZT-kepamukv MO3BONAIOT MPEAnoONoXWUTb, YTO MPUMEHEHWE YNbTpasByka Ha pasnuyHbIX 3Tanax npow3BOACTBA
nbe3okepamuku Ha ocHoBe NBT cnocobHo Takke ynyywnTs ee huanko-MexaHnyeckme CBOMCTBa.

B panHol paboTe nokasaHO BMWsSHWE YMbTPasByKOBbIX KormebaHuii Ha dTanax MexaHOaKTVBaLuM 1 MPEeccoBaHWs Ha CBOWCTBA GECCBUHLIOBOW
nbe3okepammukm Tuna NBT. YcTaHOBREHO, YTO ynbTpa3ByKOBas MeXaHOaKTMBAaLWMSt M MPECCOBaHWe C HamnOXEHWEM YNbTPa3ByKOBbIX konebaHui
MPUBOZMT K M3MEMNbYEHMIO MCXOAHOTO MOPOLLKA, YTO NO3BOMSIET Monyvath Gornee NMOTHYK OJHOPOAHYK Kepamuky, NpesoTBpaTWTL obpasoBaHue
MWKPOTPELLIMH NpK CriekaHuK1, CHU3NTb Temnepatypy cnekaHus Ha ~60 °C u noBbicuTb Temnepatypy Kiopu Ha 50-60 °C, yBenuunTb AU3NeKTpudeckyto
MPOHMLAEMOCTb. [INs kepamuku, MOMYYEHHON C MPUMEHEHWEM YrbTPa3Byka, XapaKkTepHa BbICOKas 3nmeKTpomexaHnyeckas aHusotponus (d33/d31),
4TO BaXHO ANs NPaKTUYECKOro NPUMEHEHNS, koraa Heobxoanmo Bo3byxaaThb onpeneneHHblie Mogbl konebaHuit. MonyyeHHble pesynbTatbl nocnyxar
OCHOBOW Ans AaNbHENLIEro pa3BuUTMs Hay4YHOrO HaNpaBNeHUs yNbTPa3ByKOBOM MEXaHOAKTMBALMM U MPECCOBAHWS NbE30KEPaMUYECKMX MOPOLLKOB.

KntoueBble cnoBa: nbe3okepamuka, YNbTPa3ByK, yNbTpa3ByKoBas MEXaHOAKTNBALMA, TUTAHAT HATPUA BUCMYTa, NpeccoBaHMe C yNbTPa3ByKOM.

Introduction producing press blanks from ultrafine powders. This significantly reduces
A study [1] on the compaction of structural zirconia ceramics using  the influence of powder characteristics such as bulk density, flowability,
ultrasonic compaction demonstrated the possibility of obtaining products ~ formability, and compactibility without the use of lubricants and binding
with high strength characteristics, which are established at the stage of ~ additives. Studies on the ultrasonic pressing of ferroelectric and
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piezoelectric ceramic powders [2-6] also demonstrated that the finished
products have higher density and improved physical and mechanical
properties compared to those obtained using traditional technology.

The traditional method of compacting powdered parts in a metal mold
[7] involves loading the powder into a die and compacting it by applying
high static pressure. A disadvantage of this method is the highly uneven
distribution of mechanical stresses throughout the volume, which can
lead to subsequent failure of the pressed or sintered part. To increase
static pressure on powders of hard and brittle materials causes high elas-
tic stresses at the contact points between particles and brittle fracture in
these areas when the pressure is released that makes it impossible to
form large parts with complex geometric shapes. The use of plasticizers
does not completely solve the problem due to the formation of a signifi-
cant number of pores when the powder burns out during sintering.

One effective method for modifying the properties of ceramic materials
is the use of powerful ultrasonic vibrations at different stages of their pro-
duction: ultrasonic mechanoactivation of powder, pressing, and synthesis.
Ultrasonic mechanoactivation is based on the phenomenon of acoustic
cavitation — formation and collapse of cavities in a liquid medium being
subjected to ultrasonic waves. In this process, particles and their powder
aggregates are crushed as a result of repeated exposure to pulsed loads
caused by the collapse of cavitation bubbles. Furthermore, grinding is pos-
sible due to the collision of powder particles during their random movement
under the influence of ultrasonic vibrations. Due to mechanoactivation the
sintering temperature of the processed powder decreases, the mechanical
properties improve (reduced porosity, increased strength, improved plastic
properties), and reactivity increases [8-11].

In ultrasonic powder pressing, high-power ultrasound is typically ap-
plied to the powder using a punch or a die via the entire compaction cycle or
by applying a certain pressure from the beginning of the process. The prin-
ciple of ultrasonic pressing is that through the periodic application of ultra-
sonic vibrations with an amplitude comparable to the size of particles or
their agglomerates, the overall stress in the deformed powder material is
uniformly redistributed and relaxes within the compact due to the uniform
distribution of powder particles. When pressing with ultrasonic vibrations,
the pressure distribution within the compact becomes more uniform due to
both reduced wall friction and reduced interparticle friction, resulting in
denser particle packing and an increased density of the pressed blank.
Furthermore, the use of ultrasound during pressing results in the healing of
small pores and a reduction in the number and size of large pores [12].

Thus, a major advantage of using ultrasound in the process of pressing
is to produce compacts without a mechanical stress gradient, as otherwise,
subsequent operations will result in product failure due to the formation of
delamination cracks. Reducing pressing pressure is generally not consid-
ered the primary advantage of using ultrasonic vibrations. Firstly, the appli-
cation of ultrasonic vibrations requires additional energy consumption. Sec-
ondly, higher compact density can be achieved, and is much easier, by
increasing pressure. However, pressure can be increased up to a certain
optimal value. For example, for barium titanate, this value is 30+70 MPa
[12]. Exceeding the optimal pressure causes cracking. This is because, as
pressing pressure increases, the elastic force causing cracking increase
proportionally to the pressure, while the strength of the compact increases
only slightly. As a result, when pressing pressure reaches a certain value,
the destructive elastic strength exceeds the strength of the compacts, and
cracks appear in the pressed product.

Based on the described physical laws of the pressing process, it is
proposed [13] to initially press to the optimal pressure value without ap-
plying ultrasonic vibrations. Then, to relieve uneven mechanical stress in
the sample, apply ultrasonic vibrations to the compacted mass in a static
state under the optimal fixed pressure.

Applying ultrasonic vibrations to the pressed powder for less than
one second is ineffective, since the energy of ultrasonic vibrations in this
case is insufficient to relieve the uneven distribution of mechanical stress
that arises during the pressing process. The application of ultrasound for
2-5 s leads to complete equalization of stresses throughout the entire
volume of the pressed product. Increasing the ultrasonic exposure time
beyond 5 s does not improve the quality of the pressed product and re-
duces the service life of the press mold [13].

Employing rotational movements in the press tooling (matrix and
punch) can enhance the quality of press blanks. The analysis of the de-
pendence of powder density on pressing pressure for barium titanate
showed that the application of ultrasonic vibrations increases the density

of samples obtained at the same pressure. This difference is particularly
significant at low pressure.

Studies of the compaction process of BaTiOs powder using holo-
graphic interferometry methods revealed that at the initial stage of press-
ing without ultrasonic vibrations, compaction occurs in a limited area near
the upper punch and then extends to the middle and lower parts of the
compact. As the compaction density increases, particle motion becomes
more orderly, and slippage decreases. When pressing with ultrasound,
the powder undergoes the same compaction stages as without ultra-
sound vibrations and, when it reaches a state of density, behaves as
a monolithic body. However, when pressing with ultrasound at lower
pressures, the powder reaches a state where the particles begin to move
in a regulated manner, reducing contact friction forces between the pow-
der particles and between the powder and the die walls, providing the
desired density with lower static stress [14].

The aim of this work is to study the influence of ultrasonic vibrations
on the physical and mechanical properties NBT — NBT-BT based pie-
zoceramics.

Experimental procedure

Ultrasonic mechanoactivation of powder can be achieved using
an immersible sonotrode or by exciting vibrations in a container (cup)
where the powder is loaded (Figure 3). Powder processing can be per-
formed dry, i.e., without pouring it into a liquid medium, or by placing the
powder in a liquid in which ultrasonic vibrations are excited. In the first
case, the physics of the process are similar to powder processing in
planetary mills. In the second case, mechanoactivation and crushing of
powder agglomerates occur through ultrasonic dispersion in a liquid me-
dium due to cavitation and ultrasonic flows. Moreover, the efficiency of
ultrasonic processing is significantly increased if the process is carried
out under excess hydrostatic pressure (Figure 2). Excess hydrostatic
pressure in a process medium was created using a compressor.

Two acoustic schemes were used for pressing the synthesized pow-
der with the application of ultrasonic vibrations: the half-wave and quar-
ter-wave reflectors (Figure 4). The first scheme (Figure 4a) is convenient
because the amplitude of displacements at the end of the half-wave re-
flector can be seen to estimate the amplitude of vibrations in the powder
deformation (compacting) zone. A laboratory setup was designed and
built for these schemes using a UZDN-2T generator with a power of
0.4 kW, a frequency of ~22 kHz, and a manual hydraulic press with
a force of 35 kPa. This setup was used to test the compaction tests.

The charge was prepared from Na2COs, TiO2 and Bi203 powders.
Mixing was performed in a jasper mortar using alcohol. The powder was
then pressed into briquettes of 20 mm in diameter and 10 mm in height
for subsequent synthesis. The synthesis temperature was 800-850 °C,
and the synthesis time was 5 hours: a 3-hour temperature rise and a 2-
hour hold. To minimize deviations from the calculated stoichiometric
composition due to evaporation of volatile oxides, the synthesis was car-
ried out in a closed crucible with a backfill of powder of the same compo-
sition. Samples of composition (1-x) NBT — xBT, where x = 0,1; 0,12,
were obtained using a similar technology.

The X-ray diffraction pattern of the obtained compound (Figure 1)
showed a typical perovskite structure [15], as a confirmation of a suc-
cessful synthesis.

The synthesized briquettes were ground using a mortar. The stoichi-
ometric mixtures of the initial NBT and NBT — BT powders obtained after
synthesis were then subjected to ultrasonic mechanoactivation using
a 2 kW ultrasonic generator operating at a frequency of ~22 kHz in dis-
tilled water for 30 minutes (Figures 2, 3).

For ultrasonic pressing of the synthesized powder we used a 0,4-kW
generator with a frequency of ~22 kHz and a manual hydraulic press
(Figures 4, 5). The pressing force was 35 kPa.

The obtained press blanks were sintered in a closed crucible
at 1150 °C for 5 hours. Then the end surfaces of the samples were
ground to ensure flatness and parallelism for subsequent application of
conductive coatings and dielectric measurements. Electrodes were ap-
plied by firing silver paste using a standard method at 800 °C. The dielec-
tric measurements were carried out using an E7-20 immittance meter at
a frequency of 1 kHz.

The study of granulometric composition of powders was analyzed using
the Malvem Mastersizer 2000 laser analyzer (Malvem Instruments Ltd., Mal-
vern, UK) in the range of 0,02-2000 pum according to the standard method.
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Figure 1 — X-ray diffraction pattern of the studied NBT (*~ peaks of the standard substance from the database)

1 —booster; 2 - reactor chamber body; 3 — waveguide; 4 — glass;
5 — processed medium; 6 — cooling liquid
Figure 2 — Scheme and acoustic unit for ultrasonic mechanoactivation

of powders: Figure 3 — Laboratory setup for ultrasonic mechanoactivation
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1 - half-wave waveguide-punch; 2 — matrix; 3 — powder; 4 — reflector; 5 — diagram of mechanical displacements
Figure 4 — Schematic diagram of an acoustic unit with a half-wave (a) and quarter-wave-reflector (b) for ultrasonic pressing of powder
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Figure 5 — Experimental setup for ultrasonic powder pressing

Results and discussion

The results of particle size analysis (Figures 6 and 7) showed that
the ultrasonically treated powder reduced particle agglomeration and
improved particle size. Thus, while the average particle size of the origi-
nal powder was 67,5 um, the average particle size after ultrasonic treat-
ment was 5,7 um.

Figure 8 shows pictures of powder before and after ultrasonic mech-
anoactivation.

At the next stage we studied the microstructure of sintered press
blanks obtained both without the application of ultrasonic vibrations and
with ultrasonic vibrations.

The ultrasonic-assisted pressing process leads to a reduction in the num-
ber of large pores and a more uniform structure of the press blank (Figure 9).
Usually, the grain-size, grain orientation and porosity, can strongly affect the
domain structure and polarization switching behavior [16-18].

Measurement of the permittivity showed that the application of ultra-
sonic vibrations at different stages of the synthesis of NBT-based pie-
zoceramics leads to an increase in the permittivity (Figure 10). Curves
are strongly frequency-dependent, which is characteristic of a relaxor-like
behavior [19], potentially arising from disordered polar regions [20].

The permittivity increased for samples of each composition obtained
using ultrasonic vibrations. The maximum increase in permittivity was
observed for the composition with x = 0,12. The increase in the dielectric
loss tangent values for the samples subjected to ultrasonic vibrations was
observed compared to those for the samples obtained using a standard
technology. However, in the temperature range from 370 to 400 °C, the
tangent values for the composition with x = 0,12 obtained using ultrasonic
vibrations were lower than those for the samples of the same composition
obtained using a standard technology (Figure 11).
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Figure 6 — Particle size distribution of the initial powder
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Figure 7 — Particle size distribution of powder after ultrasonic mechanoactivation
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Figure 9 — Microstructure of the sintered press blank obtained without the application of ultrasound (a, ¢) and obtained using ultrasound (b, d)
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Conclusion

The application of ultrasonic vibrations during mechanoactivation and
pressing of the synthesized powder of NBT-based piezoceramics pro-
vides the obtaining of denser homogeneous ceramics, preventing the
formation of microcracks during sintering, reducing the sintering tempera-
ture by ~60 °C, increasing the Curie temperature by 50-60 °C, and in-
creasing the dielectric constant. Ceramics produced with ultrasound is
characterized by high electromechanical anisotropy (d33/d31), which is
important for practical applications when it is necessary to excite certain
vibration modes. The obtained results will serve as a basis for further
development of the scientific field of ultrasonic mechanoactivation and
pressing of piezoceramic powders.
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Abstract

This paper demonstrates for the first time that individual fractions of phosphogypsum dried in a flash-drying system to a residual sorption moisture
content of 0.01-0.03% have different contents of individual elements. Drying waste phosphogypsum in the described drying system produces highly
dispersed products, eliminating the costly milling of the phosphogypsum after drying. The particle size of the dried product corresponds to the size
of the phosphogypsum crystals formed in the baths during phosphoric acid extraction. Fractions with the required impurity content can be separated from
the powder obtained after drying the waste phosphogypsum using a mechanical sieve analyzer. Thus, fractions of 0.050-0.045 mm (0.045 sieve residue),
0.140-0.090 mm (0.100 and 0.090 sieve residue), as well as dried material from the cyclone, bag filters, and the original waste phosphogypsum, were
analyzed for the content of individual elements using X-ray fluorescence analysis. It was found that the content of certain rare earth elements and strontium
in the finely dispersed product (obtained from the filters) increased by more than twofold compared to the original waste phosphogypsum, while the content
of elements such as cerium, lanthanum, and lutetium increased by up to fourfold. The results of the studies showed that the 0.140-0.090 mm fraction
(residue on 0.100+0.090 sieves) has significantly reduced amounts of individual elements compared to both the original waste phosphogypsum and the
dried product collected from the cyclone. Specifically, the 0.140-0.090 mm fraction has reduced the content of the following elements (in terms of their
oxides): barium (more than 17 times), iron (up to 10 times), titanium (up to 7 times), etc. The 0.140-0.090 mm fraction also lacks the following elements:
potassium, nickel, silicon, germanium, selenium, palladium, indium, erbium, lutetium, hafnium, tantalum, and mercury. This suggests that the 0.140-
0.090 mm fraction does not contain elemental compounds that limit its use in building materials and can be used as a substitute for natural gypsum.
Furthermore, the increased REE content allows the filter product to be considered a REE concentrate, with the potential to utilize numerous developed "wet"
technologies for their extraction.

Keywords: phosphogypsum, phosphogypsum fractions, chemical composition, elemental oxides, X-ray fluorescence analysis, microscopy.

ANEMEHTHbIA COCTAB OTAENbHbIX ®PAKLIMIA ®OCHOrUMNCA NOCHE CYLLUKU HA ®NILU-CYLUMNKE

0.T.TopoB.ebix, A. B. Bonocau

Pedepar

Brnepsble mokasaHo, 4TO OTAEnbHble dpakuum ocdorunca, BbICYLIEHHONO B CYLIMMbHOM KOMMNEKCe C (hnaL-CyLUMMKOA [0 OCTaTOYHOM
copbumoHHon BnaxHoctn 0,01-0,03 %, UMetoT pasnuyHoe CoaepaHue OTAenbHbIX anemeHToB. Cyllka oTBanbHOro docdorunca Ha onucbiBaeMoM
CYLUMNBHOM KoMnnekce obecneymBaeT nomyyeHne BbICOKOAMCNEPCHBIX MPOAYKTOB, MCMOMNb30BaHNE KOTOPbIX MO3BOMSIET UCKMHOYUTL AOPOTOCTOSILLYHO
onepauuto nomona cocdorunca nocne Cylwku. BenuumHa yactuy B BbICYLUEHHOM NPOAYKTE COOTBETCTBYET BENWMYMHE KpUCTannoB docdorunca,
(hOPMUPYIOLMXCA B BaHHAX MpU SKCTPaKuum hoCOPHOM KMUCIOTbI. M3 nopoLuka, MOMy4YeHHOro Mocne Cywku OTBanbHOro docdorunca, MOXHO
BbIZENUTb C NPUMEHEHNEM CUTOBOrO MEXaHUYECKOro aHanuaartopa pakuun ¢ TpebyembiM coaepxanuem npumeceir. Tak ppakuum 0,050-0,045 mm
(octaTok Ha cute 0,045), 0,140-0,090 mm (octatok Ha cutax 0,100 1 0,090), a Takke BbICYLLEHHbIA MaTepUan M3 LMKIOHA, PyKaBHbIX (PUNLTPOB
11 ICXOZHBIN 0TBambHbIN POCHOrMNC NpoaHanM3npoBant METOAOM PeHreHOIOYPECLIEHTHOTO aHanuaa Ha cogepxaHne OTAENbHbIX ANeMEHTOB. bbino
00HapYXEHO, YTO COLEePKaHWE HEKOTOPbIX PEAKO3EMENbHBIX 3/IEMEHTOB W CTPOHLMS B MEMKOAMCTEPCHOM MPOAYKTE (MOMy4eHHOM W3 (hunbTPOB)
MOBbICUNOCh, NO CPABHEHWIO C UCXOAHBIM OTBanbHbIM ¢hocchoruncom Bonee yem B ABa pa3a, @ COAEPKaHUE TaKUX ANEMEHTOB, Kak Lepuid, NaHTaH
1 niIoTeLmiA 4o YeTblpex pa3. PesynbTaThl uccnenoBaHui nokasanu, 4to Bo dpakuyum 0,140-0,090 mm (octatok Ha cutax 0,100+0,090) 3HauuTensHO
CHIWKEHO KONMYECTBO OTAESbHbIX 3IEMEHTOB MO CPABHEHWK KaK C WCXOAHbIMKM OTBanbHbIM (POCCHOrUNCOM, TaK M BbICYLIEHHBIM MPOLYKTOM,
0TOMpaembIM 13 LuMKIoHa. A nmerHo, Bo dpakumm 0,140-0,090 MM yMeHbLIMMOCh COAEpXKaHWe TakiX SNEMEHTOB (B MepecyeTe Ha MX OKCuabl),
kak bapuit Gonee 17 pas, xenesa — go 10 pas, TuTaHa — go 7 pas u 7. 4. Tatkke Bo chpakumm 0,140-0,090 MM OTCYTCTBYIOT TaKue SMEMEHTI, KaK Kanui,
HWKENb, KPEMHWUA, TEPMaHWIA, CeneH, Nannagui, UHAUA, Spoui, NoTeLmiA, radHUiA, TaHTan u pTyTb. ITO AAET OCHOBaHWE FOBOPUTL O TOM, YTO (hpaKLus
0,140-0,090 MM He COAEPKUT COEANHEHW SEMEHTOB, OrPaHNYMBAIOLLMX €€ MCMONb30BaHNE B CTPOUTENbHBIX MaTepuanax, 1 MOXeT NPUMEHSTLCS
KaK 3aMeHUTenb MPUPOAHOTO MNCOBOrO kamHs. Kpome Toro, moBbilieHue copepxaHus P3D yxe nossonseT cuutaTtb MPOAYKT U3 DUIbTPOB
KOHLiEHTpaTOM P33 ¢ BO3MOXHOCTbI0 MPUMEHEHUSI MHOTOUNCTIEHHBIX Pa3paboTaHHbIX «MOKPbLIX» TEXHOMOTUIA ANS UX U3BINEYEHNS.

KnioueBble cnoBa: doccorunc, pakumm docdorunca, XMMUYECKUIA COCTaB, OKCWUAbI SMNEMEHTOB, PEHrEHOMIOYPECLEHTHBIN aHanus,
MWKPOCKOMMSI.

Introduction

One of the largest waste streams, the third largest in Belarus,
is waste from the production of wet-process phosphoric acid from
apatite concentrate at the Khibiny deposit. Over the 50 years of
operation of the Gomel Chemical Plant, over 18 million tons of
phosphogypsum waste have accumulated, contaminating soils,

surface water, and groundwater, covering an area of over 70 hec-
tares. Numerous studies have been devoted to the use of phos-
phogypsum (PG) in various industrial fields, most of which con-
cerned the production of artificial gypsum [1-6] using autoclave or
thermal treatment methods (firing PG at 900-1000 °C), sulfate-slag
binders, as an additive to agricultural soils, as raw material for the
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production of gypsum bricks, stone walls, binders for road bases,
etc. However, all the considered areas of PG use have not found
widespread application due to the high content of various impurities
[7] present in waste PG (WPG). Impurities negatively affect
the quality of the resulting building materials [8—14], and operations
to reduce the amount of impurities in PG (neutralization, enrich-
ment, drying, thermal treatment) increase the cost of gypsum bind-
ers and reduce its competitiveness in comparison with natural gyp-
sum rock. A reserve for increasing the efficiency of FG processing
is the elimination of heat treatment, grinding, and, in the future,
filtration of the product, since these stages consume about 45 % of
capital, about 50 % of current, and more than 60 % of heat and
energy costs.

The chemical composition of the FG of the Gomel Chemical Plant
0OJSC was carried out by researchers many times, as a result of which it
was established that the FG of the Gomel plant contains from 95 % to 97 %
of dihydrate and hemihydrate of calcium sulfate, and impurities [15], includ-
ing compounds of the elements Cd, Zn, Pb, Hg, Zr, Cu, Ba, REE, Y, Th, U.
However, the determination of REE and other elements was carried out in
the total mass of the FG, even if it was subjected to heat treatment, then
after grinding the sintered agglomerates, averaged samples selected from
the total mass of the dried material were again examined.

As a result of the presence of difficult-to-remove impurities (with the
exception of a small volume of secondary processing from 4 to 10 %), the
predominant storage of FG occurs in the form of waste heaps, the for-
mation and maintenance of which requires significant costs (the rate of
environmental tax for the storage of 1 ton of FG in 2024 was 1.04 Bela-
rusian rubles [16]).

Study of individual fractions of phosphogypsum dried in a flash
dryer

The purpose of the study: to establish the elemental composition of
individual fractions of PhG, with the determination of the possibility of
using individual fractions in the production of building materials or other
areas.

1 Research methods

To study the elemental composition of the Gomel plant's fluorinated
gas, representative samples from the Gomel chemical plant's waste
heaps with five- and ten-year storage periods were analyzed.

The elemental composition of the samples was determined by X-ray
fluorescence analysis using an Epsilon 1 PANalytical energy-dispersive
spectrometer equipped with an X-ray tube with a silver anode, six filters,
and a high-resolution silicon detector. Automatic data processing was
performed using Epsilon 3 software. Results were also automatically
corrected for ambient temperature and pressure.

The sorption moisture content of the samples was monitored using
an Elvis-2S moisture analyzer at 55 °C (exceeding this temperature re-
sulted in the onset of loss of crystallization water).

Micrographs were taken using a Phenom Pro scanning microscope
(Thermo Fisher Scientific, USA). Separation into fractions was carried out
on a sieve mechanical analyzer “Vibroprivod VP 30 T” No. 4938, on metal
sieves with mesh cell sizes, mm: 1.000; 0.140; 0.100; 0.090; 0.080;
0.071; 0.050; 0.045; 0.040.

2 Obtaining phosphogypsum fractions

The phosphoric acid produced at any plant worldwide during the
production of wet-process phosphoric acid has an adsorption moisture
content of 30-40 %. This high adsorption moisture content causes it to
easily clump, forming lumps of varying sizes (Figure 1).

Figure 1 — Type of phosphogypsum collected from waste heaps

To remove adsorbed moisture from FG, dryers such as drum, belt,
shaft, and IR dryers are used. Drying this material in these dryers results
in the formation of solid lumps of varying sizes that do not disintegrate
spontaneously and require subsequent grinding of the dried product.
To eliminate the need for grinding, FG was dried in an industrial complex
(Figure 2) comprising a flash dryer, a fuel furnace, a cyclone, bag filters,
a feed auger, a final drying unit, and unloading devices. The flash dryer
is a combination of a suspended bed dryer and a cyclone vortex dryer
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1 —flash dryer, 2 — indirect fuel furnace, 3 — air blower, 4 — cyclone, 5 - bag filters, 6 — feed auger, 7 — final drying device, 8 — unloading devices
Figure 2 — Schematic diagram of the complex for drying waste phosphogypsum
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The FG was dried to a residual sorption moisture content of no more
than 0.03 %. This drying method allowed us to obtain products with
a dispersion similar to that of the FG precipitate in baths used for phos-
phoric acid extraction.

The drying temperature regime for obtaining a product (dried FG)
with a sorption moisture content of no more than 0.03 % was set as fol-
lows: the coolant temperature at the dryer inlet was 180-200 °C, and at
the dryer outlet, 85-95 °C.

Increasing the temperature above 200 °C at the dryer inlet resulted
in the formation of calcium sulfate hemihydrate. Being a strong desiccant,
calcium sulfate begins to adsorb water from the surrounding air, leading
to a subsequent change in the overall moisture content of the product
within 1 hour (an unstable product). When the dryer inlet temperature

exceeded 205 °C, reactions began to occur, leading to the release of
chemically bound (crystallization) water from the crystal lattice. Depend-
ing on the conditions under which these reactions occur, the dehydration
products of calcium sulfate dihydrate can be represented in various ways:
CaS04-2H20 = a CaS04-0,5H20+1,5H20 (n) — 83,17 kd/mol;
CaS04-2H20 = a CaS04-0,5H20+1,5H20 () — 17,9 kd/mol;
CaS04-2H20 =b CaS04-0,5H20+1,5H20 (n) — 85,3 kJ/mol;
CaS04-2H20 =b CaS04-0,5H20+1,5H20 () — 19,3 kd/mol;
CaS04-2H20 = CaS0s4 + 2H20 () — 16,9 kd/mol;
CaS04-2H20 = CaS04 + 2H20 (n) — 95 kJ/mol.
The dried product obtained using the flash dryer was essentially only
the dihydrate form of calcium sulfate, as confirmed by the X-ray diffraction
pattern shown in Figure 3.
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Figure 3 — Radiograph of dried OFG

Heating to 75-80 °C is sufficient for the slow release of sorp-
tion moisture from the FG, but lowering the dryer inlet tempera-
ture to 75-80 °C resulted in increased sorption moisture content
at the dryer outlet.

Two thermocouples were used to monitor the drying process, with in-
formation being output to a secondary device mounted on the control
panel. Some of the results of the studies on selecting the operating tem-
perature parameters for the flash dryer system are presented in Table 1.

Table 1 - Flash dryer operating modes and residual sorption moisture content in the final product

H 0
Feed rate, kg/hour atthe en'lt';aar:seerature in the dryer, Cat the exit Humidity of the obtained product, %

1000 200 65 10

1000 250 70 4

500 180 70 3

500 200 85 1

350 180 95 0,04

350 200 85 0,01

200 180 75 0,01*

* strongly absorbs water from the air.

The moisture content of the OFG fed to the drying chamber depends
on the season and transport conditions and varies by up to 10 %. This
affects the final moisture content of the dried product and requires ad-
justment of the dryer temperature.

The finished dried material consists of two products: a coarse prod-
uct (from the cyclone) and a fine product (from the bag filters). The parti-
cle size distribution of the products obtained after drying the OFG is pre-
sented in Table 2. Figure 4 shows a micrograph of the dried FG.

Table 2 — Granulometric composition of fractions obtained at the drying complex

Sieve size, um [GOST 6613-86]
Fraction <45 | 45 | 50 ] 80 | 100 | 1000
Content, %
Finely dispersed (from bag filters) 64,5-71,5 25-30 3-5 0,5-0,6 - -
Coarse (from cyclone) 15-18 5-10 45-50 10-12 3-10 -
Geoecology 113
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Figure 4 — Micrograph of the coarse fraction (from the cyclone) of dried
PhG. Magnification 1000x

3 Elemental composition of dried phosphogypsum fractions

The fine and coarse products obtained from drying the OFG
in the drying complex were analyzed using X-ray fluorescence analysis.
The content of individual elements, including rare earth elements,
in these products is listed in Table 3.

Table 3 — Content of some elements in fractions of dried FG

The data in Table 3 show that the strontium content in the filter product
increased more than twofold compared to the original FGZ, the total REE
increased threefold, while the content of almost all elements, including the total
REE, decreased in the coarsely dispersed product. This can only be explained
by the relationship between the crystal size and the amount of elements
sorbed by the surface or coprecipitated during crystallization. However, since
the area-to-volume ratio of large crystals is smaller than that of small ones,
their sorption surface is also smaller, which is evident from the results pre-
sented. The process of impurity element coprecipitation is also not the same
for particles of different sizes, since this change in the REE content cannot be
explained by the area-to-volume ratio of a particle alone. It is known from [17]
that the distribution of rare earth elements (REE) among apatite processing
products is as follows: up to 80 % of the REE present in the ore is transferred
to the FGZ, and 20 % is transferred to the extraction phosphoric acid. In [18] it
is stated that coprecipitation of REE with calcium and sodium sulfate occurs at
temperatures above 85 °C, presumably with calcium sulfate hemihydrate.
In[19] it is shown that REE — La, Ce, Nd are present in PG in the form of solid
solutions of the compounds NaLn(SO4)2:H20, KLn(SO4)2:H20 and the
hemihydrate CaS04-0.5 H20, PG also contains REE in the form of the com-
pounds NaLn(S04)2-H20, KLn(SO4)2:H20, which are not included in the
crystal structure of the monoclinic cell of CaS04-2H20 and do not form solid
solutions with CaS04-2H20. In [20] it is stated that the presence of REE leads
to a decrease in the size of calcium sulfate crystals.

Based on these data, it can be assumed that large crystals of calci-
um sulfate dihydrate have a small amount of adsorbed or co-precipitated
REE sulfates, while small particles will contain a larger amount of impurity
elements, including REE.

Content, %
Element OFG (original) Fine fraction (from filters) Coarse fraction (from cyclone)
Cerium (Ce) 0,529+0,015 1,746+0,032 0,695+0,285
Lanthanum (La) 0,293+0,003 1,264+0,023 0,298+0,065
Neodymium (Nd) 0,121+0,001 0,431+0,023 0,109+0,020
Yitrium (Y) 0,029+0,004 0,048+0,001 0,017+0,005
Dysprosium (Dy) 0,022+0,002 0,025+0,002 0,0050,001
Scandium (Sc) 0,014+0,001 0,019+0,002 0,003+0,001
Tellurium (Te) 0,022+0,001 0,020+0,005 0,015+0,004
Lutetium (Lu) 0,002+0,001 0,006+0,001 0,003+0,001
Total Rare Earth Elements 1,031+0,021 3,555+0,086 1,145+0,382
Strontium (Sr) 4,908+0,073 14,800+1,160 4,065+0,09
Titanium (Ti) 0,365+0,033 0,442+0,190 0,368+0,018
Mercury (Hg) 0,002+0,001 0,004+0,002 0,002+0,001
Iron (Fe) 0,233+0,052 0,635+0,119 0,200+0,007

In the next stage of the study, the product from the cyclone was
separated into fractions using a mechanical analyzer. The fractions of
0.140-0.090 mm (a combined sample of residues from 0.100 and
0.09 sieves) and 0.050-0.045 mm (residue on a 0.045 sieve) were

Table 4 — Content of element oxides in various fractions

also analyzed using X-ray fluorescence analysis. The results of the
analysis of both the product collected from the cyclone and the indi-
vidual fractions of particle sizes 0.140-0.090 mm and 0.050-
0.045 mm are presented in Table 4.

Fractions, mm
Oxides 0,900-< 0,045 0,140-0,090 0,050-0,045
Content, %
Cerium oxide (CeQ2) 0,854+0,35 0,31840,013 1,337+0,025
Lanthanum oxide (La203) 0,69940,153 0,152+0,024 0,911+0,037
Neodymium oxide (Nd203) 0,254+0,047 0,077+0,011 0,274+0,04
Yttrium oxide (Y203) 0,043£0,013 0,014£0,006 0,025+0,009
Dysprosium oxide (Dy203) 0,012+0,003 0,001%0,001 0,014+0,005
Scandium oxide (Sc203) 0,009+0,003 0,062+0,016 0,047+0,011
Tellurium oxide (TeO2) 0,019+0,005 0,005+0,001 0,006+0,002
Lutetium oxide (Lu203) 0,007+0,002 0,001%0,001 0,001£0,001
Total rare earth oxides 1,896%0,575 0,629+0,072 2,616+0,131
Silicon oxide (SiO2) 1,881+0,069 0,001+0,001 2,358+0,101
Strontium oxide (SrO) 4,808+0,107 1,994+0,305 10,954+1,568
Titanium oxide (TiO2) 0,61340,03 0,088+0,017 0,521+0,075
Mercuric oxide (HgO) 0,002+0,001 0 0,003+0,001
Barium oxide (BaO) 0,291£0,103 0,016£0,003 0,113+0,012
Iron oxide (Fe203) 0,629+0,021 0,065+0,006 0,510£0,094
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An analysis of the presented results shows that the fraction with
a particle size of 0.140-0.090 mm, compared to the product coming from
the cyclone, has a 17-fold decrease in the amount of barium, approxi-
mately 10-fold decrease in iron, and 7-fold decrease in titanium. It also
contains less strontium, yttrium, cerium, and other elements. Further-
more, the 0.140-0.090 mm fraction is free of oxides of potassium, nickel,
silicon, germanium, selenium, palladium, indium, erbium, lutetium, hafni-
um, tantalum, and mercury. The calcium sulfate content has increased
due to a decrease in the total amount of other components. The fraction
with a particle size of 0.050-0.045 mm has increased contents of stronti-
um, silicon, and zirconium, which once again confirms the theory of
a relationship between the particle size of the PG and the adsorbed and
coprecipitated elements. It should be noted that chlorine and bromine

were absent from both analyzed fractions, which can be explained by the
volatilization of these elements and their compounds during passage
through the drying system. This means that during the flash dryer drying
of the OFG, not only the sorption moisture is lost, but also volatile com-
ponents such as fluorine compounds and some phosphorus compounds.

The hydrogen ion activity (pH) of the 0.140-0.090 mm fraction solu-
tions is 7.2; and the pH of the cyclone product is 6.79, which also indi-
cates different contents of some compounds in these products. Compar-
ing the values of individual indicators of the 0.140-0.090 fraction with the
requirements of TU 400069905.047-2019 [21] for artificial gypsum stone,
its full compliance is revealed (Table 5).

If we compare it with natural gypsum stone [22], all indicators corre-
spond to grade 1 (Table 6).

Table 5 — Comparison of the 0.140-0.090 mm fraction with the requirements for artificial gypsum stone

Name of the indicator Meaning, according to [21] Fraction 0.140-0.090 mm
Content of the main substance - calcium sulfate dihydrate (CaSO4 2H20), %, | Not less than 90 95
Total content of phosphates in terms of P20s, %, Not more than 0.8 0,77
including the content of water-soluble phosphates Not allowed Absent
Total content of fluorine, % Not more than 0.40 Absent
including the content of water-soluble fluorine (fluorine ion), % Not more than 0.005 Absent
Hydrogen ion activity (pH) 7.0-8.0 7,2

Table 6 — Content of main components in the 0.140-0.090 mm fraction and the requirements of GOST 4013-2019 [22]

Contents Gypsum (CaS04-2H20), % Water of crystallization, % Sulfur(VI) oxide (SOs), %
Gypsum stone grade 1 Not less than 95 Not less than 19.9 Absent
Gypsum-anhydrite stone grade 1 Not less than 95 Absent Not less than 44.2
Fraction of dried PhG (0.100+0.090) mm 95,8 Absent 49.7

Conclusion

1. Using a drying system with a flash dryer enables the production of
phosphorus hydrate (FG) as a fine powder, primarily in the form of calci-
um sulfate dihydrate, with an adsorbed moisture content of no more than
0.03%, without loss of crystal water and, consequently, without crystal
breakage or reduction in size. The particle size of the dried FG corre-
sponds to the size of crystals formed in extraction baths during the pro-
duction of phosphoric acid from apatite concentrate. Producing a fine
powder eliminates the need for FG milling before further use, reducing its
cost. Furthermore, the fine particle size of the dried FG allows it to be
separated into individual fractions using mechanical classifiers.

2. The chemical composition of the fractions with particle sizes of
0.140-0.090 mm and 0.140-0.090 mm differs in impurity element content
from their content in the OFG and from the product obtained from the
cyclone. This can only be explained by the relationship between the crys-
tal size and the amount of elements sorbed on the surface or coprecipi-
tated during crystallization.

3. The fraction with particle sizes of 0.140-0.090 mm contains an
amount of impurities that will not affect the quality of products manufac-
tured from it compared to the use of artificial gypsum (calcium sulfate
hemihydrate) and complies with the requirements of GOST 4013-2019
and TU BY 400069905.047-2019.

4. The presented data provide grounds for talking about the pos-
sibility of using a reagent-free, non-thermal method (firing FG at 900-
1000 °C) to reduce impurities in FG and the prospects for using vari-
ous fractions obtained from OFG dried in a flash dryer as raw materi-
al for the production of artificial gypsum applicable for building mate-
rials or other applications.

5. The data presented in the article indicate that further, finer separa-
tion of the dried FG into narrow fractions is possible, which will contain
varying amounts of impurities, and this content will enable the targeted
use of this fraction without the labor-intensive processes of precipitation
of impurities with strong acids, separation of precipitate, etc. The product
obtained from the filters can be used to obtain REE, since the concentra-
tion in this product is several times higher than in the original FG, and the
yield of finely dispersed product is significantly less than the initial amount
of OFG.
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Abstract

Applying liquid fertilizers (mineral and/or livestock-derived) with a precise irrigation technology is an important agricultural practice aimed at utilizing
the nutrients contained in fertilizers to enhance soil fertility and crop yields. However, this method requires adherence to certain regulations to prevent
negative environmental impacts.

This article presents an effective method for applying fertilizers while simultaneously irrigating agricultural land. For this purpose, a special device
is used to inject liquid fertilizers into a pressure irrigation pipeline. Transportation through the pipeline is accomplished automatically using the potential
energy of the water, using an ejector and a pressure differential between the ejector's inlet and outlet. The device comprises a pressure pipeline,
a liquid fertilizer tank, and a dosing pump. The pump has working chambers with a piston kinetically coupled to a hydraulic motor via a drain line,
distributor, and connecting fittings. The end of the discharge pipeline is equipped with a nozzle designed as a vacuum chamber. The bottom
of the chamber is connected to feed and discharge pipes. The chamber contains an ejector unit, feed pipes, and a nozzle facing the annular bell.

Use of this device will improve the efficiency of mixing liquid fertilizers, enhance operational reliability, and regulate the fertilizer flow rate.
Experimental studies were conducted to determine the effects of pipeline pressure, suction energy, and water supply to the power cylinders, which
are associated with installing the ejector unit on a main clean water pipeline.

Keywords: pipeline, fertilizer, irrigation water, fertilizer mixing device, characteristics, operation.

TEXHWYECKOE PELLEHWE AN BHECEHMSA XWOKUX YAOBPEHWUIA C NONMBHOW BOAOK

10. A. Maxanckui, M. U. Tony6eHko, C. M. Kypuesckui, A. B. Ctpentoxut

Pedepar

MpuMeHeHne xuaknx yaobpeHuit (MUHepanbHbIX M (MMK) KWUBOTHOBOLYECKUX) C BbIBEPEHHON TEXHOMOTWE AOXAEBaHUS SBMSETCH BaXHOM
MPaKTMKOM B CEMbCKOM XO3ANCTBE, HanpaBfEHHOW Ha MCIONb30BaHWE MUTATenbHbIX BELLECTB, COAepXalnxcs B yAOOPeHWsX Ans NoBbILEHUS
nnogopoams MoYBbl W YPOXaMHOCTU CeNbCKOXO3ANCTBEHHBIX KynbTyp. BmecTe ¢ Tem, gaHHoe meponpusTie TpebyeT cobmnioaeHns onpeaeneHHbIX
npaeun 415 NPeA0TBpALLEHNs HEraTMBHOMO BO3AENCTBUS Ha OKPYXaloLLyHo cpeay.

B cTatbe npeactaeneH achdekTuBHbINA cnocob BHeCEHUS yaoOpeHuii C OAHOBPEMEHHbLIM OPOLLEHVEM CEMbCKOXO3ANCTBEHHBIX Yroaui. [ing aTom uenm
1cnonb3yeTcs CreuuansHoe YCTPOMCTBO AN BHECEHUS XMOKMX YAOOPEeHWd B HamopHbIA TpyBOMpoBOA OpOCMTENbHOM BOAbI. TpaHCMOpTUPOBKA
no TpybonpoBody OCYLYECTBMSETCA C MCMONMb30BaHWEM MOTEHLMAmNbHOM 3HEprM BOAbl B aBTOMATUYECKOM PEXUME, B KOTOPOM YCTPOEH IXEKTOp
¥ nepenag HanopoB MeXay BXO[OM U BbIXOAOM 3XeKTopa. YCTPOWCTBO COAEPXWT HamopHbIii TPyBOMpOBOA, €MKOCTb ANS XWAKWX YA0BpeHWi, Hacoc-
posarop. Hacoc umeet pabouve nonmocT C MOPLUHEM, KMHETWYECKW CBS3aHHBIM C rvpapofBurateneM, COOOLEHHbIM Yepes CRMBHYIO NUHWIO,
pacnpegenuTenb 1 coeauHUTENbHYI0 apmatypy. KoHel, HanopHoro TpyGonpoBoga cHabxeH Hacaakoid, BbIMOMHEHHON B BiAe kamepbl paspexeHuns. [iHo
kamepbl MOAKIIOYEHO K MUTAOLLMM 1 cOpOCHOIt Tpybkam. Kamepa conepxut Brok axekTopa, nuTatoLye Tpybku 1 conno B CTOPOHY KonbLieBoro pacTpyba.

Mcnonb3oBaHne [AHHOrO YCTPOMCTBA MO3BOMMUT YMyuluMTb S(PMEKTUBHOCTL CMELLIMBAHNS XWAKNX YAOOPEHWA, MOBLICUTL HAAEKHOCTb PaboTbl,
aTaKke perynvposaTb pacxod nogauu ynobpeHwi. [MpoBedeHbl SKCMEpPUMEHTambHble MCCMENoBaHMS MO OMpefeneHuio BAMSHUS  Hanopa
B TpybonpoBoaax, aHepruM BCacbiBaHWA M MOJAYW BOAbl B CUMOBbIE LMMMHAPLI, YTO CBA3AHO C YCTAHOBKOW Y3Mma 3XeKTopa Ha MarucTparnbHoM
Tpy6onpoBoAe YMCTON BOABI.

KnioueBble cnoBa: Tpy6onposog,
(hyHKLMOHMpOBaHwe (paboTa).

ynoGpeHus, OpocuTErbHas BOfda, YCTPOACTBO MO CMELMBAHMIO YOODPEHMid, XapaKkTepucTuka,

Introduction

Environmental requirements for irrigation systems prioritize reducing
the negative impact of irrigation on the environment. One of the main direc-
tions of scientific and technological progress in land reclamation is the im-
provement of techniques and technologies for delivering liquid fertilizers to
irrigated fields, as well as their efficient application to the soil [1-2].

Another crucial factor in increasing the efficiency of agricultural pro-
duction on irrigated lands is creating a gross level of plant nutrient supply.
Complete and timely supply of fertilizers to irrigated crops allows for max-
imizing their productive capacity, avoiding nutrient losses, ensuring eco-
nomical water consumption, and accelerating the payback of funds in-
vested in irrigation infrastructure.

Irigated farming creates prerequisites for obtaining high and stable
yields of agricultural crops. Realizing the existing potential is primarily asso-

ciated with the rational interaction of irrigation and chemicalization. This is
confirmed by experience gained in the process of cultivating crops.

Applying fertilizers in conjunction with timely irrigation is a powerful
agronomic technique aimed at improving crop quality and optimizing
irrigation costs. This process is associated with the improvement of the
water and nutrient regimes of plants, the intensification of their growth
and the metabolic activity of the root system, the enhancement of biologi-
cal processes, and changes in the intensity of metabolism and the for-
mation of generative organs.

Yield increase can also be achieved through phosphorus top dress-
ing during the flowering and fruiting periods. Such top dressings can also
be used to accelerate fruit ripening and improve product quality. Top
dressing can satisfy the changing nutrient requirements of plants during
different growth periods and yield better results.
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The timing and methods of fertilizer application should ensure high
labor productivity and contribute to reducing the financial and energy
costs of these operations [3-14]. Furthermore, fertilizer application should
be coordinated with other agrotechnical measures.

Currently, due to the improvement of irrigation techniques and tech-
nology, much attention has been paid to methods of applying liquid ferti-
lizers with irrigation water during sprinkling.

Fertilizer application with irrigation water can be carried out both be-
fore crop sowing and with vegetative irrigations. The timing and doses of
nutrient supply under regular irrigation should be established depending
on the biological characteristics of the crops, soil conditions, and fit into
the irrigation schedule.

Recently, ejectors have found the widest application in fertigation sys-
tems for low-intensity irrigation. Operation is based on the principle of a jet
pump. When delivering liquid fertilizers to the place of use and distribution
over the area of the site, main irrigation pipelines are used, where, due to
the maximum kinetic flow rates formed in the central part of the pipeline, the
injected fertilizer solution is absorbed. Unlike known types and designs of
pumps, jet pumps lack any rotating or moving elements, which determines
their high operational reliability [15-16]. Furthermore, the hydraulic method
involves pre-mixing water and fertilizers for irrigation using irrigation sys-
tems, including both localized networks and sprinkler irrigation [5].

Materials and Methods

The aim of the work was to develop the structural and technological
parameters of a device for applying liquid fertilizers with irrigation water.

As an example, consider the proposed technological scheme of
a system for introducing liquid fertilizers into the pressure pipeline of
irrigation water with the subsequent possibility of transportation through
the pipeline using the potential energy of water in an automatic mode,

facilitated by an ejector and the pressure differential between its inlet and
outlet [17-19].

The mode of application of concentrated fertilizers with irrigation wa-
ter must correspond to the device's operating design. The concentration
of fertilizers in the irrigation water at an irrigation rate of more than
500 m*ha should not exceed 0,2...0,3 % during dry and hot periods.
During rainy and cool periods, this limit can be increased to 0,5 %.
For example, with a rate of 300 m¥ha, the water concentration usually
should not exceed 0,01...0,1 %, or 0,1...1,0 g/l, and with an irrigation rate
of 600...900 m¥ha - 0,2...0,3 % or 2...3 g/l.

When applying liquid concentrated fertilizers with water after harvest
under fall plowing, a solution concentration of up to 2...3 % is allowed.

A mandatory condition for the use of fertilizing irrigation is the pre-
vention of gravitational discharge of solutions outside the irrigated area —
into drainage collectors, pipelines, and water bodies.

We base our parameters on objects where the following data are used:
for example, irrigation water is supplied at a rate of 400 m*ha to the irriga-
tion fields through an 800 mm diameter pipeline, and before its distribution
by sprinkler machines (units), nutrient solutions are added in the required
quantity directly into the pipeline. The permissible pressure drop after the
mixing unit is up to 75 m, and the pressure increase before the mixing unit
is up to 85 m. The mixing unit must ensure the supply of nutrient solutions
into the pipeline up to 25 I/s. Liquid fertilizers are stored in designated hold-
ing ponds, the depth of which does not exceed three meters.

Research Results

In this study, a scaled-down model setup at a ratio of 1:8.5, resem-
bling the actual equipment (Froude number modeling), was constructed.
It incorporates two double-acting power cylinders with pistons 13 and 14
(Figure 1) and two single-acting pressure-suction cylinders.
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1 — tank for liquid fertilizers; 2 — inlet pressure pipeline; 3 — outlet pressure pipeling; 4 — ejector; 5 — acceleration pipe;6 — diffuser; 7 — gate valve;
8 — check valve; 9 - bypass pipe; 10 — gate valve; 11 — flow meter; 12 — spool distributor; 13, 14 — piston; 15 — water distribution chamber;
16 — power cylinder; 17 — discharge cylinder; 18, 19 — suction pipelines; 20, 21, 23, 24 — check valves; 22 — rod; 25 — pressure gauge
Figure 1 — Schematic diagram of the automatic device for fertilizer application into a closed network

The working process begins with opening valve 10. Water from the
supply pressure pipeline 2 flows through the open valve 10 into the spool
valve-water distributor 12 (hydraulic distributor) and then into one side
(e. g., the left side) of the double-acting power cylinder 16. Under the
influence of water pressure, piston 13 of cylinder 16 moves to the left,
and correspondingly, moves piston 14 of the discharge cylinder 17, which
is mechanically connected to it. Simultaneously, the working chamber of
cylinder 17 fills with fertilizer solution from the liquid fertilizer tank
1 through the suction pipeline 18 with check valve 20. The solution then
passes through pipeline 24 with check valve 24 into the ejector 4 and
through the accelerating pipe 5, into the discharge pressure pipeline 3.
Water from the supply pressure pipeline 2 now enters the double-acting
power cylinder from the other side, moving the piston to the right.
The piston 13 of the cylinder pushes the used water into the settling tank.
That is, all the above-described rightward movement operations are re-
peated. The cycle is completed by the actuation of the spring synchroniz-
er-pusher, which moves the rod of the spool valve-water distributor 12 to
its extreme right position. The cycles then repeat automatically. The gate

valve 10 regulates the flow rate of the nutrient solution. Stopping (turning
off) the device is also accomplished by closing the gate valve 10.

Taking into account the modeling scale, the following were deter-
mined: pressure, pipe diameter, cylinder diameters, ejector nozzle diame-
ter, main pipeline flow rate, liquid fertilizer flow rate, total mixture flow
rate, and accordingly, the areas of pipelines, cylinders, ejector nozzle,
mixing chamber, piston stroke, and cylinder working volumes.

The optimal ratio of the power cylinder diameter to the discharge cyl-
inder diameter was achieved at a ratio of 1:1.83, where the power cylin-
der diameter was 55 mm (467 mm full-scale), and the discharge cylinder
diameter was 30 mm (255 mm full-scale).

Ejector research was conducted to clarify the magnitude of pressure
reduction in the mixer and the flow capacity of its nozzle at given inlet and
outlet pressures, as well as in the absence of fertilizer supply to the mixer.

Experiments were conducted for two ejector nozzle diameters:
23 mm (195,5 mm full-scale) and 20 mm (200 mm full-scale) at fixed
outlet pressures — 64 m, 68 m, 72 m, 76 m, and 80 m of water column
(full-scale).
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Table 1 presents the results of hydraulic studies of the device for in-
troducing liquid (mineral) fertilizers into the pressure pipeline (converted
to full-scale).

Figure 2 shows the nature of the change in the ejector's flow capacity.

In the operational technological mode, the device ensures the supply
of fertilizer into the pressure main pipeline.

Figure 3 shows a schematic diagram of the ejector assembly.

This system is universal and applicable for both liquid fertilizer deliv-
ery and transporting the finished mixture via pipeline to the irrigation site.
As established during the study, the throughput of the system for fertilizer
tank 1 (see Figure 1) is limited by the maximum lifting height of the pump
given the existing elevation difference and pressure in the pipelines.
With a correct calculation, the mixing unit will meet all technological re-
quirements under these conditions.

Table 1 — Results of hydraulic studies (converted to full-scale)
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Figure 2 - Ejector flow capacity (Q, //s) depending on the operating pres-
sure (AH, m)

Inlet Nozzle Outlet Pressure Flow in pipeline Cycle Liquid fertilizer flow rate, I/s
Pressure, Pressure, Pressure, differential, before ejector, Duration, | 1st feed cylinder, 2nd discharge Total
Hin, m Ho, m Hout, m Hn, m Qi ls Te, s Qs cylinder, Qp Qs
83,3 67,2 68,0 15,3 400 6,23 4,00 4,36 8,36
80,7 67,2 68,0 12,7 400 6,29 2,34 3,53 587
79,9 69,7 70,6 9,3 400 7,89 241 3,54 5,95
84,1 69,7 71,4 12,7 420 742 2,61 413 6,74
82,4 69,7 70,6 11,8 473 9,49 113 1,77 2,90
81,6 69,7 71,4 10,2 414 6,02 1,77 3,86 5,63
80,7 67,2 68,0 12,7 400 6,37 3,91 5,94 8,85
80,7 66,3 67,2 13,5 408 6,23 6,06 11,85 17,91
79,9 66,3 67,2 13,6 414 6,23 3,09 476 7,85
81,6 70,6 714 12,7 400 7,40 4,61 6,17 10,78
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1 - vacuum chamber; 2 — inlet pressure pipeline; 3 — outlet pressure pipeline; 4 — ejector; 5 — acceleration pipe; 6 — diffuser
Figure 3 — Calculation scheme of the ejector unit

When determining the area of the ejector nozzle, the given flow rate
of the main pipeline and the flow coefficient of the ejector nozzle are used

Hy29H,
where w — area of the ejector nozzle, m? Q — water flow rate in the pipe-
ling, m¥/s;

L — flow coefficient of the nozzle, taken as 0,9; g = 9.81 m/s? — ac-

celeration due to gravity; H, — pressure in the ejector, m.
The diameter of the ejector nozzle can be determined by the formula

d, =v4o/m.

For the proposed scheme (Figure 3), during research, the pressure
H; and flow rate Q; in the inlet pipeline, as well as the pressure H, and
flow rate Q in the outlet pipeline, were set. Then the value of the pres-
sure at the device inlet and the fertilizer application rate at pressure H;
are refined using the formulas

(1)

H, (1-6K
H, = 0( )
5-K
2 1)°
5o 2oAr)
m

(2)

(3)

where ¢ — coefficient of velocity of outflow from the nozzle, equal to 0,93;

A= QF.F./Q1 - required degree of dilution of fertilizers with irriga-

tion water; m - ratio of the diameter of the acceleration mixing pipe to the
nozzle diameter depends on A

a.p.

dO

m=

(4)
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The coefficient K is determined by the formula

m(m-1+A4
K <M . ) —0,5(1+ & )+ (5)
(A+1)"-(m-1)
where & — loss coefficient in the diffuser (0.08...0.15).
The pressure H, before the nozzle is determined from formula (2)

b _Hi(6-K-H,)
° (1-6K)

It should be noted that if adjustment of pressure H, is necessary, the
diameter of the acceleration mixing pipe is changed and H, is refined
using formulas (4-6).

Based on the obtained value of the ejector nozzle pressure, other
design parameters of the ejector are determined: nozzle length, length of
the acceleration mixing pipe, diffuser length, and, accordingly, the geo-
metric parameters of the horizontal diaphragm with a hole, which is locat-

ed below the body at the bottom of the chamber. The diffuser length Zai
is determined by the formula

ctgp
(Dpip. - Im.p. 2)
Idiff. = 5

(6)

: (7)

where Dpjp — diameter of the outlet reclamation pipeline, m; 8 — cone
angle of the diffuser; m,. — length of the mixing pipe, m.

Considering the above conditions, the ratio of the diameter of the
power cylinder to the discharge cylinder can be taken in the range from
1,8 to 2,0. The piston stroke of the fertilizer feed pump is taken from one
to two diameters of the power cylinder. The optimal cycle duration for the
injection devices is from 2,0 to 2,5 seconds and depends on the diameter
of the discharge cylinder, piston stroke, and the flow rate of fertilizers
supplied to the irrigator; they are related by the ratio

dD.C., ) fP.s.
Qe =——=—. (8)
Tc.

where Qrr. — flow rate of liquid fertilizers, cm®s; dp.c. — diameter of the
discharge cylinder, cm; £r.s. — piston stroke of the discharge cylinder, cm;
Tc - cycle duration, sec.

The ratio of the power cylinder diameter to the outlet pipeline diame-
ter ranges from 2,7 to 3,0.

The speed of movement of the hydraulic cylinder rod depends on the
direction of fluid supply, which can be found from the expression

V _ 4 ' Q ’ 770
M D ©)
CYL
where Dcy. — internal diameter of the hydraulic cylinder; n, — volumetric

efficiency.

Hence, the ratio of the rod movement speeds in the indicated direc-
tions depends on the ratio of the hydraulic cylinder diameters. The force
developed by the hydraulic cylinder when supplying fluid to the piston
cavity is determined by

2
7 - Doy
Pp=—=—=1,-P. (10)
4

It should be noted that the piston stroke of the hydraulic cylinder is
linked to the design of the spool distributor, which prevents the piston
from striking the covers in the hydraulic cylinders.

The results obtained during the research show that the calculation of
the flow areas of spool hydraulic distributors is performed according to
the formula

Q

Fm=Q'h=V, (11)
where Fr, — flow area of the spool gap; q — perimeter of the gap; h — gap

opening value; Q — flow rate through the gap; V — permissible fluid veloci-
ty through the gap.

Laboratory studies of the model showed the feasibility of the device,
which ensures the injection of liquid fertilizer into the pressure pipeline
using the potential energy of the water in the same pipeline, and also
allowed for the refinement of the calculated ratios of structural parameters
and the technical characteristics of the device. All this allows for the re-
duction of construction costs for production and mitigates the negative
impact of liquid fertilizers during irrigation on the environment.

This device ensures a high degree of mechanization and automation
of the fertilizer application process with irrigation water and does not
require additional energy costs for supplying liquid fertilizers into the irri-
gation water flow. This factor improves the uniformity of nutrient applica-
tion to the irrigated field, increasing crop yield while saving on fertilizer.

Conclusion

The developed technical design for a system for mixing various liquid
fertilizers, as well as a pump equipped with an ejector unit for collecting
and transporting the resulting mixture, minimizes environmental risks
associated with the use of these fertilizers in irrigation. The proposed
solution provides design organizations with an opportunity to modernize
traditional technological schemes for supplying fertilizers, aimed at elimi-
nating the shortcomings inherent in existing technologies. When substan-
tiating the structural parameters of the technology for applying liquid ferti-
lizers with irrigation water noted in the article, we have formed the main
technical requirements for the device:

— the device provides an improved layout of distribution fittings, pro-
moting uniformity of fertilizers applied with irrigation water across the
reclamation system;

— the elements of the device are unified in manufacturing for closed
reclamation systems by assembling from parts produced industrially
at relevant factories;

— the device provides a high degree of automation of the process of
applying fertilizers with irrigation water; does not require additional energy
costs for supplying the fertilizer solution into the flow of irrigation water;
improves the uniformity of nutrient application in the field; allows for top
dressing at any time and during any plant development phase; improves
nutrient uptake, increases crop yields while saving fertilizers.

A new technical solution, protected by patents, has been developed,
ensuring the implementation of key research directions related to the
technology of applying liquid fertilizers with irrigation water.
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Abstract

Under conditions of aridization in humid zone of Russia and Belarus there is a practical need to restore part of previously drained marsh
landscapes for the ecological sustainability of the territory and the restoration of biotopes, improving fire safety and reducing greenhouse gas emissions.
Rational nature management in peat bogs should be based on a scientific approach, with an assessment of the dynamics of modern natural processes
in peat bog systems, both in their natural state and under anthropogenic impact. It is necessary to consider the totality of all wetland complexes used
for various purposes and unused. In order to carry out works on reclamation arrangement of bogs and their use in agricultural production, it is necessary
to develop rational methods for assessing the safety of peat soil and its durability. The article presents theoretical aspects of protection and rational use
of peat bogs based on their ecological restoration. The issue of restoration of depleted peat bogs and scientifically substantiated prospects for studying
peat bogs in national economic and ecological aspects in modern conditions are also considered. The rational use of peat bogs should be based
on the type of water supply of the bogs, determining the nature of the peat deposit, types and methods of nature conservation and reclamation
measures. The water regime is determined by the conditions of surface and groundwater runoff of watershed landscapes. In this regard, the direction
of their use in industrial, agricultural and nature conservation areas is determined.

Keywords: peat bogs, reclamation, rational use, nature protection measures, renovation.

WCCNENOBAHUA U PEHOBALINA TOP®AHBIX BONOT LEHTPA POCCUKX U BENOPYCCKOI'O NONECHA

10. A. Maxanckui, I1. H. TeptmaH

Pedepar

B ycrioBusix apuamsaumM rymmgHOM 30HbI Poccun M bemapycs BO3HMKaeT npakTideckasi HEoOXOAMMOCTb BOCCTAHOBNIEHWS 4YacTW paHee
OCYLUEHHbIX BOMOTHBIX NaHAWadToB ANsi obecneyeHns KONMOTMYECKON YCTOMYMBOCTM TEPPUTOPUM W BOCCTAHOBNEHWS GUOTOMOB, MOBbILIEHMS
noxapHol 6e30MacHOCTU U CHIWKEHUS! BbIGPOCOB MAPHWKOBbLIX ra3oB. PauuoHanbHOe MPUPOAONONb30BaHWME HA TakUX TEPPUTOPUSX  LOMKHO
6asmpoBaThCs Ha Hay4YHOM MOAXOAE, KOTOPbIN CBS3aH C OLEHKON AMHAMMUKM COBPEMEHHBIX MPUPOAHBIX MPOLECCOB B TOPsiHBIX BONOTHBIX cUcCTEMaX
KaK B €CTECTBEHHOM COCTOAHWM, TaK 1 B YCNOBUAX aHTPOMOreHHoro BO$,E|,6I7ICTBVIFI. H806XOAMMO paccmaTpuBaTb COBOKYMHOCTb BCEX BOﬂHO-ﬁOJ‘IOTHbIX
KOMMIIEKCOB, WCMOMb3yEMbIX B PA3NMyHbIX LensX, a Takke Heucrnonb3yembix. [ns npoBeaeHuns pabot no menmopatuBHOMY 00ycTpoicTBy 6omnot
W BO3MOXHOMY naaneVlwemy MCMNOMb30BaHUO MX ANA PasnuyHbIX L;ene|7|, B TOM YUCNE B CENbCKOXO3ANCTBEHHOM npoun3BoAcCTBe, H006XO,D,VIMa
pa3paboTka pauuoHanbHbIX METOAOB OLEHKM COXPAHHOCTU TOPQISIHOM MOYBbLI U ee AOMrOBEYHOCTW. B cTaTbe M3NOXeHbl TEOPETUYECKNE acnekTbl
OXpaHbl W paLyMoHamnbHOro UCMoNb3oBaHus TopdsiHbIX GONOT Ha OCHOBE WX 3KOMOTMYECKoN peabunutaumu. PaccMoTpeHbl BOMPOCH! BOCCTaHOBMEHNS
BbIpaboTaHHbIX TOPsHLIX BONOT M HayyHO OBOCHOBaHHLIE MEPCMEKTUBLI U3YYeHUs N UCMOMb30BaHUS TOPSHBIX BONMOT B pasnuuHbIX CexkTopax
9KOHOMMKM, C Y4ETOM 3KOMOTMYECKUX AcreKTOB, B COBPEMEHHBIX YCIOBMSX, @ Takke C YY4ETOM BO3MOXHOI TpaHC(OpMaLMN TEPPUTOPUN B YCIIOBUSIX
U3MeHsIOLLErocs knumata. PaumoHanbHoe ucnonb3oBaHue TopdsHbIX BOMOT [OMKHO Y4MTbIBATb TUM BOGHOMO MUTaHWs GOMOT, OMpeaensioLiem
XapakTep TOPQsSHON 3anexw, Bugbl U MeTOAbl MPOBOAMMBIX MPUPOAOOXPAHHBIX W MENMOPATUBHBIX MEponpuATUIA. BoaHbi pexum onpepensertcs
YCNnoBMAMM NOBEPXHOCTHOIrO W rPYHTOBOrO CTOKa BOAOPa3AenbHbIX J'IaH,EI,UJa(*)TOB, B CBA3W C YeMm onpependeTcd HanpasneHue WX MCNorb30BaHUA
B NMPOMbILLUNEHHbIX, CeNbCKOX03SNCTBEHHbIX U NPUPOA0OXPaHHbIX Lienax.

KntoueBble cnoBa: TopdsiHble Bonora, menuopauua, paumMoHanbHoe UCnonb3oBaHne, NpUpoaooXpaHHbie MEPONPUATUA, BOCCTaHOBNEHWUE.

Introduction

Peat bogs are natural formations that play an important role in the
Earth's biosphere, preserving large reserves of fresh water and thereby
determining the hydrological regime of the territory.

In Belarus, the goals and directions of swamp rehabilitation are regu-
lated by such fundamental documents as the Strategy for the Conserva-
tion and Rational (Sustainable) Use of Peatlands [1] and the Scheme for
the Distribution of Peatlands by Target Designation for the Period up to
2030 [2]. According to these documents, by 2030 it is planned to restore
approximately 75,000 hectares of disturbed peatlands — depleted areas of
peat deposits, degraded lands with peat soils, and swamps that have not
been effectively drained by forest reclamation.

In the last 10 years with the support of international organizations
such as the UN Development Programme (UNDP), Belarus has been
restored to a water regime of 60,000 hectares of disturbed and inefficient-
ly drained swamps [3]. There are a number of approaches for the effec-

tive rehabilitation of such territories [4-8]. For example, Belarus is testing
methods for controlled winter burning of dry vegetation as well as sowing
of swamp plants. The ecological rehabilitation of disturbed upper marshes
is being successfully implemented through the construction of hydraulic
engineering structures (jumpers, dams, locks) in order to control the
groundwater level of drained peatlands.

To determine the most effective watering scheme (project) rationally
use mathematical (numerical) modeling of the flood processes of drained
wetlands during spring floods, which are the main sources of watershed
water supply (70-90 % of total discharge) [9, 10].

Purpose and methodology of the research

The purpose of the work is to provide scientific foundations for the
protection and rational use of natural resources of bogs. The methodolog-
ical basis is a systems approach, analysis, and synthesis of current requ-
latory documents [11-13], the authors' practices [14-18], and scientific
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research [19-20]. Today the main Belarussion ruls for rehabilitation of
disturbed peatlands are seted out in TKP 17.12-02-2008 "Procedure
and Rules for Conducting Work on the Environmental Rehabilitation of
Depleted Peat Deposits and Other Disturbed Bogs and the Prevention
of Disturbances to the Hydrological Regime of Natural Ecosystems Dur-
ing Reclamation Work" [13]. In accordance with the requirements of this
regulatory document, a scientific justification for the environmental reha-
bilitation of the site and an environmental impact assessment are initially
conducted, and only then are the necessary design and survey work
carried out. This workflow does not allow for a full assessment of the
feasibility, appropriateness, and results of the measures. On examples of
some projects developed for sites in Russia, the possibility and necessity
of using an integrated approach to planning the rehabilitation of depleted
peat deposits is demonstrated, based on surveys and modeling of the
existing and potential changes to the site's hydrological regime [14, 18].

Materials and methods

What is the difference between ecological restoration and traditional
recultivation or so-called "flooding" measures as fire prevention measures
or recultivation.

The main goal of ecological restoration is to restore the original eco-
system, which will be maintained by natural processes. Methods of eco-
logical restoration are not only the restoration of the ecosystem structure,
but also the main processes in ecosystems and ecosystem functions.
The result of the work at the initial stage is not the final ecosystem, but
the conditions for its formation later. Optimal ecological (abiotic and bio-
tic) parameters must be set, they can then lead to the target ecosystem
due to natural processes. In modern practice of nature management
in many countries, this direction is often called — "working with nature”
or "green engineering".

Table 1 - Methodology of ecological restoration of drained peat bogs

Methodology of ecological restoration of drained peat bogs is in the Table 1.

A natural ecosystem can be the object of recultivation in the Russian
Federation and in the Republic of Belarus, for example, for greenhouse
gas emissions. In this case, recultivation can be aimed at implementing
climate-efficient solutions. Traditionally, this is planting forests on dry
lands. In the case of drained bogs, afforestation leads to an increase
in greenhouse gas emissions. The only possible approach in the case
of peat bogs is the cultivation of crops on waterlogged lands or dual regu-
lation systems of the hydrological regime. For example, a voluntary car-
bon market, or an ecosystem services market, or part of a business's
social environmental or corporate responsibility program.

Like most projects, ecological restoration projects involve the steps
shown in the figure, which are also part of the adaptive management
cycle, since the results of the monitoring-based assessment may lead to
further project adjustments. The adaptive management cycle has not
been fully integrated into domestic nature management practices yet.
The main stages of ecological and reclamation restoration of swamps
recultivation project ends with an acceptance certificate, and at best,
specific recommendations are given for maintaining the site for several
years. Adaptive management does not exclude changes to the original
project based on the results of monitoring data analysis.

The main stages of ecological restoration of swamps are shown
in Figure 1.

Ecological restoration is based on comprehensive information about
the current situation in three areas at each stage: information about the
state of ecosystems — ecological and biotic parameters; information about
the socio-economic situation; information about the legal basis for the
implementation of the project.

The Table 2 provides an approximate list of information for each
of the three blocks that is required at each stage.

Ecological restoration

Recultivation, including
climate-efficient technologies

Fire prevention measures

cal processes or functions of a natural
bogs ecosystem

Purpose Restoration of the natural ecosystem Creation of an artificial ecosystem with | Creation of conditions for re-
specified economic and ecological | ducing fire risk andfor fire
characteristics? suppression infrastructure

Indicators Complex indicators/parameters of ecologi- | Structural and functional characteris- | Frequency of fires

tics of agricultural land, forest area or
water body

Maintaining the state
of the ecosystem

Mainly due to natural processes

Management during usage Continuous target manage-

ment

Costs of maintaining
sites

No regular costs, limited costs possible
when succession scenario changes, or for
monitoring if the site is part of a special
program that includes regular reporting?

The costs are mostly covered by the
price of the produced products

High annual costs

The use of natural materials, technical so-
lutions are based on modeling and fore-
casting of processes to achieve target indi-
cators of abiotic and biotic characteristics

Principles of tech-
nical solutions

Construction work on the cre-
ation of dual control systems,
fire reservoirs and roads, cre-
ation of an artificial ecosystem

Traditional methods of recultivation to
create conditions for the growth of for-
est or agricultural crops, including fish
farming, functioning of a water body

research on
the
implementa
tion of the
concept

baseline

concept of

assessment restoration

design of
measures

evaluation of
results and
adjustment
monitoring
results

implement
ation of
measures

Figure 1 — The main stages of ecological restoration of swamps
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Table 2 — Information for the stages of wetland restoration

Stages of work/result

Tasks and content of stages

Ecological block

Social and economic block

Legal block

Baseline
Study / Baseline
Study Report

Data on the state of abiotic and bi-
otic ecosystem characteristics of
the disturbed and background ar-
ea. Definition of target parameters
of the ecosystem

Additionally — data on the types of
disturbances and their impact on
the main characteristics

Estimation of ecosystem service
losses in the disturbed area com-
pared to the background one.
Therole of the site in the economy
and social life. The attitude of dif-
ferent groups to restoration

Information about the lands of the site.
Land category, owner, user, nature of the
relationship between the user and the own-
er, existing encumbrances and easements,
rules for the use of natural resources based
on the land category, encumbrances,
easements, conditions of the owner and
user

Concept (Project
Concept) or pre-
project solutions

Forecasting and modeling pro-
cesses to achieve ecosystem tar-
gets ldentifying structural parame-
ters that will facilitate these pro-
cesses

Forecasting the attitude of the
population to various scenarios,
the potential of the territory for the
socio-economic situation

Checking proposed solutions for compli-
ance with regulations and legislation

Engineering survey /
Survey report

Identification of conditions for
technical implementation of pre-
design solutions

Study of the possibility of involving
the population in the performance
of work as volunteer assistance,
prevention of counteraction, de-
velopment of measures to support
the conduct of research

Assistance in concluding contracts

Design (Development
of engineering de-

Alignment of models and technical
solutions. Step-by-step planning

Informing the public about design
solutions, public hearings together

Checking proposed solutions for compli-
ance with regulations and legislation. Assis-

tion/ Work execution
protocol and ac-
ceptance certificate

Record-keeping

plementation of the project — plant-
ing trees, etc.

sign)/project (Desing) | and budgeting of works. Writing a | with events to support design solu- | tance in concluding contracts
project based on the concept and | tions
research, including a description of
the monitoring scheme
Project implementa- | Supervision of implementation. | Involving the population in the im- | Supervision of compliance with standards.

Legal basis for further management of the
territory

Preparation of acceptance and/or transfer
acts

Monitoring the state
of ecosystems

Defining parameters for monitor-
ing, implementing a monitoring
scheme

Involvement of the population in
monitoring, publication of monitor-
ing data

Legal status of information, degree of
openness, authorship, legal possibility of
wide distribution

Evaluation of project

Evaluation of the progress of pro-

Evaluation of the population's atti-

Evaluation of the legality of the measures

results cesses and the degree of
achievement of target indicators,
identification of deviations from

processes

tude to the implemented project

and grounds for further work

Recommendations for
project adjustments

If necessary, set new intermediate
target parameters

Taking into account the opinions of
different population groups

Checking proposed solutions for compli-
ance with regulations and legislation

Theoretical research results

The work on the development of swamps has begun in the 50s of the
last century with the aim of using waterlogged lands in agriculture.
The following areas have been defined: drainage network parameters
have been developed; peat soil drainage modes have been studied;
a system of farming on drained peat soil has been developed; peat sedi-
mentation and depletion processes have been studied; the effect of bogs
drainage on the adjacent territory has been studied.

The reclamation condition of drained peat lands has significantly
worsened due to the lack of proper maintenance of the drainage network
and its repair. Work on the reconstruction of drainage systems has also
been completely stopped, which has led to the abandonment of previous-
ly used peat soil in agricultural production.

The rational use of peat bogs should be based on the type of water
supply of the bogs, determining the nature of the peat deposit, types and
methods of nature conservation and reclamation measures. The water
regime is determined by the conditions of surface and groundwater runoff
of watershed landscapes. In this regard, the direction of their use in in-
dustrial, agricultural and nature conservation areas is determined. It is
necessary to develop: recommendations for the formation and implemen-
tation of agroecological monitoring of reclaimed agricultural landscapes;
new technical and technological solutions aimed at rational measures to
preserve the fertility of residual peat soil; measures for the environmental
protection of peat bogs from the intensive production load of their use;
hydrological and agro-meliorative measures for the recultivation of ex-

hausted and depleted peat lands or the return of the bog ecosystem to its
original state (their restoration).

Restoration of exhausted and depleted bogs of the Meshcherskaya
lowland and Belarusian Polesie. Restoration of bogs is carried out in
stages. There are the following stages of restoration: initial situation
(bog after use of peat extraction or in agriculture); over-watering (resto-
ration of the hydrological regime — 10 years); renaturalization (restora-
tion of natural vegetation — 10-100 years) and regeneration (the process
of peat accumulation over 100 years).

The process of waterlogging is considered as the primary stage of
bogs restoration, which is characterized by an increase in the water level
almost at the surface for 3-5 years until it stabilizes.

The second stage (renaturalization) consists of the restoration of the
natural bog vegetation cover and is defined as a technically controlled
measure, after which the regeneration of the peat bog begins. In general,
bog regeneration is understood as a set of natural processes and artificial
technical measures that affect the renewal of bog formation and peat
accumulation processes.

It should be noted that the regenerated bog develops thanks to spe-
cial measures much faster than natural development.

The stage of over-wetting is the most critical moment in the restora-
tion of the bog, since the increase in the water level to the surface of the
developed peat will increase the level of groundwater in the adjacent
territories. In this regard, it is necessary to study the impact of bog flood-
ing on the ecology of the adjacent territories.
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Conclusion
It is necessary to conduct a patent search for technologies and tech-

nological solutions that can be used in modern conditions, a comprehen-
sive reconnaissance survey of all bogs, their quantity, area, efficiency of
use, types of bogs, water-physical and agrochemical properties of peat
and mineral adjacent soil, and also to evaluate the work of reclamation
systems.

Nature restoration work to return to the environment must be carried

out according to specially developed projects, taking into account the
recommendations and methodology outlined in this article. This will make
it possible to resume peat accumulation and habitat for the animal and
plant world of wetlands. This is shown by the existing experience in the
center of Russia and the Belarusian Polesie.
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Abstract

The environmental hazard from formaldehyde-containing wastewater from wood processing enterprises was analyzed, including their extremely
negative impact on active sludge from biological treatment facilities. The disadvantages of using technological regulations at production plants were
assessed, which made it possible to substantiate the main tasks in improving the efficiency of technical regulation of water use. Schemes of digital
technological regulations for wastewater diversion and treatment have been substantiated and developed, which has a structural similarity with digital twins
in terms of the implementation of operational monitoring. The use of fuzzy neural networks, which provide the generation of production rules, in this case,
which are the basis of intellectual knowledge bases, has been proposed and tested for modeling preliminary chemical cleaning. A structural diagram
of the corresponding digital technological regulation was substantiated and created, consisting of two methodological and algorithmic blocks: monitoring
of processes that have static boundary values of technological parameters and a single intellectual knowledge base of processes that determine
environmental safety according to the parameters "Concentration of formaldehyde," "Chemical oxygen consumption" and "pH." An algorithm
for the implementation and regular operation of such a software and hardware complex has been developed. The main advantages of the proposed digital
technological regulations for the disposal and treatment of formaldehyde containing wastewater from wood processing enterprises have been identified.

Keywords: formaldehyde containing wastewater, technological regulations, wastewater diversion, local treatment facilities, fuzzy neural networks,
intellectual knowledge base.

LIM®POBOW TEXHONOTMYECKNIA PEFNAMEHT 3KONOMMYECKU BE3ONACHOMO OTBEAEHUSA U OYNCTKU CTOUHBIX
BOQO AEPEBOMNEPEPABATbIBAIOLWX NPEANPUATUN

B. H. Wena, A. B. fly6uHa, O. H. Mpokonexs

Pechepar

lMpoaHannavpoBaHa 3KONoruyeckas onacHoCTb 0T hopManbaervaCOoaepKaLLmMX CTOYHbIX BOA AepeBonepepabaTbiBaloLmx NpeanpusTyii, BKNoYas
WX KpaliHe HeraTMBHOE BO3AENCTBME Ha aKTMBHbIIA N BMOMOMNYECKNX OYMCTHBIX COOPYKeHWI . OLieHeHbl HEAOCTaTKM NPUMEHEHMS HA MPON3BOACTBAX
TEXHOMOMMYECKMX PErnamMeHToB, YTO MO3BONMNO OOOCHOBATb OCHOBHblE 3a4ayn MpW YCOBEPLUEHCTBOBaHWM 3(PMEKTUBHOCTU TEXHNYECKOTO
perynupoBaHu1s BoAononb3oBaHus. OB60CHOBaHbI M paspaboTaHbl CxeMbl LiPPOBOTO TEXHOMOMMYECKOTO pernamMeHTa OTBEAEHUS U OUMCTKM CTOYHbIX
BO/I, KOTOPbI UMEET CTPYKTYpHOE NoAodue ¢ LdpoBLIMM JBOMHMKaMM B 4aCTW peanvsaLyum onepaTMBHOTO MOHUTOPUHTA. [peanoxeHo u npoBepeHo
AN MOAENUPOBaHWS MpeaBapuUTENbHOM XMMMYECKO OYMCTKM MPUMEHEHWE HeYeTKMX HEMpOHHbIX CeTel, KoTopble 0becneunBaloT reHepavyio
MPOAYKLMOHHbLIX NpaBui, B AAGHHOM Criyyae, SBrswowmxcs 6asucom wHTennekTyanbHbix 6a3 sHaHuit. OBocHOBaHa 1 cospaHa CTPYKTypHas cxema
COOTBETCTBYIOLLEr0 LiNchpOBOTO TEXHOMOMMYECKOTO perniameHTa, CoCTOSALEro 13 ABYX METOAMKO-anropuTMUYeckux 6IoKoB: MOHUTOPUMHIa NpOLIECCOB,
VIMEIOLLMX CTATUYECKVNE KPaeBble 3HAYEHMS TEXHOMOMMYECKMX NapaMeTpoB U eAMHYK0 MHTEnnekTyanbHylo 6asy 3HaHWin NpOLECCoB, ONPeAenstoWwmX
akonornyeckylo esonacHocTb no napameTtpam «KoHUeHTpauns dopmanbaerngay, «Xumudeckoe notpebnenue kucnopoga» w «pH». PaspabotaH
anropuTM BHEAPEHWS W LUTATHOW KCTTyaTauymn Takoro MporpaMMHO-annapaTHoro komnnekca. OnpeneneHbl OCHOBHbIE MPENMyLLECTBa NPEasioKEeHHOro
LMchpOBOrO TEXHOMOTMHECKOTO PErfiaMeHTa OTBEAEHIS W 04MCTKY (hopmarnbaeria CoAepXaLLyX CTONHbIX BOZ fiepeBonepepabaTbiBatoLLX MPeanpusITUil.

KnioueBble cnoBa: dopmanbaernacosepxaliye CTOYHblE BOAbl, TEXHOMNOMMYECKMA pPErmameHT, BOAOOTBEAEHWE, MOKarbHble OYUCTHblE
COOPYXEHUS!, HEYETKIE HEMPOHHbIE CETW, MHTENNEKTyanbHas 6asa 3HaHui.

Introduction

Wood processing waste water is an environmental hazard due to the con-
tent of formaldehyde, which is a highly toxic, carcinogenic substance of the
first hazard class [1, 2]. It can cause cancer, genetic mutations and pollute
natural water reservairs, catastrophically reducing their suitability for life [3].
Toprevent harm, cleaning methods are used, including physicochemical
(ozonation, flotation) and biological (use of microorganisms), as well as mod-
em technologies of the class of advanced oxidative processes [4].

Negative environmental consequences of exposure to formaldehyde [5, 6]:

— toxicity: is a poisonous substance that negatively affects the
health of humans and animals, affecting their airways and central
nervous system;

— carcinogenicity and mutagenicity: the substance has properties
that promote cancer and genetic changes, which makes it extremely
dangerous for living organisms in the long term;

— pollution of water resources: getting into water reservoirs, for-
maldehyde pollutes water, making it unsafe for drinking and life of aquatic
life, as well as reducing the general ecological state of the environment.

Accordingly, it is necessary to ensure effective treatment of waste wa-
ter discharged into natural reservoirs by wood processing enterprises [7].
At the same time, in cases of diversion of waste water in municipal sewage
systems, environmental risks remain to a greater extent: formaldehyde,
even in insignificant concentrations, causes the death (or suppression) of
the active sludge of biological treatment facilities, which in tumn leads to the
ingress of biogenic elements into geo-eco-systems and their degradation.

Technological control of the processes of reducing pollutants is com-
plicated by the multifactorial nature of the processes: the parameters in
real time stochastically, non-stationary, non-linearly change. Thus, the
creation of approaches aimed at systematizing the experience of water
use and treatment of formaldehyde-containing wastewater in a uniform
regulatory electronic document, with the possibility of its prompt adapta-
tion, is an urgent scientific and practical task.

Task statement. Substantiation of the creation of digital technologi-
cal regulations in order to reduce the risks of abnormal technological
situations and increase the environmental safety of diversion (discharge)
of formaldehyde containing wastewater.

Geoecology
https://doi.org/10.36773/1818-1112-2025-138-3-127-134

127



Vestnik of Brest State Technical University. 2025. No. 3 (138)

Analysis of the principles of creating technological regulations
and shortcomings of their production use

GOST R 44.101-2025 «Production Process Preparation System.
Process regulations. Basic provisions», technological regulations -
a document containing a general description of the production of prod-
ucts, a description of the technological process in the sequence of its
implementation, information on the composition of technological equip-
ment, safe production conditions, as well as environmental protection
requirements. As a rule, it includes [8] a detailed description of operations
for the following items [9]: technical parameters, equipment used, algo-
rithm for performing actions, set of instructions, safety measures (includ-
ing environmental measures).

Generically, the development and implementation of technologi-
cal regulation consists of three basic stages:

1. Systematic analysis of production processes, with an assessment
of the technological architecture, key target technical and economic indi-
cators, probable risks.

2.Creation of the process regulation, based on the results of the first
stage and according to the developed and agreed nomenclature of tech-
nological regulation for a specific facility.

3. Approval, implementation and regular use, with correction of iden-
tified non-conforming aspects.

In practice, the following disadvantages arise (in a significant number
of cases), which significantly reduce the effect of the use of technological
regulations, or even lead to a further rejection of its use at facilities:

— there are no expected qualitative changes — production does not
meet the set targets;

— requirements set forth in the technological regulations are either
not fully implemented or only partially implemented in the field due to the
weak consistency of the actual situation.

Analysis of the use of process regulations at real facilities allows us
to identify the following factors leading to negative (compared to the
planned) results:

— TR do not take into account the rapidly changing technological
situation and, accordingly, under certain conditions, their implementation
not only does not allow achieving the target parameter values, but can
lead to undesirable abnormal situations;

— management and engineering personnel initially do not make
sufficient efforts to create a system technological regulations;

— fraining of personnel for its practical implementation is extremely weak;

— with normal operation, a situation arises when it tums out that the
outfit of allocated resources is insufficient — with the traditional approach of
creating technological regulations, it is often necessary to re-develop it.

Summarizing, we can say that the complex disadvantages of the ef-
fective use of technological regulations are the non-obviousness at the
stage of developing their effectiveness and the complexity in normal op-
eration of the operational change of their requirements, primarily in terms
of difficult to formalize production parameters.

Substantiation of the content of technological regulations for
diversion and treatment of formaldehyde containing waste water
from wood processing enterprises

Changes in the proposed regulatory documents of intemal use of wood pro-
cessing enterprises (their TR) relate to components directed to improving control

Physical and chemical processes
of using process water, its
contamination, diversion and
treatment at local purification
facilities

over compliance with the quality of divirsion and treatment of formaldehyde
containing wastewater [10], resource efficiency, and countering the occurrence of
emergency situations [11, 12]. At the same time, a certain requirement for the
object is the declared need or expectations, which are fixed in technical regula-
tions, standards, technical specifications or otherwise. The object of compliance
is a specific material, product, installation, process, service, system, respectively,
and units for the use, disposal and treatment of aqueous solutions correspond to
this definition [13]. Therefore, tests should be carried out on them (determination
of the characteristics of the subject of assessment) and an assessment of their
compliance with regulatory documents (a process for confirming that the re-
quirements regarding products, process, services, systems have been met).
Such requirements are based precisely on technological regulations.

Mandatory components of technological regulations, the require-
ments of which must be met by documents valid at wood processing
enterprises [14]:

— characteristics and peculiarities of operation of local treatment
facilities;

— quality control of water solutions at the entrance to various
equipment and treated waste water during diversion (discharge);

— information on: the volume of water use, water diversion (dis-
charge), consumption of electricity and other consumables (for example,
reagents) used to ensure the stable operation of the system for using
process water and removing pollutants from wastewater.

At the same time, there are factors that comprehensively create pre-
requisites for the inefficiency of metrological activities within the frame-
work of ensuring the uniformity of measurements of the technological
regulations compliance assessment under dynamic conditions [15, 16]:

— impossibility to accurately predict changes in pollutant concentra-
tions at different stages of water resources use, including their treatment;

— lack of adequate dynamic models of formaldehyde-containing
wastewater formation and treatment processes.

Both of the above factors justify the main purpose of using technological
regulations for water use, diversion and treatment of formaldehyde-containing
wastewater to improve the observability of waste water pollution processes and
their treatment on local treatment facilities. Both of the above factors justify the
main purpose of using technological regulations for water use, disposal and
treatment of formaldehyde-containing wastewater to improve the observability of
waste water pollution processes and their treatment on local treatment facilities.

Assessment of processes for diversion and treatment of for-
maldehyde containing waste water from wood processing plants

At the initial stage, based on the regulatory framework of digital
twins, it is possible to present technological regulation as a comprehen-
sive monitoring system (Figure 1).

The general parametric scheme for the disposal and purification of formal-
dehyde containing wood processing waste water, which the digital technological
regulation should programmatically simulate, includes data from automatic
measuring instruments, test results from an accredited laboratory and expert
opinions (Figure 2). It should be noted that the monitored parameters that deter-
mine the environmental safety of wastewater for geo-eco-systems are: "Formal-
dehyde concentration," "Chemical oxygen consumption” and "pH".

Within the framework of wood processing enterprises, the enlarged
sequence of formaldehyde containing pollutants of waste water formation
and their reduction will represent a phased multifactor model (Figure 3).

Program implementation of models
of physical and chemical processes
of using technological water, its
contamination, diversion and
treatment at local purification
facilities

A

data transfer interface

Figure 1 - Information architecture of digital technological regulation for wastewater disposal and treatment

128

Geoecology
https://doi.org/10.36773/1818-1112-2025-138-3-127-134



Vestnik of Brest State Technical University. 2025. No. 3 (138)

Figure 3 — Variants of formaldehyde containing pollutants of waste water formation and their reduction at wood processing plants
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Figure 2 - Parametric scheme of consumption, diversion and treatment of formaldehyde containing waste water
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Based on system analysis and experimental studies [2-5], processes
were determined that mainly determine the environmental safety of the
diversion of formaldehyde-containing wastewater:

— stabilization of waste water in the averaging tank before supply
to local treatment facilities according to the “pH” parameter;

— control of preliminary physical and chemical cleaning of waste
water in a chemical reactor according to “pH” and reaction time;

— control of the main physical and chemical treatment of waste wa-
ter in the advanced oxidation processes module within the framework of
the modified Fenton reaction in terms of “pH”, “reaction time”, “concentra-
tion of iron ions”, “concentration of hydrogen peroxide”.

To monitor precisely such processes that do not have adequate dy-
namic models in the form of, for example, differential equations, it is ad-
visable to apply an intelligent approach, for example, based on the use of
fuzzy neural networks [17].

Neural network modeling and formation of production rules of
the intellectual knowledge base

Technical regulation of formaldehyde-containing wastewater treat-
ment processes is implemented using fuzzy neural networks and an error
propagation algorithm. It includes the following steps [18, 19].

1. Some n (0 <n <1), Emax and some small random weight of the neural
network are set.

2.k=1and E = 0 are entered.

3. The next training pair (x¥, y¥) and designations are set

x=x" y=y", (1)

and the network output value is calculated
__ 1 )
- 1+ e—WTO ) ( )

where W is the vector of weights of the output neuron (W7 is the trans-
posed vector), o is the vector of outputs of neurons of the hidden layer
with elements
1
0,

- 3
B - ©)

w; — denotes the vector of weights associated with the i-th hidden neuron,
i=12, .., L

4. The weights of the output neuron are adjusted

W =W +ndo, )
where
s=(y—0)0(1-0). (5)
5. The weight of neurons of the hidden layer is corrected
w, =w, +néw,0,(1-0,), i=12,...,L. (6)
6. The value of the error function is corrected (increased)
E:=E+%(y—o)2. 7)

If k <N, then k: = k + 1 and proceed to step 3.
7. Completion of the training cycle. If E <Emax, then the end of the en-
tire training procedure.

If E2 Enmax, then a new learning cycle begins and proceeds to step 2.

Fuzzy neural networks synthesis is implemented in MatLAB ANFIS-
Editor applied mathematical software package. The statistical data on the
basis of which a fuzzy inference system was created were the results of
laboratory studies of industrial wastewater from wood processing enter-
prises and systematic production analyzes of an accredited laboratory for
assessing the quality of wood products [20].

Using the example of a chemical reactor and the "Formaldehyde
concentration" environmental hazard indicator, a neural network modeling
was tested (Figure 5) — 350 sets of training data were used.

As a result of fuzzy neural networks synthesis, production rules are
formed on the basis of MatLAB ANFIS-Editor package of applied mathe-
matical programs, which are the basis of the knowledge base of water
treatment in a chemical reactor, it, in turn, acts as an intellectual compo-
nent of the digital technological regulations of such a waste water purifi-
cation unit (Figure 4).

Using the production rules of individual intellectual knowledge bases
(stabilization of wastewater in the averaging tank before feeding to local
treatment facilities, control of preliminary physical and chemical treatment
of waste water in a chemical reactor, control of the main physical and
chemical treatment of waste water in the module of advanced oxidative
processes) with the implementation of fuzzy neural networks, a single
block of the intellectual knowledge base is formed [21] of the digital regu-
lations for the disposal and reduction of pollutants.

_If (input1 is in1mf1} and (input2 is in2mf1) then (output is out1mf1) (1) A

. If {input1 is in1mf1} and (input2 is in2mf2) then (output is cutimi2) (1)
. If {input1 is in1mf1} and (input2 is in2mf3) then (output is cutimf3) (1)
. If (input1 is in1mf1} and (input2 is in2mf4) then (output is outimfd) (1)
. If {input1 is in1mf2} and (input2 is in2mf1) then (output is outimfs) (1)
. If {input1 is in1mf2} and (input2 is in2mf2) then (output is cutimiS) (1)
. If (input1 is in1mf2} and (input2 is in2mf3) then (output is cutimfT) (1)
. If {input1 is in1mf2} and (input2 is in2mf4) then (output is cutimd) (1)
. If {input1 iz in1mf3) and (input2 is in2mf1) then (output is out1m3) (1)
100 If {input! is in1mf3) and (input2 is in2mf2) then (output is outimf10) (1)
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Figure 4 — Production rules of the intellectual knowledge base for treatment of formaldehyde containing waste water from wood processing plants
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Figure 5 — Neural network modeling of processes for the treatment of formaldehyde containing wastewater from wood processing enterprises
in a chemical reactor

Geoecology 131
https://doi.org/10.36773/1818-1112-2025-138-3-127-134



Vestnik of Brest State Technical University. 2025. No. 3 (138)

Methodological aspects of the functioning of digital technologi-
cal regulations for the disposal and treatment of formaldehyde con-
taining waste water from wood processing enterprises

At the same time, the developed digital technological regulation con-
sists of two main methodological and algorithmic blocks: one of them pro-
vides monitoring of processes having discrete control law (this program
logic, as a rule, includes edge values of process parameters beyond the
boundaries of which may lead to abnormal situations, including emergency

situations, environmental risks or/and significant electricity overruns (other
consumables); the second block is an intellectual knowledge base of pro-
cesses that determine environmental safety, functioning using fuzzy neural
networks, which also simulate technological risks (Figure 6).

In this case, the sequence of operation of the digital technological regula-
tion (Figure 7) will include the initial use of expert settings obtained, including
in laboratory conditions, with a phased transition to a comprehensive intelli-
gent architecture (Figure 6).

Software for digital process
regulation for diversion and
treatment of formaldehyde
containing waste water from wood
processing plants

A

A J

Process units and processes
operating on the basis of the
presence of "strictly" expert-
defined edge values of process
parameters

A

A

Process units and processes
operating on the basis of intelligent
knowledge bases (stabilization tank,
primary treatment chemical reactor,

advanced oxidation process

module)

Figure 6 — Scheme of algorithmic support of digital technological regulation for diversion and treatment of formaldehyde containing waste water of wood
processing enterprises
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Figure 7 - Block diagram of implementation and regular operation of digital process regulations for diversion and treatment of formaldehyde containing
waste water from wood processing plants
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Digital technological regulation for diversion and treatment of formal-
dehyde containing waste water:

— is an information and analytical tool for monitoring the operation of
the entire complex of equipment and specialists of the water use system
(increasing the productivity of employees of enterprises, resource-
efficiency of processes and reducing environmental and technological
risks);

— a tool for prompt (actually real-time) preparation of adequate tech-
nical specifications for modernization (reconstruction) of the water use
system, diversion and treatment;

— a system for supporting management decisions aimed at improving
the environmental safety and technical and economic efficiency of wood
processing enterprises, capable of prompt adaptation and automatic
adjustment of technological requirements for the passage of processes.

Conclusion

Wood processing enterprises pose a significant environmental haz-
ard, including natural water reservoirs, primarily due to the content of
formaldehyde, which is a highly toxic, carcinogenic substance of the first
hazard class, which also negatively affects the active sludge of biological
municipal treatment facilities — accordingly, effective regulation of the
diversion and treatment of these waste water is an important task. At the
same time, the analysis of the practical implementation of technological
regulations at production facilities allows us to single out a number of
important shortcomings of the existing approaches: technological regula-
tion do not take into account the rapidly changing technological situation,
management and engineering and technological personnel initially do not
make sufficient efforts to create a system technological regulation, train-
ing of personnel for its practical implementation is extremely poorly per-
formed, during normal operation there are situations when it turns out that
the order of allocated resources for its implementation is insufficient.

To overcome such shortcomings, the digital technological regula-
tion for the diversion and treatment of waste water, which is a software
and hardware complex and has a structural similarity with a digital twin,
must perform operational monitoring of the characteristics of the use of
process water, its pollution, diversion and treatment at local treatment
facilities. It is justified to divide the digital technological regulation into
two main methodological and algorithmic blocks: monitoring of pro-
cesses with static edge values of technological parameters, going
beyond the boundaries of which can lead to emergency situations,
including emergency situations, environmental risks, or/and significant
excess consumption of electricity (other consumables); a single intel-
lectual knowledge base of processes that determine environmental
safety in terms of "Concentration of formaldehyde," "Chemical oxygen
consumption" and "pH", functioning using fuzzy neural networks and
capable of automatic adaptation.

Further studies should solve the problems of synchronizing the inter-
action of the equipment of "disposal-cleaning" of the waste water and the
production cycle systems affecting the indicators of contamination of
process water.
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Abstract

This article presents the results of a comprehensive modeling study aimed at predicting heat transfer dynamics in soddy-podzolic soils
in the Belarusian Polesie region. The study covers a time horizon up to 2035 and takes into account two key factors:

1) various land drainage standards, varying in intensity and technological parameters;

2) global climate change, expressed in a persistent trend of increasing average surface air temperature.

To achieve this goal, an original methodological framework based on mathematical modeling methods was developed. The proposed approach
allows:

« for reproducing the spatiotemporal dynamics of the temperature field in a soil profile;

« comparing the thermal regimes of natural (unamendied) and drained soils;

+ assessing the impact of atmospheric temperature anomalies on the thermal state of the soil cover.

The computational experiments resulted in the generation of a predictive data set, including:

+ detailed soil temperature profiles for various drainage scenarios;

* quantitative assessments of temperature gradients across the depth of the soil profile;

« time series of temperature readings with a step corresponding to climatic seasonality.

The practical significance of the obtained results lies in their potential for application in reclamation agriculture. In particular, the developed
predictive models can be used:

+ in designing water management systems in reclaimed areas;

+ optimizing water supply schedules and drainage measures;

+ developing adaptive strategies for managing agricultural landscapes in a changing climate;

+ assessing the risks of overheating or overcooling of the root zone under various drainage scenarios.

Thus, the conducted study creates a scientifically sound basis for making management decisions in the field of reclamation, allowing
for consideration of both local hydrological conditions and macro-scale climate trends.

Keywords: Belarusian Polesie, modelling, soddy-podzolic soil, melioration, temperature, heat capacity, amount of heat.

MOJENWPOBAHUE TEMNNOBOI0 PEXXUMA OCYLUEHHBIX AEPHOBO-MOA30NCTbIX NOYB BENIOPYCCKOIO NONECHA

A. A. Bonyek, B. B. Bopyuwko

Pechepar

B HacToslweit cTaTbe npefcTaBneHbl pesynbTaTbl KOMMMEKCHOTO MOAENWPOBaHWS, HanpaBMeHHOTO Ha MPOrHO3WPOBaHWE  AMHAMUKM
TennonepeHoca B epHOBO MOA30NMCTBIX NOYBax pervoHa benopycckoro Monecks. MiccnenoBanne oxsaTbiBaeT BpeMeHHON ropuaoHT Ao 2035 roga
11 y4uTbIBAET ABA KIIOYEBbIX (hakTopa:

1) pasnuyHble HOPMaTVBbI OCYLLEHUS 3EMENb, BapbUPYIOLLME N0 MHTEHCUBHOCTY 1 TEXHONOMMYECKUM napameTpam;

2) rnobarbHble KMMMaTUYECKNE M3MEHEHMS, BbIPaKaloWMecs B YCTOMYMBOM TPEHAE MOBLILLEHWS CPefHel TemnepaTypbl MPU3EMHOr0 Cros
BO3ayXa.

[N [OCTWXeHMs MNoCTaBneHHo Lenn paspaboTaHa opurvHanbHas MeTogudeckast 6asa, OCHOBaHHas Ha MeTodax MaTeMaTU4YecKoro
Mofen1poBaHus. MpeanoxeHHbI NOAX0A NO3BOMSET:

* BOCMPOW3BOAMTb NPOCTPAHCTBEHHO BPEMEHHYIO AMHAMUKY TEMMepaTypHOro Nons B MOYBEHHOM Npodne;

* CPaBHWBATb TEPMUYECKNE PEXMMbI €CTECTBEHHBIX (HEMENMOPUPOBAHHBIX) U OCYLLEHHBIX MOYB;

* OL|EHVBaTb BMMSHME aTMOCKEPHBIX TEMMEPATYPHbIX aHOManMi Ha TENMOBOE COCTOSHWE NOYBEHHOTO MOKPOBA.

B pesynbTaTte BbIMUCTIMTENBHBIX SKCNEPUMEHTOB CHOPMMPOBAH MaCcCMB MPOTHO3HBIX AAHHBIX, BKIHOYAOLNNA:

* [leTanuaupoBaHHble TeMnepaTypHble NPOcMIN MOYB ANS Pa3NnyHbIX CLEHAPUEB OCYLUEHMS;

* KOMMYeCTBEHHbIE OLIEHKI rpaMeHTOoB TeMnepaTypbl Mo rny6uHe NoYBEHHOTO NPoduns;

* BpeMeHHble psabl TEMNEPaTypHbIX NOKa3aTenel ¢ LWarom, COOTBETCTBYIOLMM KIIMMaTUYECKON CE30HHOCTM.

MpakTyeckas 3HaYUMOCTb MOMyYeHHbIX Pe3yNbTaToB 3aKMoYaeTcs B WX MPUKNagHOM NoTeHumane Ans cdepbl MenvopaTuBHOTO 3eMneaenus.
B yacTHocTi, pas3paboTaHHble NPOrHO3HbIE MOZENy MOryT ObITb NCMONB30BAHbI:

* MPVW NPOEKTUPOBAHMN CLCTEM PETYNIMPOBaHNA BOAHOMO PEXVMA Ha MENMOPUPOBAHHbIX TEPPUTOPUSX;

* ONTMMMW3aLWK rpadhvKoB BOAOMOAAYM U APEHAXHBIX MEPONPUSTHIA;

* pa3spaboTke aganTUBHbIX CTpaTErvin yNpaBneHns arponaHaadTami B yCOBUSX M3MEHSIOLLErOCs KNumaTa;

* OLieHKe PUCKOB Meperpesa 1nu nepeoxnaxaeHnst KopHeobTaeMoro Cos NpK PasnnyHbIX CLEHaPUSIX OCYLLEHWS.

Takum 06pa3om, npoBedeHHOe MCCrnedoBaHWe CO3AaeT HayyHo 060CHOBaHHylo a3y NS MpUHATMS YNpaBneHYeckux pelleHnd B obnacTw
MenvopaLyu, No3BONAS Y4UTLIBAT Kak NoKanbHbIE rMAPONOrMyeckie YCNOBMS, Tak U MakpoMacluTabHble KnuMaTuieckie TpeHabl.

KnioyeBble cnoga: benopycckoe [onecbe, MogenupoBaHWe, OEepHOBO-MOA30NMCTAs MOYBa, MeSMopauus, TemnepaTtypa, TennoemKoCTb,
KOJTM4eCTBO TENNOThI.
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Introduction

The country’s food security is linked to an increase in gross agricultural
production. Its implementation is associated with the inclusion of more land in
agricultural trade and increased crop vields. The solution to the first question
is problematic. In addition to seed quality and fertilizer application, the
maintenance of optimal water-air and heat regimes in agricultural soils is
amaijor factor in improving crop vields. Soil thermal and water-air regimes
are factors that often largely determine the agricultural productivity of land.
Land productivity is primarily associated with the application of necessary
fertilizers, use of new varieties, control of plant weeds etc [1-3]. Less atten-
tion is paid to the microclimate of dry areas. According to the theory of V. R.
Williams, dewatering should reduce excessive soil moisture to such a size
that provides the necessary water, air, heat, microbiological and nutritional
regime of the soil. The climate change occurring in the territory of Belarus, as
well as in Europe as a whole, in recent decades is expressed in increasing
air temperature in all months of the year. Changes in agro-climatic indicators
during the growing season are of particular importance for agricultural pro-
duction efficiency. These changes are most noticeable in the territory of
Belarusian Polesie, which, due to its geographical location, is characterized
by the highest heat availability and length of the growing season in Belarus.

The decrease in the amount of precipitation over the past decades at
the Poleskaya station, located on the territory of the Luninets swamp mas-
sif, and at nearby stations allows us to conclude that the implementation of
reclamation work on large areas (Luninets swamp massif, Poleskaya sta-
tion), which has led to a decrease in forest cover and roughness of the
underlying surface, leads to an increase in wind speed and a decrease in
the amount of precipitation, especially during the cold period [4].

The observed increase in atmospheric moisture runoff in the absence
of a compensating increase in precipitation leads to a decrease in the
resilience of the soil cover of the Belarusian Polesie to extreme tempera-
ture conditions and moisture deficit, with the most pronounced negative
consequences recorded on the arable lands of the region in question.

Establishing patterns of microclimate change in land reclamation,
and predicting its changes is one of the important tasks of agriculture.

The aim of this study is to investigate the pattems of formation of the thermal
regime of meliorated bottom-soddy-podzolic soils of Belarusian Polesie under
current conditions and estimate its change in the period until 2035 due to climate
warming, which is one of the important tasks of agriculture.

The Research methods and raw data.

The thermal conductivity equation [5, 6, 7, 8] is used to describe the
pattern of formation of the soil temperature profile

Table 1 - Projected increase in monthly average air temperature, 'C

aT 92T | 9°T
oG5 = k(Gz+ 5

22T
P 5t ay? + ﬁ)‘ (1

where p — density, kg/m3; Cp — heat capacity, J/(mol K); k — thermal con-
ductivity, W/mK; T — temperature, °K; V — hamiltonian.

Solar radiation is the primary energy source responsible for the thermal
regime of the Earth's surface. When interacting with the soil cover, radiant
energy is converted into thermal energy, after which it is redistributed in two
directions: conductive transfer to the underlying soil layers or emission into
the atmosphere through thermal radiation and reflection [9]. The balance
between absorbed and emitted energy represents the amount expended on
heating the Earth's surface. An increased temperature gradient between the
upper and lower soil horizons leads to an increase in the proportion of ther-
mal energy migrating into the depths of the soil profile [10].

The numerical modelling of the thermal regime of soils [11] is re-
duced to computations of their temperature profiles [12].

For this purpose, a mathematical modelling method is used which allows,
using the initial climatic conditions, to calculate the dynamics of the soil tem-
perature profile and calculate the amount of accumulated heat [13].

To quantify the change in soil heat capacity, a numerical experiment
was carried out according to the following scheme: 5 m? of soil with di-
mensions 1 m — width, 1 m - length and 5 m - depth, were taken as
a conditional volume; the selected depth value corresponds to the level,
at which the temperature fluctuations associated with the degree of heat-
ing of the air by solar rays [14, 15] cease.

The study considered the soddy-podzolic model as the most common in
Belarusian Polesie and occupying more than 35 % of the temitory [16].
The sail structure was chosen as follows: the top layer of sand 1 m deep, and
the bottom layer of coarse-grained sand 4 m deep. Calculations were made
for different ground water levels (WWS): 0 m, 0,4 m, 0,8 mand 1 m [17].

On the basis of specialized software, a model of heat transfer in soil
has been created and the dynamics of its heating under natural and an-
thropogenic conditions have been studied [18]. The numerical solution of
the mathematical model is obtained by the method of finite elements [19].

Based on meteorological information from the Poleska Weather Sta-
tion, located in the Luninetsky Swamp and representative of the region
[20]. The air temperature was assumed to be equal to the multi-year
average value for that day at 7 pm, which corresponds approximately to
the average value of the temperature on the day in question.

The projected values of the increase in average air temperature for
warm months, given in table 1, are taken from one of the possible climate
scenarios for the period up to 2035 [21, 22].

Month April May June

July August September October

Temperature difference 1,71 1,49 1,7

2,08 1,97 1,77 1,61

Using the above method, a numerical experiment was carried out to
simulate the temperature profile of sails for the following boundary conditions:

¢ on the surface of the model soil, a heat flux equal to the average
monthly flow of solar radiation falling on one area of the horizontal sur-
face was applied;

e at the lower boundary of the modular soil, temperature stabiliza-
tion conditions were set at 9.1 °C [23], equal to the average annual sur-
face air temperature [24];

e on the surface of the soil was given the condition of convective
heat exchange — V(—kVT) = 0 [25];

e heat insulation conditions were applied on the lateral borders of
the allocated volume;

e evaporation from the surface of the soil was defined as the change
in the internal energy of water during evaporation by the formula [26]

Q=Lm-VRT, )

where L - the specific heat of vapour formation, J/kg; m — the mass of
evaporated water, kg; v — the amount of substance evaporated water,
mol; T — the air temperature, K; R —the molar gas constant, J/mol K

Results and their discussion

As a result of the numerical experiment, the distribution of soil tem-
perature over the entire thickness of the simulated profile was obtained
with an interval of radiance for a day from May to October including,

on the basis of the year-long average value of air temperature and its
prognosis until 2035 [27, 28]. As an example, figure 1 shows graphs of
the temperature dependence on the depth of soddy-podzolic soil without
dewatering for June 3 with a dewatering rate of 0,4 m for current climatic
conditions [29] and a projected temperature change up to 2035.

As the numerical experiment showed, the soil temperature dynamics
is synchronized with the air temperature when the climate warms. How-
ever, the nature of the change in the heat regime of dried and undried
areas has a different structure and is determined both by climatic factors
and the degree of melioration [30, 31].

Depending on the degree of moisture content, soil systems exhibit
significant variability in their thermophysical properties, primarily specific
heat capacity. This phenomenon is due to the dramatically different heat
capacities of the two main components of soil pore space — air and water.

According to experimental data, the specific heat capacity of dry air is
cair = 1020 J/(kg-K), while the specific heat capacity of water reaches
Cwater = 4200 J/(kg-K). Thus, the heat capacity of water is approximately four
times greater than that of air. Since water displaces air in soil pores, the pres-
ence of moisture in the soil proportionally increases its overall heat capacity —
also approximately four times greater than that of completely dry soil.

A similar pattern is observed with respect to thermal conductivity:
moist soil is characterized by significantly higher thermal conductivity than
dry soil. This is of fundamental importance for heat transfer processes in
the soil profile. Due to the increased thermal conductivity of a moist sub-
strate, solar radiation absorbed by the soil surface is more effectively

136

Geoecology
https://doi.org/10.36773/1818-1112-2025-138-3-135-140



Vestnik of Brest State Technical University. 2025. No. 3 (138)

distributed into the lower horizons. This results in uniform heating of the
root zone, which is critical for the vital functions of plants and soil biota.
The difference in the heat capacity and thermal conductivity of dry
and moist soils leads to two important thermodynamic consequences:
1) heating moist soil requires significantly more thermal energy than
dry soil of the same mass and volume. This is due to the high heat capac-

ity of the water filling the pores;

2) moist soil has greater thermal inertia: as the ambient temperature
decreases, it releases accumulated heat more slowly. This effect is ex-
plained by both the high heat capacity and the improved thermal conduc-
tivity of a moist soil profile, which ensures a more uniform heat distribu-

tion across the depth.

Thus, moisture content is a key factor regulating the thermophysical
properties of the soil and determining the dynamics of heat exchange
between the earth's surface and the ground layer of the atmosphere.

From the graphs shown in Figure 1, it follows that the nature of the tem-
perature change as it approaches the surface does not change. Due to the
increase in air temperature, the soil temperature changes accordingly. These

changes are most significant from the depth of 2 m on undrained soils. When

air temperature.

water is discharged during the drying process, the temperature change rate
changes abruptly at the depth of the upper groundwater level.

From the diagrams shown in Figure 2, it can be seen that the
amount of energy accumulated per month increases with increasing
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The results shown in table 2 show that the most significant changes
in the energy accumulated occur in soil without drying, since water in the
soil has a greater heat capacity than air filling the soil pores. On drained
soils, these changes are not as noticeable. The natural soil accumulates
more heat energy and distributes it more evenly along its profile. In the
process of prolonged negative temperatures during winter, at the depth of
150 cm, even by the end of the cold season, soil temperature was posi-
tive and was 2..2.1 °C. This phenomenon has been called «thermal

Table 2 - Change in accumulated energy of soil, 108 J

inertia» [32, 33]. Water in the top layer of soil is more inert to changes
in ambient air temperature, which helps plants to cope with late frosts
in the spring and generally raises the temperature of the nutrient layer
of soil and improves conditions for crop production, characteristic of more
southern areas.

As it can be seen from table 2, the higher the rate of soil drying,
the smaller the changes in the energy stored in the soil, therefore
the soils dried out are less susceptible to climate change.

April May June July August September October
Without drying 3,90 3,96 2,64 4,56 4,20 3,67 5,99
Drying by 0,4m 3,14 2,60 2,51 3,74 3,52 3,37 291
Drying by 0,8m 2,10 1,99 2,09 3,11 2,90 2,28 245
With drying by 1m 2,40 1,83 2,23 2,43 2,24 2,49 1,94
Depending on the heat capacity, only a certain amount of heat can 6. Tihonov, A. N. Uravneniya matematicheskoj fiziki / A. N. Tihonov,

be absorbed by the soil. Because the heat transfer from top to bottom is
quite slow, excess energy will be added to the environment. And as
a result, the ground air heats up more, resulting in its displacement to the
lower pressure area. Thus, these air masses carry heat energy away
from the drained areas [34].

Air with lower heat capacity accumulates less energy, therefore, as the
temperature rises, the energy accumulated by the soil will change to a lesser
extent. As a consequence, Table 2 does not show for all months the depend-
ence of the increase in energy change at different rates of drying.

Conclusion

Based on the results of modelling the thermal regime of soil at
a temperature change up to 2035, the energy, accumulated by the soddy-
podzolic, soil is calculated. The most noticeable energy increase is for
swamp soil. The change in accumulated energy was greatest for the un-
drenched soil in October and amounted to about 5,99 108 J, which corre-
sponds to an increase of 0,43 % compared with the initial values. The min-
imum energy increase was in May for soil with a drying norm of 1 meter and
amounted to 1,83 108 J, which corresponds to an increase of 0,15 %.

Thus, land reclamation accelerates the process of modification of the
substrate surface and thermophysical properties of soddy-podzolic soils
of Belarusian Polesie.

Climate warming and the resulting rise in soil temperature may lead
to favourable conditions for crops grown in warmer regions. However,
more extreme conditions for the cultivation of crops remain on meliorated
soddy-podzolic soils, which is reflected in significant soil heating during
the day and cooling at night. As a result, the number of frosts increases
and the heating of the arable layer in the spring slows down, which can
lead to partial crop loss.

In the system of adaptation measures to climate transformations in
the Belarusian Polesie, revalidation (re-wetting) of previously drained
lands occupies a key position as a method that allows for the effective
regulation of heat and water balance and the increase of biological
productivity of land resources [35].
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Abstract

This article presents the results of a study on the spatial and temporal variability of characteristic water discharges of the Pripyat River and its tributaries
within Belarus, based on instrumental observations. At the Mozyr gauging station, a 145-year hydrological record from 1877 to 2021 was analyzed.

The findings indicate that climate change has increased the irregularity of flow fluctuations in the Pripyat basin rivers, affecting both the intra-annual
seasonal distribution and variations related to catchment size. Notable changes were observed during the spring period, characterized by a reduction
in flood runoff and an earlier onset of the spring flood. Distinct trends in flow variability were identified across spring, summer, and autumn, with
a pronounced increase during summer.

Flow projections up to 2035 largely confirm the trends identified for the period 1961-2015. Although average annual flow is expected to change
only slightly, there is a high likelihood of increased irregularity and divergent seasonal and monthly flow patterns. Enhanced unevenness in intra-annual
flow distribution, combined with elevated flood risks due to abrupt winter thaws, earlier spring flood onset, and intensified rain-induced floods, may
contribute to a greater frequency of extreme hydrological events.

The significance of these flow assessments and forecasts under changing climatic conditions lies in their critical role for informing water resource
management and protection strategies. Incorporating these projections is essential for the effective planning and sustainable management
of the Pripyat River basin.

Keywords: water discharge, annual runoff, spring flood, minimum summer-autumn flow, minimum winter flow, climate, forecast assessments.
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Pedepar

B cTatbe npeactaBneHbl pesynbTaThbl UCCNEA0BaHUA NPOCTPaHCTBEHHO-BPEMEHHbIX KonebaHnin xapakTepHbIx pacxogos BoAbl p. INpunatb u ee
MPUTOKOB, PAaCMONOXEHHbIX Ha Tepputopun bemapycu 3a nepuop WHCTpyMeHTanbHbIX Habmiopenwin. [ins ctBopa r. Mosbipb paccmarpuBancs
rugponoruieckuin psag 8 145 net, ¢ 1877 no 2021 rr.

lMoka3aHo, YTO U3MEHEHWe KNUMaTa YBENMYMIO HepaBHOMEPHOCTb KonebaHui cToka, kak Ans pek 6acceitHa MpunsTi, Tak 1 ero BHYTPUrofoBOMY
pacnpefeneHnio No Ce3oHaMm roga, a Takke B 3aBMCMMOCTM OT pasmepa BogocOopa. 3HauuTenbHble W3MEHEHWS CTOKA MPOM3OLLNN B BECEHHUI
nepwos, CBA3aHHbIE CO CHINKEHNEM CTOKa NONOBOABS 1 6oree paHHUM ero HacTynneHueM. B BECEHHWIA, ETHWIA 1 OCEHHWIA Neproz NPOCHEXMBaETCS
pasHasi HanpaBNEHHOCTb M3MEHEHUS! CTOKA, 0COBEHHO B NETHMIA NEPUOA — €ro YBENUYEHMe.

[MporHo3 cToka Ha nepuog a0 2035 roga B OCHOBHOM MOATBEPAMN BbISBMEHHbIE TEHAEHUMM €ro U3MeHeHns 3a nepuog ¢ 1961 no 2015 rog.
Mpy HE3HAUMTENBHOM W3MEHEHWM CTOKAa B CPEAHEM 3a TOf, BbICOKAs BEPOSTHOCTb €r0 HEpaBHOMEPHOCTW M PA3HOHAMPAaBMEHHOCTW B CE30HbI
¥ Mecsibl. YcuneHne HepaBHOMEPHOCTM BHYTPWUTOAOBOTO pacripefenieHns CToka M YBENMYEHWe PUCKOB HABOAHEHWA, OBYCNOBMEHHbIX PE3KMMM
oTTenensiMn B 3UMHUA nepuog, Bonee paHHUM HaCTYNNEHWEM BECEHHErO MOMOBOMAbS M YBENUYEHUEM WHTEHCUBHOCTU OXAEBbLIX NABOAKOB MOXET
MPUBECTY K YBENUYEHMIO PUCKOB SKCTPEMASTbHbIX SIBNEHNIA.

3HauMMOCTb OLIEHOK M MPOTHO30B PEYHOTO CTOKA B YCIOBMSX U3MEHSIIOLLErOCs KnmaTa OnpeaensieTcs LenecoobpasHOCTbI0 MX MOCTeyHoLLero yyeTa
MpY NaHNPOBaHNM BOLOOXPaHHBIX U BOAOXO3ANCTBEHHbIX MEPONPUATUN, CBA3aHHbIX C COBEPLLEHCTBOBAHWEM YNIPaBMNEHNs peyHbIM 6acceiiHom Mpunstu.

KntoueBble cnoBa: pacxog Bodbl, rO4OBOM CTOK, BECEHHEE MOMOBOALE, MUHUMANbHbIA NETHE-OCEHHWUA CTOK, MUHWMAmbHBIA 3UMHUIA CTOK,
KNMaT, NPOrHo3Hble OLIEHKN.

Introduction community, particularly in light of the growing scarcity of water
The issues surrounding the rational management of water re-  resources globally and the continuously increasing demand for
sources have emerged as a critical focus for the international  water in many countries.
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In response, the international community has coordinated efforts
among nations to establish 17 Sustainable Development Goals (SDGs)
to be achieved by 2030. One of these goals is to ensure the availability
and equitable distribution of river flow, alongside its sustainable use and
sanitation for all [1]. This goal is especially pertinent to transboundary
rivers. The Republic of Belarus actively participates in this initiative.

Most major rivers in Belarus are transboundary, making the manage-
ment of their water regimes an intergovernmental responsibility. A primary
objective is to provide an objective assessment of the current state of water
resources, both for the river basin as a whole and for the individual coun-
tries through which these rivers flow. A key aspect of researching river wa-
ter regimes involves forecasting water resource availability for both the near
and distant future. The Pripyat River, one of the largest rivers in Belarus,
serves as a pertinent case study in this context [2].

The objective of this study is to identify current trends in the fluctua-
tions of river flow within the Pripyat basin in Belarus and to provide fore-
cast assessments to facilitate rational and objective management of the
water regime.

Methods and materials

The Pripyat River, with a length of 761 km, is a right-bank tributary of
the Dnieper River. Its basin is transboundary, shared between Ukraine
and Belarus. The basin’s shape approximates a square with a somewhat
indented watershed boundary. The catchment area encompasses
121,000 km2, of which 52,700 km? (44 %) lies within Belarus. The basin’s
maximum length is 460 km, with an average width of 256 km and a mean
elevation of 179 m. The catchment is predominantly flat and asymmetrical
in shape, largely situated within the Polesie Lowland. The relief of the
Pripyat basin within Belarus is characterized by alternating moraine hills
and flat plains [3, 4, 5, 6, 7 et al.].

The Pripyat River originates near the city of Volodymyr-Volynskyi in
Ukraine. It flows for approximately 200 km through Ukrainian territory,
then nearly 500 km through Belarus before discharging into the Kyiv
Reservoir on the Dnieper River. From its source to the city of Pinsk (Bela-
rus), the river flows predominantly from southwest to northeast. At Pinsk,
the Pripyat turns eastward and continues almost along a latitudinal
course to Mozyr, where it shifts southeastward, maintaining this direction
until its confluence.

The current hydrography of the basin comprises meandering, slow-
flowing, and overgrown rivers, numerous reclamation canals, artificial
reservoirs, and wetlands. The river system within the catchment includes
approximately 800 watercourses longer than 1 km, with a combined
length exceeding 46,000 km. The drainage density is 0.4 km/km2. Most
tributaries are fully or partially canalized. Forests cover 42 % of the
catchment area within Belarus. Major tributaries include the Pina, Yasel-
da, Bobrik, Tsna, Lan, Sluch, Ptich, Tremlya, and Ipa (left bank), as well
as the Stokhod, Styr, Horyn, Stvyha, Ubort, and Slovechna (right bank).
The Pripyat is connected to the Mukhavets River (Western Bug basin) via
the Dnieper-Bug Canal, linked to the Neman basin by the (currently inac-
tive) Oginsky Canal, and connected to the Mikashevichi river port through
the Mikashevichi Canal [3, 4, 5, 6, 7 et al.].

The river's hydrological regime is mixed, predominantly snowmelt-
driven. A distinctive feature is the prolonged spring flood, a brief summer
low-water period interrupted by rain-induced floods and nearly annual
autumn water level rises. The spring flood accounts for 60 % of the annu-
al flow, summer-autumn low water for 24 %, and winter low water for
16 %. Average annual discharge rates are 119 m3s near the village of
Korobye in the upper reaches, 264 m*/s near Turov, 383 m¥s at Mozyr,
and 450 m¥/s at the mouth [5].

The river regime has been studied at 21 hydrological stations; cur-
rently, seven remain operational: Pinsk, Kachanovichi (upper and lower
reaches), Chernychi, Petrikov, Mozyr, and Narovlya.

The hydrographic network of the Pripyat River basin is illustrated in Figure 1.

Climate Conditions

The climate of the Pripyat River basin is classified as moderately
continental, characterized by warm and humid summers and relatively
mild winters. The degree of continentality increases toward the southeast.
Annual sums of the radiation balance increase from the southwest to the
east and southeast, ranging from 1200 MJ/m? to 1735 MJ/m2 The radia-
tion balance of the region significantly influences the temperature regime
[8, 9]. The spatial and temporal distribution of the average monthly air

temperature is dependent on radiation conditions, seasonal fluctuations
in atmospheric circulation, and the physical and geographical features of
the area. The average annual air temperature in the basin varies from
+6.3 °C to +7.2 °C. The average temperature of the coldest month (Jan-
uary) ranges from —4.6 °C in the southwest to —7.0 °C in the northeast,
while the average temperature of the warmest month (July) increases
from +18.3 °C in the northwest to +19.2 °C in the southeast. The frost-
free period lasts from 170 days in the southwest to 150 days in the east-
ern part of the basin. A key pattern in the spatial distribution of precipita-
tion within the Pripyat River basin, influenced by general circulation fac-
tors, is a decrease in precipitation from the northwest and southwest
toward the west and east. A slight increase in precipitation is observed at
higher absolute elevations. Monthly precipitation totals exhibit a distinct
annual cycle, with a minimum occurring in February and March and
a maximum in June and July. Precipitation is predominantly of low inten-
sity, although individual heavy showers can produce several tens of mil-
limeters of rainfall. The highest daily precipitation recorded at various
meteorological stations within the basin ranges from 114 to 177 mm.

\ ; - 2

Ukraine

Figure 1 — General Map-Scheme of the Pripyat River Basin

The snow cover within the basin is characterized by considerable instabil-
ity. The timing of its onset fluctuates significantly, with average dates for the
formation of stable snow cover ranging from December 20 in the northeast of
the basin to December 30 in the southwest. A similar pattern is observed for
the disappearance of snow cover, with average dates for the melting of stable
snow cover varying in the opposite direction — from March 5 in the southwest
to March 15 in the northeast of the Pripyat River basin. The average maximum
snow depth ranges from 10 to 15 cm in the west to 20 to 25 cm in the east of
the basin. The average depth of soil freezing is between 30 and 50 cm and
depends not only on temperature and snow cover thickness but also on soil
type [8]. The wind regime in the Pripyat River basin is influenced by macro-
circulation processes in the atmosphere and the positioning of pressure cen-
ters over the Eurasian continent and the Atlantic Ocean [9]. A clear frend in
the distribution of total evaporation indicates a decrease from the north and
northwest of the basin toward the south and southeast, ranging from 590 mm
to 525 mm. Winters in this region are mild and overcast, with frequent thaws.
Average monthly temperatures below freezing persist from December through
March, except in the southwestem part of the basin, where average tempera-
tures in March exceed 0 °C. A characteristic feature of winter is the frequent
intrusion of warm air masses, which are often accompanied by thaws. This
phenomenon can lead to the complete disappearance of the snow cover,
which typically re-establishes itself after several days. In some winters, when
the basin is affected by ridges of high pressure, severe frosts can occur.
Spring in the basin is prolonged and unstable, characterized by frequent
alternations of cold and warm air masses. Cyclonic activity during spring
diminishes due to the reduction of temperature contrasts between maritime
Atlantic and continental air. Alongside a rapid increase in air temperature,
significant temperature drops may also occur on certain days. Summer
within the basin is warm and rainy. Ridges of high pressure from the Azores
maximum extend into the area, facilitating the transport of moist air from the
west. More than 200 mm of precipitation falls during the summer months,
with a significant portion occurring as showers associated with cyclones
moving from the southwest. The average temperature during the summer
months (June-August) remains around +16 °C to +20 °C. The transition
from summer to autumn is gradual, with frequent returns of warm weather.
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Autumn is prolonged, predominantly overcast, and characterized by drizzly
rain, especially in November, when approximately 75 % of days are cloudy,
of which 25 % are rainy.

Characteristics of Water Resources
The volume of river runoff for the Pripyat River over the long-term
observation period and for the year 2023 is presented in Table 1 [10].

Table 1 - River runoff of the Pripyat River (km?/year) for the long-term period and the year 2023

. Long-term river runoff . .
Gauge Station Catchment area, thousand km? , — River runoff in 2023
average maximum minimum
Kachanovichi 13.8
Chernychi 74.0
Petrikov 878 12.2 223 45 16.3
Mozyr 101.0
Narovlya 103.0

The hydrometric station in the city of Mozyr, established in 1876,
has the longest period of river runoff observations in this basin,
spanning from 1877 to 2021, i.e., 145 years. At the preliminary
stage, statistical analyses were conducted, and missing data were
reconstructed using the methodology described in [11], employing the
software package Gidrolog-2 [12]. To assess the impact of recent
climate warming, a comparative analysis was performed for two in-
tervals: 1877-1986, representing the pre-warming period, and 1987-
2021, representing the warming period. Additionally, observation
series from the last 50 years (1972-2021) were analyzed separately,
corresponding to the standard calculation period recommended for
determining statistical hydrological characteristics.

Within the Pripyat River network, small watercourses predominate
both in number and total length; the catchments of these watercourses
generate the majority of the local river runoff.

The primary data were obtained from the State Institution “Republi-
can Center for Hydrometeorology, Radioactive Contamination Control,
and Environmental Monitoring” (Belhydromet) of the Ministry of Natural
Resources and Environmental Protection of the Republic of Belarus.
These data encompass various types of runoff from active hydrological
stations across Belarus for the period of instrumental observations up to
and including 2021, as published in official state cadastres. In studies
evaluating runoff changes during the period 1961-2015 and forecasting
through 2035, data from 11 stations with the longest and most continuous
observation records were utilized, provided data were available for the
specified period (Table 2) [13].

Table 2 - List of hydrological stations used for the assessment and
rojection of surface runoff changes

River — Gauge station Catchment area, km?2
Pripyat — Chernichi (Turov) 74000
Pripyat — Mozyr 101000
Yaselda - Beryoza 1040
Yaselda - Senin 5110
Tsna - Diatlovichi 1100
Horyn — Malye Vikorovichi 27000
Sluch - Lenin 4480
Ubort — Krasnoberezhye 5260
Ptich — Luchitsy 8770
Shat — Shatsk 208
Oressa — Andreevka 3580

The analysis of the internal structure of time series can be performed
using various methods, including the construction of difference-integral
curves, correlation, autocorrelation, and spectral functions, as well as
spectral-temporal analysis. Each of these methods has its own ad-
vantages and limitations [14].

Trends or systematic changes in runoff associated with anthropogen-
ic factors typically develop slowly and gradually, which complicates their
detection. Only in certain cases, when anthropogenic influence is mini-
mal, can trends be discerned through graphical analysis of data homoge-
neity using the method of analogy.

Objective identification of anthropogenic trends is possible provided
the time series is representative. Representativeness is assessed by
comparison with an analogous river and involves analyzing an even
number of periods characterized by varying flow conditions. Following this
assessment, trends are determined analytically.

For practical calculations, linear trends can be employed with suffi-
cient accuracy, expressed as:

Q) =Q(0)+4Q ¢, ™
where Q(t) is the water discharge at time t, m%s; Q(0) is the water
discharge at the start of the calculation period, m¥s; AQ is the rate of
change of water discharge, m*/s/year; and t is the calendar year.

In some cases, more complex forms of trends have also been utilized.

Climate Forecasting Methodology

Both global and regional climate models must be employed for cli-
mate change projections. These models are based on the description of
dynamic processes and rely on numerical solutions to systems of partial
differential equations from mathematical physics [15 et al.]. Moreover, the
necessity of using climate models to forecast meteorological parameters,
rather than relying solely on statistical methods for processing meteoro-
logical data, arises from the complexity and diversity of both natural and
anthropogenic factors — at global and regional scales - that influence,
and potentially may influence, climate change [16].

Studies assessing and forecasting climate change for the territory of
Belarus, conducted in accordance with the Republic of Belarus's com-
mitments under the UN Framework Convention on Climate Change, are
described in our work [16]. Here, we focus on specific issues related to
climate forecasting within Belarus.

According to the Fourth National Communication, submitted pursuant
to the Republic of Belarus’s obligations under the UN Framework Con-
vention on Climate Change (2006), a decrease in water availability has
been observed in river basins since 1988, with runoff reductions ranging
from 4 % to 13 % [17]. A notable characteristic of the period under review
is the change in the distribution of average monthly runoff throughout the
year, particularly during the winter and spring months, when monthly river
discharges across the country increase significantly — by 30 % to 90 %
from January through March. The increase in winter runoff is associated
with a higher frequency of thaws and the occurrence of winter floods.
Conversely, runoff decreases sharply in April and May. The Communica-
tion provides an overall conclusion indicating a decline in the maximum
runoff of rivers in the Pripyat basin.

The Fifth National Communication of the Republic of Belarus, submit-
ted in accordance with its obligations under the UN Framework Conven-
tion on Climate Change (2009), employs the LEAP model [18].

This Communication concludes that “climate change will lead to in-
creased variability of runoff and a higher frequency of extreme events
(droughts, intense floods).”

In Belarus, climate research is also conducted within the framework of
the cross-border cooperation project TACIS SKPI, titled "Support for the
Implementation of the Kyoto Protocol in the CIS Countries” [19]. This project
employs models such as ECHAMS, the atmospheric circulation model from
the Max Planck Institute, and the CSIRO Mk3 bioproductivity model.

According to this scenario, in the 21st century, the average surface
air temperature across Belarus is expected to continue rising, primarily
due to increases in minimum temperatures. These trends, along with
many other characteristics of the changing climate, will have significant im-
pacts on the living conditions of citizens and economic activities [20 etal.].
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The consequences of rapid variability in climatic conditions will manifest as an
increase in the frequency of hazardous hydrometeorological phenomena and
adverse abrupt weather changes, which lead to socio-economic damage and
directly affect the efficiency of vital sectors of the economy, such as agricultur-
al production, forestry, energy, transportation, construction, housing and
communal services, as well as public health.

Based on an analysis of data from the Republican Hydrometeorolog-
ical Center (RHMC), researchers have obtained the following results.

At the turn of the 20th and 21st centuries, Belarus experienced the
longest period of warming recorded in nearly 130 years of instrumental
temperature observations. This warming is notable not only for its un-
precedented duration but also for the higher air temperatures, which, on
average over a 20-year period (1989-2009), exceeded the climatic norm
by 1.1 °C. Of the 20 warmest years since the post-war period (1945),
16 occurred between 1989 and 2010.

Temperature increases were observed in nearly every month, with
the most significant rises occurring during the winter and early spring
months. A trend towards an extended frost-free period is emerging.
Frosts of varying intensity in May are observed annually and pose par-
ticular risks to heat-loving crops. The risk of autumn frosts is less signifi-
cant, as rising temperatures in spring and summer accelerate the matura-
tion of agricultural crops.

Increased temperatures during the early spring months lead to earlier
snowmelt and a transition of air temperatures above 0 °C towards higher
values. On average, this transition occurred 10 to 15 days earlier than the
long-term averages during the period under consideration. The duration
of the snow cover period in the Republic of Belarus has decreased by
10 to 15 days, and the depth of frost penetration has reduced by 6 to
10 cm. The growing season begins a decade earlier.

In a scientific and methodological context, a comprehensive study of
climate change and its consequences for the economy of Belarus has
been conducted by Academic V.F. Loginov [9]. His work provides a com-
parative analysis of various atmospheric and ocean circulation models
(AOGCMs). According to his findings, the HadCM2 model (United King-
dom) [21] best simulates the baseline period data, taking into account the
combined increase of greenhouse gases and sulfate aerosols.
The CSIRO Mk2 model (Australia) [22] and CGCM1 model (Canada) [23]
demonstrate somewhat poorer comparative results.

Forecast data using the HadCM2 model for the period 2010-2039
indicate an increase in the average annual air temperature by 1 °C, with
the average annual daily temperature rising by 0.92 °C and the nightly
temperature by 1.15 °C. Increases in temperature sums above 0.5 and
10 °C are expected to be approximately equal, around 200-220 °C, while
the increase for 15 °C is significantly higher.

Existing assessments of climate change for the territory of Belarus
are consistent with the concept of global warming. In recent decades,
a clear trend of warming has been observed, particularly in the winter and
spring months (January-April). The end of the 20th century and the be-
ginning of the 21st century represent the longest period of warming in
over 120 years of systematic instrumental observations in Belarus.

It should be noted that the results of the studies and assessments
conducted in Belarus are of a general and approximate nature. In terms
of river basins, the impact of global climate change on water resources in
Belarus has not been thoroughly investigated. Only a few individual stud-
ies can be noted [24, 25, 26, et al.].

Methodology for Assessing the Impact of Climate Change on River
Runoff

For forecasting changes in river flow, we have adapted the hydrolog-
ical-climatic calculation method (HCC) proposed by V.S. Mezentsev,
which is based on the simultaneous solution of water and thermal energy
balance equations [27]. Building upon Mezentsev's hydrological-climatic
hypothesis [27], we developed a multifactorial model incorporating the
standard water balance equation for a land area, with independent as-
sessments of the main balance components—atmospheric precipitation,
total evaporation, and climatic runoff—on an annual basis. This approach
has been implemented as a computer system, which we have used to
evaluate potential changes in river water resources under various hy-
potheses concerning climate variability and anthropogenic influences on
watershed characteristics [28].

The water balance equation for a river basin over a given time inter-
val is expressed as follows:

H()=E()+Y, (1) £ AW (), @)
where H(/) denotes the total moisture resources (mm); E(/) is the total
evaporation (mm); Yk(/) represents the total climatic runoff (mm); AW(/) is
the change in moisture reserves in the active soil and ground layer (mm);
and / is the averaging interval.

Total evaporation is calculated using the formula:

1
n(l)

E.(I) V(1) "

E(1) = E, (1) 1+ KX(T3+9(I)+V(|)

HB

. )

where Em(|) is the maximum possible total evaporation (mm);
W, s is the capacity  (mm);

V(1)=W(1)/W,; is the relative humidity of the soil at the start

of the calculation period; KX(/) is the sum of measured atmospheric pre-
cipitation (mm); g(1) is the groundwater component of the water balance
(mm); r(l) is a parameter dependent on the water-physical properties and
mechanical composition of the soil; and n(/) is a parameter accounting for
the physical-geographical conditions of runoff.

The relative humidity of the soil at the end of the calculation period is
determined as follows:

r(l)
V(I +1):V(|)-£\<7’T(I'))j : @)

minimum  soil  moisture

KX)+9() ) 0

— WHB
ch(l)_ Em(|)+v(|)l—r(|) . ©

HB
The obtained values of ch(l) are compared with the relative

value of the total moisture capacity V. . If V¢, (1) =V, , the calcu-
lated value of the relative average soil moisture is accepted; otherwise,
when V(1) 2V, the calculation assumes V, (1) =V, , and

the difference (V¢ (1) -V, ) W,yg is attributed to surface runof.

The amount of atmospheric precipitation during the cold months, af-
ter subtracting total evaporation, is transferred to the flood period, i. €., to
March.

The maximum possible total evaporation was determined according
to the methodology described in [29, 30].

Total moisture resources are determined as follows:

H() =KX +We V() -V (I +D). ()
The system of equations (2) — (6) is solved iteratively until the value
of relative soil moisture at the beginning of the calculation interval equals

the value of relative soil moisture at the end of the previous interval.
At the start of the calculation, the initial moisture value is taken as equal

to the minimum moisture capacity, i. e., W(l):WHB, from which it
follows that V/ (1) =1. Convergence of the HCC method is typically

achieved by the fourth iteration.
Adjustment of the climatic runoff is performed using coefficients that
account for the influence of various factors on the formation of channel

runoff, i. e.,

Yo (1) =k(1)-Y, (1), (7)
where Yr(/) denotes the total channel runoff (mm), and k(/) is a coefficient
reflecting the hydrographic characteristics of the watershed.
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The water balance modeling of the river under study has been im-
plemented as a computer program and is conducted in two stages. In the
first stage, the model is calibrated using known components of the water
and thermal balances of the river under study. The objective of this cali-
bration is to achieve the best possible agreement between the calculated
climatic and channel runoff. This stage concludes with the construction of
graphs for climatic and channel runoff and the presentation of the model-
ing error.

A good agreement between measured and calculated runoff indi-
cates the model’s validity. The obtained model parameters were subse-
quently used in conducting numerical experiments.

The second stage involves directly calculating the water balance of
the river under study using parameters obtained during model calibration.
The calculation of the water balance components for the river takes into
account the specific characteristics of the watershed being analyzed [28].

The modeling results demonstrate a high level of accuracy in esti-
mating the water balance, suitable for both practical applications and
theoretical research. This has been validated on numerous rivers in Bela-
rus with watershed areas of about 1000 km?, where hydrometric observa-
tions are conducted. Thus, given data on atmospheric precipitation, air
temperature, air moisture deficits for the calculation period, current river
runoff values, and hydrographic characteristics of the watershed, this
methodology makes it possible to produce predictive estimates of the
water balance of small rivers in Belarus for the forecast period.

Solving the water balance equation for a watershed involves deter-
mining average values of the components observed at specific points
within the watershed. Therefore, one of the key aspects of modeling the
water regime is accurately assessing climatic characteristics and averag-
ing them across the watershed. This issue is discussed in detail in [28].

During model calibration using the proposed methodology, difficulties
arose in determining parameters for the winter months. The problem was
that the model did not adequately account for the increasingly frequent
thaws in recent years. As a result, the model was adjusted to incorporate
the effects of thaws. The difference between channel runoff and climatic
runoff obtained during calibration was attributed to runoff generated dur-
ing thaw periods, which was recorded in the model settings.

Predictive estimates of changes in river runoff were made according
to the following procedure. The model was calibrated using long-term
average data on river runoff, atmospheric precipitation, air temperature,
and air moisture deficits. Then, forecasted values for the relevant period
were input for the meteorological stations used in the calibration.
The calibration parameters were applied, and a predictive assessment
was conducted. The resulting climatic runoff values were compared ac-

cording to the ratio A, =Y /Yy -100 % . The direct predic-

tive estimate of channel runoff was derived from the relationship
Q" =Q“*. A, -100, >/ c.
An example of modeling the long-term average annual runoff and its

intra-annual distribution (model calibration and forecast) for the Grivda
River near the town of Ivatsevichi is shown in Figure 2.
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Figure 2 — Measured and calculated runoff of the Grivda River at
Ivatsevichi

Results and discussions

Analysis of Long-Term Variations in Annual Runoff Annual Runoff

The long-term average flow of the Pripyat River was estimated based on
observations at the Mozyr hydrological station for the period from 1877 to
1881. Accordingly, the long-term average runoff of the Pripyat over the past
145 years at the Mozyr gauge station is 391 m¥s, increasing to 450 m®/s near
the river's mouth. The maximum average annual discharge recorded at the
Mozyr station occurred in 1958, reaching 643 m3s, while the minimum was
observed in 1954, at 142 m¥s. Analysis of the available data enables experts
to conclude that the Pripyat's runoff exhibits an increasing trend and is greater
than that of the Dnieper or Desna rivers.

As part of this study, a statistical analysis was conducted on the long-
term fluctuations in the annual runoff of the Pripyat River at the Mozyr
gauge station over the period 1877-2021, with the aim of identifying qua-
si-periodic patterns and trends.

The chronological series of average annual discharges of the Pripyat
River at the Mozyr station is presented in Figure 3.

The main statistical characteristics of the analyzed series are pre-
sented in Table 3.
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Figure 3 — Chronological series of average annual discharges of the Pripyat River at the Mozyr station
Note — Explanatory notes in Figures 4—6 correspond to the ones in Figure 3.
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Table 3 — Key statistical characteristics of the average annual discharges of the Pripyat River at the Mozyr gauge station for different averaging intervals

Averaging interval

Characteristics 1877-2021 (145 years) | 1877-1986 (110 years) | 1987-2021 (35 years) | 19722021 (50 years)

Qup, mls 391 387 405 414
Co 031 0.31 0.31 0.30
Cs 0.44 0.34 0.74 047
[0 0.28 0.26 0.30 0.37
AQ 10, mls 2.00 2.20 2518 735
r 0.07 0.06 0.20 0.20
Tip.p5% 0.16 0.19 0.33 0.28
% of Qup 051 057 6.2 419
Maximum in the period/year 725/1998 708/1970 725/1998 725/1998
Minimum in the period/year 142/1954 142/1954 189/2020 189/2020

Note — Qqp is long-term average annual water discharge; Cvis a coefficient of variation; Cs - is a coefficient of skewness; r(1) is an autocorrelation
coefficient; AQ 10 is a gradient of change in water discharge over 10 years; r is a correlation coefficient of model (1); rep, p=5 % is critical values of the
correlation coefficient [31]; % of Qcp is percentage change in water discharge over 10 years relative to the long-term average annual discharge. Statisti-

cally significant correlation coefficients are highlighted.

No statistically significant differences were found in the mean water
discharge values between the periods 1877-1986 and 1987-2021.
The critical value for the one-tailed Student’s t-test is tp = 1.67, where as
terameuka = 0.76. No differences were detected in the variances (coeffi-
cients of variation). The coefficient of skewness has changed significant-
ly, which should be taken into account when selecting probability distribu-
tion models. The gradient of discharge changes did not undergo any
statistically significant transformations. The results obtained are in good
agreement with our previously published findings [32, 33, 34].

Refinement of Water Resources in the Pripyat Basin

In recent years, the country’s water resources have undergone trans-
formations due to the influence of both natural and anthropogenic factors on
runoff [35]. The refined surface water resources of the Pripyat basin for the
period from 1956 to 2015, along with data on runoff transformations over
the studied 60-year interval relative to the period of instrumental observa-
tions prior to 1996 for the Pripyat basin, are presented in Table 4.

The total surface water resources of the Pripyat basin have remained
largely unchanged. However, there has been a redistribution of natural
water resources among the basins of individual rivers. A slight increase
in the water flow of the Pripyat River has been observed in recent years.

The rivers of the Pripyat basin are characterized by a slight increase
in runoff values. Changes in river runoff volumes and hydrological re-
gimes under current conditions are attributed to an intensification of gen-
eral atmospheric circulation.

Spring Floods

The study included a statistical analysis of long-term fluctuations in
the maximum water discharges during the spring flood of the Pripyat
River at the Mozyr gauge station over the period from 1877 to 2021, with
the aim of identifying quasi-periodicity and trends [36].

The chronological series of maximum water discharges during the
spring flood of the Pripyat River at the Mozyr gauge station is presented
in Figure 4.

Table 4 - Natural resources of the Pripyat basin and Belarus as a whole during 1956-2015 (Numerator) and changes in runoff relative to the period

rior to 1996 (Denominator)

River runoff, km3/year
River basi Local Total
verbasin Exceedance probability, % Exceedance probability, %
5 25 50 75 95 5 25 50 75 95
- 1.2 1.6 6.6 5.0 35 239 16.8 144 11.0 83
Pripyat
1.3 1.1 1.0 0.6 04 1.7 15 1.4 0.9 1.3
; 51.8 37.9 341 281 22.7 88.2 64.3 56.9 46.4 37.5
Entire Belarus
0.3 04 041 -0.2 -0.1 11 0.9 0.7 0.2 1.2
Opae M/
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Figure 4 — Chronological series of maximum water discharges during the spring flood of the Pripyat River at the Mozyr gauge station
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Principal statistical characteristics of the analyzed time series are
presented in Table 5.

A statistically significant difference is observed in the maximum water
discharges during the spring flood between the periods 1877-1986 and
1987-2021. The critical value for the one-tailed Student's t-test
is T tp = 1.67, while teramera = 4.87. Significant differences were also found
in the variances (coefficients of variation). The critical value for the one-
tailed F-test is 1.64, whereas the calculated F-statistic is 4.19. No significant
differences were detected in the coefficients of skewness. The gradient of
runoff change has undergone a statistically significant transformation, as
confirmed by the correlation coefficient.

In the rivers of the Pripyat basin, maximum runoff is generated either
from snowmelt or from heavy rainfall events. A characteristic phase of the
hydrological regime in this region is the spring flood, which occurs annually
in spring as a result of snowmelt and precipitation during the snowmelt
period [37, 38]. On the Pripyat River, the spring flood typically begins in the
first half of March, although in some years it may shift to February or April.
The long-term average duration of floodplain inundation ranges from 80 to
110 days, extending up to 150-180 days in certain years [39]. The width of
the spring floodplain on the Pripyat River varies from 5 to 15 km, reaching
up to 30 km in specific sections (notably near the city of Pinsk). The dura-
tion of the flood on smaller rivers ranges from 40 to 45 days.

Table 5 — Principal statistical characteristics of the maximum water discharges during the spring flood of the Pripyat River at the Mozyr gauge sta-

tion across different averaging intervals

Characteristics Averaging interval
1877-2021 (145 years) 1877-1986 (110 years) 1987-2021 (35 years) 1972-2021 (50 years)

Qep, M%/s 1577 1760 1005 1133
Cv 0.73 0.70 0.60 0.66

Cs 2.05 1.88 1.84 2.16
1) 0.14 0.07 0.06 0.15
AQ 10, m¥s -79.39 -51.68 23.53 -103.11
r -0.29 -0.13 0.04 -0.20
Tip, p=5% 0.16 0.19 0.33 0.28

% of Qcp -5.03 -2.94 2.34 -9.10
Maximum in the period/year 7500/1877 7500/1877 3270/1999 431011979
Minimum in the period/year 272/1992 306/1954 272/1992 272/1992

Table 6 presents the water discharges of the ten most significant
spring floods [36].

The peak of the spring flood on the majority of rivers occurs from late
March to early April. On the tributaries, compared to the Pripyat River, the
timing of the flood onset varies somewhat: on the left-bank tributaries, the
flood begins later, while on the right-bank tributaries, it begins earlier.
However, during a prolonged spring, nearly simultaneous ice break-up
can occur across the basin’s rivers, resulting in elevated flood levels on
the Pripyat River. The rise in water level primarily depends on water
availability as well as the morphology of the river valley or its specific
sections. The highest levels of the spring flood are generally the maxi-
mum levels recorded during the year. The average height of the spring
flood above the minimum summer level ranges from 3.5 to 4.5 meters on
the Pripyat River, 1.5 to 3.0 meters on the left-bank tributaries, and 1.0 to
2.5 meters on the right-bank tributaries. On small rivers, floodplain inun-
dation typically lasts an average of 25 to 30 days, while on medium and
large rivers, it lasts approximately 1.5 to 2 months. The maximum histori-
cal value of spring flood runoff on the Pripyat River occurred in 1845,
when the discharge was estimated at 11,000 m%s, with a runoff modulus
of 113 L/s-km2 Considering the maximum flood level of 1845, the condi-
tions of flood formation, and the available historical data, it can be in-
ferred that at least since the late 19th century to the present, the height of
this flood remains unsurpassed. The maximum level and discharge of the
Pripyat River during the 1845 flood can be approximately considered to
recur no more frequently than once every 800 years. Data analysis indi-
cates that the maximum runoff moduli during the spring flood vary be-
tween 34.6 and 364 L/s-km2. As a general rule, with increasing catchment
area, the maximum runoff moduli decrease. This trend is also characteris-
tic of the average runoff moduli over the flood period. The spring flood
begins earlier in the southwest (on average in early March) and some-
what later in the northeast (mid-March). The onset dates of the spring
flood vary significantly from year to year. There exists a certain relation-
ship between the timing of the flood onset, its intensity, and its duration.
Typically, during late springs with rapid snowmelt, the flood is higher and
shorter, exhibiting the greatest peak discharges. In early springs, snow

cover melts gradually, leading to increased losses of meltwater due to
infiltration, resulting in a flood that is usually low and prolonged. The dura-
tion of the flood also depends on the river length, forest cover, swampi-
ness, and karst features of the catchments. For small rivers with karstified
and swampy catchments, the average duration is 40 to 45 days, whereas
for large rivers, it can reach up to 80 days. For rivers with non-karstified
and slightly swampy catchments, the duration is significantly shorter,
amounting to 36 and 55 days, respectively. Currently, there is a trend
toward earlier onset and peak of spring floods [40, 41].

Relatively regular observations of hydrological runoff parameters
began in the late 19th century. However, unsystematic data on levels
and discharges from the early period are not utilized in hydrological
calculations of design values due to the absence of elevation refer-
encing. The maximum hazardous water levels recorded during the
spring flood observation period on the rivers of the Pripyat basin are
presented in Table 7 [42].

Characteristics of Floods on the Rivers of the Pripyat Basin

The highest water level recorded on the Pripyat River at the Mozyr
monitoring station was observed in the spring of 1895, measuring 742 cm
(or 113.33 m above sea level), while the lowest level was recorded in the
summer of 1961 at 53 cm. The maximum amplitude of the water level
fluctuations reached 6.89 m.

Long-term observations indicate that the amplitude of water levels in
the Pripyat River varies from 2 to 3 m in the upper reaches, increasing to
4 to 5 m in the middle and lower reaches. The most significant changes in
water levels have been documented at the Mozyr monitoring station,
which can be attributed to the relatively high river banks and the corre-
sponding lower channel capacity of the river [43].

Throughout the entire observation period, the average maximum dis-
charge of the Pripyat River during the spring flood is approximately
1620 m¥s. The highest recorded discharges occurred in the spring of
1895 (5670 m¥s), 1932 (4220 m¥s), 1958 (4010 m¥s), 1979 (4310 m¥s),
and 1999 (4150 m¥s). An overall trend indicates a gradual decline in
maximum discharge values over time.

Table 6 - Maximum water discharge of spring floods on the Pripyat River at the Mozyr gauge station

Years 1845 1877 1895 1888 1889 1940 1979 1932 1970 1958

Qmd/s 11000 7500 5670 5100 4700 4520 4310 4220 4140 4010

P, % 0.8 1.6 2.3 3.1 3.9 4.7 5.4 6.2 7.0 76
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Table 7 — Maximum hazardous water levels during spring floods on the Pripyat River and its tributaries for the observation period

Water levels, cm

River - Gauge station Hazardous high, Maximum, (exceedance | Maximum stream ice / Longest duration, days /

(exceedance probability, %) probability, %) / date date year

Pripyat — Pinsk 302 (1 302 50

250 (43) 29.03.1979 29.03.1979 1980, 1981

Pripyat — Korob 486 (2 460 32
i ’ 420 (40) 20.04.1958 31.03.1979 1979

Pripyat — Turov 410 (1 405 28
340 (22) 02-03.04.1979 31.03.1979 1979

Pripyat - Chernichi 520 (57) 637 (2) 637 46
21-22.03.1979 21-22.03.1999 1999

Pripyat — Petriko 933 (1 924 40
i - 800 (45) 03-04.04.1979 01.04.1979 1999

Pripyat — Mozyr 550 (30) 742 (1) 670 kil
22-24.04.1995 21.04.1931 1941

Pina - Pinsk 335 (8) 366 (2) 347 12
01.04.1979 29.03.1979 1979

Yaselda - Senin 195 (37) 247 (0,9) 234 127
27.03.1999 06-12.031999 1999

Horyn — Rechitsa 635 (2 635 26
530 (52) 11.04.1956 11.04.1956 1979

The long-term average date for the peak of the flood is April 11;
however, in recent decades, this date has been progressively shifting
to an earlier timeframe. It is noteworthy that the maximum flood discharg-
es on the Pripyat River are significantly lower than those observed during
the spring floods. During the observation period, the highest flood dis-
charge recorded at the Mozyr monitoring station (1260 m?/s) occurred
in mid-August 1993, while the lowest discharge (22.0 m%s) was recorded

Table 8 — Years with floods during spring floods

in Table 9.

in November 1921, a period characterized by drought across the entire
East European Plain [44].
Table 8 presents the most significant floods on the rivers of the Pri-
pyat basin caused by spring floods during the period of instrumental ob-
servations [45].
The highest level of water on the Pripyat basin rivers is presented

Scale of flood

River — Gauge station

Catastrophic P < 1 %

Outstanding P =1-2 %

Big P=3-10 %

Pripyat — Lyubanskii

1979

1999, 213

Pripyat — Koroby 1958 1957, 1966, 1979
Pripyat — Turov 1979 1932, 1940, 1956, 1958, 1970
Pripyat — Chemnichi 1999
Pripyat — Petrikov 1979 1931, 1932, 1940, 1956, 1958, 1966, 1970, 1999
Pripyat - Mozyr 1845 1888, 1895, 1979, 1999 | ;oo (I, BT, Toc 1991, 1902, 1984, 11940,
Pina - Pinsk 1979 1928,1932,1940,1958
Yaselda — Senin 1999 1958, 1979, 1981
Horyn — Rechitsa 1956 1966, 1979, 1996, 1999
Ubort — Krasnoberezhye 1932 1934, 1966, 1970, 1999
Ptich — Luchitsy 1931, 1999 1895, 1896, 1900, 1907, 1917, 1956, 1958
Table 9 — Water levels on the Pripyat basin rivers (data date 01.01.2018)
. . Zerq ma!rk at the gauge Average level, Maximum level
River — Gauge station station in Baltic Height Hepon, O om date
System, m
Pripyat — Pinsk 133.18 112 302 21.04.2013
Pripyat — Chernichi 119.23 356 637 21-22.03 1999
Pripyat — Petrikov 112.55 562 933 03-04.04.1979
Pripyat — Mozyr 110.93 224 742 22-24.04.1895
Pina - Pinsk 132.29 169 366 01.04.1979
Yaselda — Senin 134.39 126 247 27.03.1999
Horyn — Malye Vikorovichi 129.67 298 635 11.04.1956
Sluch — Lenin 129.97 114 314 20.04-21.04.1958
Ubort — Krasnoberezhye 126.26 157 390 11.04.1932
Ptich — Daraganov 150.00 186 339 13.04.1999
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Changes in Maximum Discharges of Spring Floods and Their Causes

In recent years, anthropogenic factors, alongside natural influences,
have increasingly contributed to the frequency and severity of destructive
flooding events. Among these factors, deforestation stands out, as it can
lead to an increase in maximum surface runoff by 250 to 300 %. Other
significant contributors include floodplain development, unsustainable
agricultural practices, and additional human activities. The notable reduc-
tion in maximum discharges, coupled with an increase in minimum winter
and summer-autumn runoff, can be attributed to both natural processes
and modifications to floodplains, which act as vital natural regulators
of runoff.

Since the mid-1960s, a discernible trend of decreasing maximum
discharges has been observed, supported by statistical significance tests
of average values across various time periods. For example, the averag-
es for the periods from 1877 to 1965 (Q = 1770 m%s) and from 1966 to

2021 (Q = 1270 m?s) show statistically significant differences at the
5 % significance level. Similarly, the averages for the periods from 1877

to 1986 (Q = 1760 m¥s) and from 1986 to 2021 (Q = 1010 m¥s) also

reveal significant distinctions.
In the current century, the water discharges during spring floods on
the Pripyat River at the Mozyr monitoring station exceeded the normative

value of 6=1580 m3s only in 2013, with a recorded discharge of

Qz013=2240 m*s. At the Lyuban Bridge monitoring station, the spring
flood norm of Q=182 m¥s was surpassed in several years:

Qa013= 420 m¥/s, Qzo11 = 237 m¥s, Q005 = 231 m¥s, Q002 = 210 m¥/s,
Q2000 = 195 m¥/s, Qooo7 = 184 m%/s, and Q2009 = 184 m¥s. At the Turov

monitoring station, the spring flood norm of 6 =1010 m?/s was exceeded,

with Qaot3 = 1320 m¥/s and Qaoos = 1100 m*/s. On the Horyn River at the
Rechitsa gauge station, the spring flood norm of Q =597 m%s was ex-

ceeded, with Q13 = 1090 m%s, Qzoos = 943 m3s, Qzo03 =813 ms,
Qo005 = 775 m¥s, and Qzo08 = 733 m¥/s. On the Ubort River at the Kras-

noberezhye gauge station, the spring flood norm of 6 =153 m?s was

surpassed, with Qzo13 = 271 m¥/s, Qao05 = 251 m%s, and Qo6 = 204 m¥s.
On the Ptich River at the village of Luchosy, the spring flood norm of

6 =213 m¥s was exceeded, with Q2013 = 220 m¥s.

The stability of statistical measures (means, coefficients of variation,
and coefficients of autocorrelation) for the time series of maximum water
discharges during spring floods was evaluated across four distinct peri-
ods (refer to Table 5).

Analysis of long-term variations in river discharge within the basin re-
veals persistent fluctuations in indicative discharges over the years.
These fluctuations manifest as alternating sequences of high-flow and
low-flow annual periods, generating cycles of varying duration and ampli-
tude in water availability. Examination of differential integral curves con-
structed for 30 river gauge stations across the Pripyat River basin indi-
cates a synchronous pattern between high-flow and low-flow phases [46].

The analysis demonstrates that the percentage difference in runoff
during spring reaches its maximum in both high-flow (5 %) and low-flow
(95 %) years, while minimal differences are observed during summer and
autumn. This suggests that, in low-flow years, the majority of the total
annual river discharge is generated in spring (50-60 %), whereas in high-
flow years, runoff predominantly occurs during summer and autumn (40—
50 %). Based on this, distinct low-flow and high-flow periods have been
identified in the fluctuations of maximum discharge. Two hydrological
regimes are clearly discernible in the maximum discharge records:
a high-flow period prior to the early 1980s, characterized by pronounced
maxima in 1953, 1955, 1956, 1958, 1966, 1967, 1974, 1977, 1979, and
1980; and a low-flow period from 1982 to the present, with exceptions
in 1998, 1999, and 2013. Given that maximum discharges primarily re-
flect spring flood runoff, it can be confidently concluded that the propor-
tion of spring runoff within the intra-annual distribution has steadily de-
clined in recent decades.

The marked reduction in maximum spring flood discharges observed
at the end of the twentieth century is attributed to an increased frequency
of winter thaws, during which substantial snow reserves are converted
into runoff during the winter low-flow period. This phenomenon results

in elevated winter runoff, occasionally causing winter floods, and conse-
quently diminishes peak flows in spring.

To substantiate this hypothesis, the long-term trend of minimum win-
ter runoff is presented, revealing an increasing tendency supported by
a statistically significant positive linear trend.

Significance testing of linear trends indicates that, for the Pripyat
River at the Mozyr gauge station, correlation coefficients are statistically
significant at the 5% level over the entire study period.

In light of the observed decreasing runoff trends, a comparative anal-
ysis of design values for maximum spring flood discharges was undertak-
en for the periods 1877-1965 and 1966-2021. Employing the Pearson
Type |l distribution, design discharge values were derived for the respec-
tive periods (see Table 10).

Table 10 - Design values of maximum spring flood discharges of the
Pripyat River at the Mozyr gauge station for various periods, m¥s

Period Exceedance probability, %
1 5 10 50
1877-2021 6650 4200 | 3090 | 1250
1877-1965 7680 4610 | 3220 | 1470
1966-2021 4410 3400 | 2270 994
Change, % =-33.7 -19.0 | -26.5 20.5

The analysis presented in Table 10 reveals significant discrepancies
in the design values across the periods under consideration. This under-
scores the necessity of accounting for the heterogeneity of the time series
of maximum spring flood discharges when developing probabilistic fore-
casts for the rivers of the Pripyat basin.

Furthermore, the examination of the spatial structure of changes
in maximum spring flood discharges indicates a general decline in spring
flood runoff throughout nearly the entire Pripyat River basin.

For instance, the scale of hydromelioration efforts in the Western
Dvina River basin is considerably smaller than that in the Pripyat River
basin. Nevertheless, the observed reduction in maximum spring flood
discharges in both river systems is consistent. It can be hypothesized that
the primary driver behind the decrease in maximum spring flood dis-
charges in the Pripyat basin rivers is of a natural origin, with lesser influ-
ence from anthropogenic factors [13].

Additionally, the long-term analysis of maximum spring flood dis-
charges within the Pripyat basin has identified a clear trend of decreasing
spring flood runoff across all rivers, particularly pronounced since the
mid-1960s. To quantitatively evaluate these transformations, trend lines
have been constructed for various averaging periods (see Table 5).

Minimum Flow

The Pripyat River basin is located within a region characterized by
excess moisture, where groundwater discharge into the river network
is relatively sustained and continuous. As a result, the baseflow contribu-
tion from groundwater to surface watercourses in this area is constant.
Minimum water levels and flows during the summer period typically occur
under conditions of elevated mean daily air temperatures combined with
prolonged precipitation deficits; in winter, minimum flows correspond
to periods of low temperatures. During drought years, drying of water-
courses has been observed across 36 catchments exceeding 1000 km?
in area. The summer—autumn low-flow period generally begins from late
May to mid-June and persists until October. In certain years, when the
spring flood recedes uniformly, the onset of low flow in the rivers can
occur considerably earlier, in late April to early May. Conversely, in years
with prolonged flooding or when rainfall occurs during the recession
phase, the low-flow period may be delayed until late June to mid-July.
In some years, in the absence of autumn floods, low flow conditions may
extend until the onset of ice formation, typically from mid-November
to early December. The average runoff during the summer—autumn low-
flow period for small and medium rivers ranges between 3 mm and
15 mm. The most pronounced low-flow conditions within this period gen-
erally occur in July and August, less frequently in September. The dura-
tion of low flow for small and medium-sized watercourses may reach up
to 130 days, whereas for the Pripyat River, it typically spans 85
to 90 days. Winter low flow usually establishes by late December.
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The earliest occurrence of low flow is recorded in late October to early
November, while the latest onset can be as late as January, with termina-

Table 11 - Calculated minimum runoff values and statistical parame-
ters for rivers in the Pripyat basin

tion coinciding with the onset of the spring flood. The average duration of Normal annual runoff
low flow on small and medium rivers varies from 49 to 100 days. Within ) Gauge _ runoff
the Polesie region, zero-flow events have been documented on 17 water- River Station Discharge, | - iiie Cv | CslCv
courses with catchment areas ranging from 11 to 1280 km>2 The average mé/s s kmzy
duration of zero-flow episodes can reach up to 195 days during summer -
and 75 to 100 days during winter [47, 48]. Pripyat | Mozyr 154 153 1052 | 40
Table 11 summarizes the calculated minimum flow values for rivers within | Yaselda | Beryoza 1.25 1.36 0.82 2.0
the Pripyat basin along with their corresponding statistical parameters. Tsna Diatlovichi 0.89 0.91 090 | 4.0
Chronological series of minimum summer-autumn discharges of the
Pripyat River at the Mozyr station is presented in Figure 5. Sluch Novodvortsy 045 0.50 102 | 30
The main statistical characteristics of the analyzed series are pre- | Ptich Luchitsy 14.3 1.63 049 | 25
sented in Table 12. Oressa | Andreevka 5.68 159 | 053 | 25
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Figure 5 — Chronological series of minimum summer-autumn discharges of the Pripyat River at the Mozyr station

Table 12 — Main statistical characteristics of minimum summer-autumn discharges of the Pripyat River at the Mozyr station for various averaging in-

tervals
Characteristics Averaging intervals
1877-2021 (145 years) 1877-1986 (110 years) 1987-2021 (35 years) 1972-2021 (50 years)

Qep, M3s 154 149 169 176

C 047 0.48 0.42 0.41

Cs 1.49 1.59 140 1.43
1) 0.20 0.14 0.36 0.27
AQ 10, m¥s 2.16 2.34 -24.76 -15.44
r 0.13 0.10 -0.36 -0.31
fip, p=5% 0.16 0.19 0.33 0.28

% of Qup 1.41 1.57 -14.69 -8.75
Maximum in the period/year 434/1998 42171933 434/1998 434/1998
Minimum in the period/year 48.0/2015 58.7/1939 48.0/2015 48.0/2015

Statistically significant differences in minimum summer-autumn water dis-
charges between the periods of 1877-1986 and 1987-2021 were not identi-
fied. The critical value for the one-tailed Student's t-test is fp= 1.67, while the
calculated feramera = 1.43. Additionally, no differences in variances (coeffi-
cients of variation) were observed. There were no significant changes in the
coefficient of skewness or transformations of the flow gradient.

The onset of winter low flow generally occurs during the third
decade of November to the first half of December. The average dura-
tion of winter low flow ranges from 60 to 80 days, with the longest
durations reaching between 100 and 120 days. The conclusion
of winter low flow typically falls in March, although in some years
it may occur in February. For the Pripyat River, winter low flow usual-
ly establishes by the end of December and concludes in late Febru-
ary to early March, with an average duration of 69 days. In certain

years, winter low flow may be interrupted by winter floods. The most
pronounced low water period during winter low flow is typically ob-
served in late February to early March, lasting from 7 to 18 days.

Analysis of observational data indicates that the values of the lowest
average monthly summer discharges systematically decrease across the
basin, trending from the northwest and north toward the south and south-
east, in accordance with geographical zonation patterns in larger and
medium-sized rivers. Conversely, in small rivers, an intra-zonal pattern
of changes is observed, which is dependent on local hydrogeological
characteristics, such as the presence and thickness of groundwater hori-
zons, the nature of their exposure through river valleys, and the condi-
tions governing their drainage.

The most water-rich aquifers are found in fractured and karstified car-
bonate-sulfate rocks of the Upper Cretaceous and Neogene periods.
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Cretaceous waters emerge within the Polesie lowland as ascending springs
with discharges of up to 200 m%h. The module of minimum average daily
discharge for these rivers, at 97 % exceedance probability, varies from 0.07
to 0.18 I/s-km2 Rivers that are fed by aquifers in alluvial and fluvioglacial
deposits exhibit low minimum discharge modules, and during drought years,
their flow can cease completely for periods ranging from 15 to 120 days.
Flow cessation in these rivers can also occur during cold, thawless winters.
The module of minimum average daily discharge at 97 % exceedance
probability for this group of rivers ranges from 0.00 to 0.02 I/s-km? during
summer low flow and from 0.00 to 0.05 I/s-km? during winter.

Research and analysis of minimum flow characteristics, based on da-
ta from several hydrological stations located in the upper reaches of the
Pripyat River, indicate that human economic activities significantly influ-
ence the formation of low flow in this region. An increase in watershed
area is associated with a decrease in minimum water discharges and flow
modules. The primary water management facilities affecting the formation

of minimum flow in the upper reaches of the Pripyat River include the
Upper Pripyat drainage and irrigation system and the water intake from
the Dnieper-Bug Canal, whose operation contributes to the reduction of
flow. For most rivers in the Pripyat basin, a clear trend of increasing min-
imum flow modules with increasing watershed area is observed. This
trend can be attributed to the growing proportion of groundwater contribu-
tion to the total discharge and the presence of numerous groundwater
horizons that are drained by the river. In most cases, minimum water
discharges in the right-bank tributaries of the Pripyat River are recorded
during the autumn season. Approximately 20 to 30 % of the minimum
discharges are recorded in the summer, with a similar percentage in the
winter. Freezing is observed only in small rivers and for a limited duration.

Chronological series of minimum winter discharges of spring flood of
the Pripyat River at the Mozyr station is presented in Figure 6.

The main statistical characteristics of the analyzed series are pre-
sented in Table 13.
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Figure 6 — Chronological series of minimum winter discharges of spring flood of the Pripyat River at the Mozyr station

Table 13 — Main statistical characteristics of minimum winter discharges of the Pripyat River at the Mozyr station for various averaging intervals

Characteristics Averaging intervals
1877-2021 (145 years) 1877-1986 (110 years) | 1877-2021 (145 years) 1972-2021 (50 years)

Qep, m%/s 155 136 214 218

Cv 0.68 0.75 0.43 0.60
Cs 2.87 3.83 1.65 2.79
1) 0.14 0.07 -0.06 -0.10
AQ 10, m¥/s 9.75 8.54 9.73 -1.45

r 0.39 0.27 0.11 -0.02
Tip, p=5 % 0.16 0.19 0.33 0.28

% of Qep 6.29 6.27 4.55 -0.67
Maximum in the period/year 852/1975 852/1975 562/2018 852/1975
Minimum in the period/year 22.011922 22.011922 92.5/1987 92.5/1987

A statistically significant increase in minimum winter water dis- Observed Climate Change

charges has been observed for the period from 1987 to 2021,
in comparison to the preceding period from 1877 to 1986. The critical
value for the one-tailed Student's t-test is fx = 1.68, while the calcu-
lated t-value is t = 4.22. No significant differences in variances (coef-
ficients of variation) were detected. However, the coefficient of skew-
ness has undergone notable changes, which should be considered
when selecting probability distribution curves. Additionally, the gradi-
ent of flow changes has transformed significantly over the entire
study period, as well as during the interval from 1972 to 2010,
as corroborated by correlation coefficients.

In recent decades, several changes in climate characteristics have
been documented, with the average annual air temperature in this region
(as well as across the entire Northern Hemisphere) exhibiting a con-
sistent upward trend. In the Pripyat River basin, this increase has been
approximately +0.7 °C to +0.9 °C over the past century. This trend is
particularly pronounced during the cold season, where the rate of tem-
perature increase is two to three times higher. In terms of atmospheric
precipitation, a downward trend has been identified. Concurrently, the
average height of snow cover is decreasing, primarily attributed to rising
winter temperatures. These climatic shifts significantly influence the hy-
drological dynamics of the basin, particularly affecting the intra-annual
distribution of river flow. Specifically, the proportion of spring runoff
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is declining, while the contribution of summer-autumn runoff is increasing.
Moreover, the role of rain-induced floods in shaping runoff patterns
is becoming increasingly prominent [49, 50].

For the rivers within the Pripyat basin, a comprehensive analy-
sis of hydrological data led to the selection of seven meteorological
stations and eleven hydrological posts. The selection of specific
stations and posts was based on their availability in 1961 and their
continuous operation through 2015 up to now, ensuring the integrity
of observational data for climate and flow characteristics.

The initial climate data were sourced from various repositories,
including open information resources from the World Meteorological
Organization (WMO) and other organizations and centers dedicated
to climate research, as well as from climate reference publications.

Figures 7 and 8 illustrate the final results of climate change within the
Pripyat River basin.

Based on the assessments of climate change from 1961 to 2015, the
following generalized conclusions can be drawn:

— There has been an average increase in air temperature across
the basin of 1.0 °C, with the most significant increase observed during
the winter season at 1.9 °C, and the least notable increase occurring in
the autumn season, with a maximum rise of 0.1 °C.

— The total precipitation across the basin has not changed signifi-
cantly, exhibiting a slight average increase of 0.7 %, with a maximum
increase of up to 16 %.

The results of the changes in climate characteristics for the period
from 1961 to 2010 are presented graphically in Figures 7 and 8.
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Figure 7 — Changes in average monthly air temperature (°C) within the Pripyat basin (1986-2010) — (1961-1985)
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Figure 8 — Changes in monthly precipitation (%) within the Pripyat basin (1986-2010) - (1961-1985)

Observed Changes in River Flow

The assessment of changes in river flow (water discharge) has been
conducted for hydrological stations, analyzing both monthly and annual
averages for the period from 1986 to 2015, in comparison to the period
from 1961 to 1986.

The summarized results of the river flow assessments for the Pripyat
River basin, covering the period from 1961 to 2015, are presented
in Tables 14 and 15 [13].

Based on the essessment of river flow changes from 1961 to 2015,
the following generalized conclusions can be drawn [13]:

— The average annual river flow has experienced only a slight
change, with a maximum decrease of 9 %;

— There has been a significant reduction in spring flood flow, which
has decreased by 42 %, accompanied by an earlier onset of its peak;

—  Winter flow has increased by 20 %;

— Summer flow has not changed significantly over the entire period
from 1961 to 2015; however, in recent years (including 2015, 2016, 2017,
and 2019), there has been a notable decline in flow, with measurements
falling below the minimum recorded levels for the entire specified period.

Maps of changes in river flow from 1961 are provided in Appendix B [13].
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Table 14 — Changes in river flow in the Pripyat River basin for the period from 1961 to 2015

o Water discharge values in intervals 1986-2015 and 1961-1985, m3/s, difference, %
S = o
© ET] > @ . D D
& |s| 8| 8|58 |s| g |z|¢e|=| 8|32
O} E g g 3 S < = S = 2 =4 S 2 3
o S © - uw 3 © 2 a
2 3
o4
L= Qep. 226 237 396 644 438 271 211 183 165 181 211 215
‘gé 3 § Qig1-1985 | 215 195 365 767 502 295 212 173 162 176 225 222
;:% g = N | Quoss-2015 | 235 | 271 421 546 387  |252 209  |190  |167 185 200 209
A% 9.4 39.3 15.2 |-28.9 -23.0 |-146 |-1.6 [102 |36 54 -11.0 |-6.2
| Qep. 337 357 576 983 684 415 317 278 241 258 298 315
= = § Q1g61-1985 | 322 293 509 1110 723 435 318 262 232 245 303 326
a2 S | Quese015 | 350 410 632 879 651 398 316 291 249 268 294 306
& A% 8.7 39.6 24.2  |-20.7 -99 |-86 |-07 |[11.2 |73 9.7 -2.7 |-6.0
o Qcp. 460 |4.24 6.95 |8.96 469 |3.26 304 |345 |4.69 4,58 437 459
S8 Q | Quesitees [4.27  |3.60 8.63 12.5 533 |3.07 231|213 |2.37 3.33 447 4.86
§§ S | Quoss-2015 |4.88 |4.78 556 |6.00 415 |34 365 |455 |6.63 5.62 4.29 4.36
> A% 143 328 -35.6 |-52.1 =221 |11.1 580 |114.6 |180.0 |68.8 |-4.0 -10.3
| Qep. 19.1 19.3 311 44 4 21.7 17.5 129 101 9.88 13.3 17.7 18.8
S £ © | Que1-1985 | 18.6 15.9 336 |56.7 33.0 19.8 127 |8.89 |[8.41 12.3 18.7 20.5
§$ © | Quose-2015 [19.5 [22.2 289 |338 231 15.6 13.1 112 |[11.2 14.1 16.9 17.3
> A% 5.0 39.7 -14.0 |-40.5 -30.1 |-20.9 |3.7 259 |326 148 |-9.9 -15.3
= Qcp. 4.04 |4.02 8.07 13.3 6.29 |3.51 285 |219 [1.76 2.39 3.45 3.63
- = S |Queet1e85 (323  12.74 7.80 15.8 6.85 |3.13 188 |143 (142 217 3.60 3.31
E % — | Quose-2015 |4.72  |5.08 8.29 11.1 582 [3.83 365 (282 |2.03 2.58 3.33 3.91
o A% 46.1 85.4 6.3 -29.9 -15.0 |22.4 942 1972 |43.0 189 |-7.5 18.2
= Qep. 90.1 106 191 243 117 86.9 86.3 |719 |635 67.8 75.9 80.6
ég% § Quoe1-1985 | 83.3 924 215 296 140 90.9 99.2 |77.7 |715 74.8 87.7 86.0
S 2 g N | Quess—2015 | 95.3 117 173 202 98.7 (838 765 |674 |574 62.4 66.8 76.6
= A% 144 |27.0 -19.6 |-31.5 -29.5 |-7.8 |-229 |-132 |-19.8 |-16.6 |-23.9 |-11.0
Qcp. 15.4 15.1 298 |46.6 20.6 12.0 961 868 [10.3 12.7 14.5 14.5
é £ Q| Quost-185 | 14.8 11.9 302 |644 24.9 12.3 9.08 814 [9.90 13.1 16.2 15.6
2 3 I | Quoss-2015 | 15.9 17.7 294 |31.8 17.0 11.7 101 1912 (107 12.3 13.0 13.6
A% 7.2 49.5 -2.6 |-50.6 -31.5 |-4.5 10.7 120 |7.7 -6.0 |-20.2 |-12.6
Lo Qcp. 18.1 19.7 450 |62.7 26.7 |20.0 179 |138 [9.15 9.59 14.0 17.5
2 g% Q| Queet-105 | 134 14.3 48,0 |77.0 31.0 19.4 188 |146 |9.14 9.81 15.9 19.6
§ ;Eé S | Quoss-2015 | 212|236 430 |51.7 235 (202 172 |133 |95 9.42 12.5 15.9
A% 57.8 |65.1 -10.4 |-32.9 -24.3 |44 -85 |-9.1 |01 -4.0 |-21.2 |-189
Qcp. 405 |39.0 64.6 |99.6 58.9 [37.0 298 |25.7 |27.0 319 38.3 40.5
4 g © |Quee1-1085 (386 | 32.6 65.4 125 67.7 [39.3 309 [280 |284 33.1 421 445
;—}‘f § & | Quoss-2015 |42.0 443 639 |78.6 515 [35.1 289 239 [259 30.9 35.2 371
A% 8.9 35.6 -2.2 |-37.0 -24.0 |-106 |-64 |-146 |-8.6 -66 |-16.2 |-16.6
Qcp. 1.00 1.06 2.08 291 1.25 1.03 09 |0.85 |[0.77 0.76 0.94 0.95
é S o | Qioe1-1985 [0.75  |0.81 2.11 3.70 1.31 1.15 123 |1.11 0.95 0.81 0.95 0.88
% % & [ Quass05 | 1.20 1.26 2.04 |2.26 1.21 0.92 074 0.63 |0.63 0.71 0.94 1.00
A% 60.0 |55.6 -33 |-389 -7.6 |-20.0 |-39.8 |-43.2 |-337 |-124 |-1.1 13.6
| S Qcp. 16.8 17.2 256 |316 18.2 13.9 123 |116 [13.9 15.6 16.4 16.8
T D Q| Queet-1085 | 16.2 15.0 25.7 |374 20.7 15.4 129 129 |147 16.4 18.2 18.7
@% & | Quoss-2015 | 17.3 19.1 254 |26.8 16.1 12.6 1.8 |104 (133 14.8 14.9 15.1
< A% 6.9 27.2 -1.2 |-28.3 -22.2 |-180 |-81 |-194 |-9.1 -9.7 |-17.9 |-19.2

Scenarios and Projections of Climate Change

Climate change scenarios for the river basins of the Dnieper and Pri-
pyat rivers, extending to the year 2035, have been developed using mate-
rials presented in the Atlas of Global and Regional Climate Projections,
which serves as an appendix to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change (IPCC) [51]. For the overarching
climate and hydrological projections up to 2035, a multimodel ensemble
consisting of four scenarios — RCP8.5, RCP6.0, RCP4.5, and RCP2.6 -
has been employed alongside cartographic representations created by
the IPCC using global climate models, as detailed in the atlas.

The climate change scenarios have been formulated based on two
greenhouse gas emission pathways (widely recognized in global practice
and frequently utilized for climate change assessments) [52, 53]:

Scenario |: A1B (Relatively High-Emission Scenario) — This
scenario is characterized by relatively high greenhouse gas emis-
sions resulting from rapid economic development and population
growth until the mid-21st century. Following this period, it antici-
pates a deceleration in population growth, the swift adoption
of modern technologies, and a balanced approach to energy re-
source utilization.
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Table 15 — Changes in water discharge (numerator m3/s and demoninator %) within the Pripyat River basin from 1961 to 2009

. . Maximum sprin Minimum summer- Minimum winter
River — Gauge station Catchment area, km?2 Average flood pring autumn low flow low flow
Pripyat — Chernichi (Turov) 74000 282/-6.8 973/-18.3 120/2.3 141/-1.8
Pripyat — Mozyr 101000 422/-0.6 1410/-30.0 179/-0.8 205/2.6
Yaselda - Beryoza 1040 4791.7 20.8/-66.0 1.72/98.2 2.63/39.4
Yaselda — Senin 5110 20.21-12.4 67.6/-47.1 6.20/20.0 10.9/12.1
Tsna - Diatlovichi 1100 4.62/6.8 22.6/-42.8 0.94/16.3 1.96/31.7
Horyn — Malye Viktorovichi 27000 107/-16.7 631/-45.7 40.9/-6.9 49.8/3.9
Sluch - Lenin 4480 17.5/-16.5 79.5/-39.0 4.34/-33.0 8.58/-5.3
Uborts — Krasnoberezhie 5260 22.8/-10.5 162/-49.6 4.23/8.7 8.47/14.6
Ptich — Luchitsy 8770 44.4/-13.5 152/-44.6 17.6/-10.7 24.3/3.8
Shats — Shatsk 208 1.21/-13.7 8.76/-53.6 0.39/-31.9 0.49/13.0
Oressa — Andreevka 3580 17.5-11.7 53.9/-26.9 6.72/-24.8 10.0/-1.1

Scenario II: B1 (Low-Emission Scenario) — This scenario pre-
sents a more "lenient" outlook, characterized by low greenhouse
gas emissions. It suggests a probable sudden onset of globaliza-
tion, with population dynamics mirroring those outlined in Scenario
A1. However, it envisions a rapid transformation of the economic
system into an information-driven model, with society becoming
less consumer-oriented and a significant emphasis on the adoption
of new clean technologies.

For the Pripyat basin, a more detailed climate forecast has been
constructed, accounting for regional variability as identified through mete-
orological station data from 1961 to 2015. This forecast employs the most
unfavorable (conservative) scenarios projecting the highest temperature
increases and reductions in precipitation. Additionally, it incorporates

linear interpolation and delineates climate change scenarios utilizing
the regional model CCLM, with outputs derived from the global climate
model ECHAMS, as illustrated in Figures 9 and 10.

Under the most conservative climate change scenarios, the average
annual temperature in the Pripyat basin is projected to increase by up
to 1.9 °C, with the greatest seasonal rises occurring in winter (up to
2.53 °C), followed by summer (2.1 °C), and approximately 1.7 °C during
spring and autumn. Annual precipitation is expected to undergo minimal
change, with an overall decrease of approximately 2.2 %. Seasonal varia-
tions include a slight reduction in winter precipitation (less than 1 % on
average), a pronounced increase in summer precipitation (approximately
6.2 %), a moderate rise in spring (3.3 %), and a minor decrease in au-
tumn (around 1.6 %).
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Figure 9 — Forecast of changes in average monthly air temperature (°C) within the Pripyat basin up to 2035. (mean value for 2021 - 2050)
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Runoff Change Projections

Applying the hydrological and climatic calculation methodology outlined
previously, projections of river runoff changes in the Pripyat basin have
been developed for the period up to 2035. These projections integrate ob-
served climate and river discharge data from 1961 to 2015, alongside re-
fined climate forecasts for the basin based on a multimodel ensemble com-
prising four scenarios recommended by the Intergovernmental Panel on
Climate Change (IPCC), incorporating regional climate variability.

A synthesis of the projected runoff changes for rivers within the Pri-
pyat basin through 2035 is presented in Table 16 and illustrated in the
cartographic schemes of Appendix G [13].

Key findings from the runoff projections for the Pripyat basin rivers by
2035 include:

A decline in mean annual runoff;

A slight reduction in winter runoff across most rivers;

A likely decrease in spring runoff, with some exceptions;

A substantial and the most pronounced reduction in runoff during
summer compared to other seasons;

A decrease in runoff during autumn, particularly in early autumn (up
to mid-October).

Table 16 summarizes the anticipated changes in river runoff for
the Pripyat basin, based on a combination of the A1B and B1 emis-
sion scenarios, further refined using a multimodel ensemble of four
CMIP5 scenarios as outlined in the IPCC’s Fifth Assessment Re-
port (2013) [54].

Table 16 — Projected changes in surface runoff by 2035 for rivers in the Pripyat basin, expressed as a percentage of current condition, %

River — Gauge station Winter Spring Summer Autumn Average annual

Pripyat — Chernichi (Turov) 49 5.5 -19.2 0.6 =21
Pripyat — Mozyr 0.2 1.6 -20.6 -24 -53
Yaselda — Beryoza -0.3 -27.0 -41.7 -23.3 -23.1
Yaselda — Senin -39 -10.6 -37.7 -11.8 -16.0
Tsna - Diatlovichi =37 -8.9 -26.9 -19.9 -14.9
Horyn — Malye Viktorovichi —4.0 -11.8 -20.1 -16.7 -13.2
Sluch - Lenin 10.1 5.7 -15.8 1.6 0.4
Uborts — Krasnoberezhie -13.4 -5.6 -25.2 -38.8 -20.8
Ptich — Luchitsy 10.3 -0.2 -24.0 16.7 0.70
Shats — Shatsk -0.2 -9.2 -10.7 —4.4 6.1
Oressa — Andreevka -14.7 -10.7 -28.4 5.4 -12.10
Average in catchment: -1.3 -6.5 -24.6 -8.5 -10.2

Conclusion

The assessment of changes in river runoff within the Pripyat Basin,
as well as across Belarus as a whole, over the period from 1961 to 2015
indicates that, on average, these changes have been modest. Neverthe-
less, climate change has contributed to increased spatial and seasonal
variability in runoff patterns, as well as differences related to catchment
area size. Specifically, rivers in the Pripyat Basin have experienced runoff
reductions in nearly all seasons except winter, during which runoff has
increased. Notably, significant alterations have occurred in the spring
period, characterized by a decline in spring flood runoff and an earlier
onset of the flood season. Divergent trends in runoff changes are evident
across spring, summer, and autumn, with summer showing a particularly
marked decrease.

Projections extending to 2035 largely corroborate the observed
trends from 1961 to 2015. Forecasts suggest a pronounced differentiation
in runoff volumes between small and medium-sized rivers. Although av-
erage annual runoff may change only slightly, there is a high likelihood of
increased seasonal and monthly variability, with summer months ex-
pected to experience especially substantial declines across all rivers in
the Pripyat Basin. Moreover, the magnitude of projected runoff changes
in the Pripyat Basin is anticipated to exceed those for rivers located in
northern Belarus.

It is important to emphasize that these runoff projections under
changing climatic conditions should be interpreted probabilistically, re-
flecting inherent uncertainties arising from several sources, including:

— Limitations in detecting trends of meteorological and hydrological
variables, accounting for their statistical significance.

— Ambiguities and uncertainties inherent in climate change scenarios.

— Uncertainties in hydrological model outputs due to model imperfec-
tions, calibration challenges, and data limitations.

— Unpredictability of anthropogenic influences on water resources
under evolving climate conditions.

The value of runoff assessments and forecasts lies in their critical
role for informing water management and protection strategies aimed at
enhancing governance of the Pripyat Basin.

Among the most significant adverse impacts of climate change on river
runoff is the potential increase in the frequency and intensity of extreme

hydrometeorological events. These include heavy precipitation, droughts,
late frosts, and floods driven by snowmelt and rainfall, especially when wet
snow and rain coincide, potentially prolonging flood durations.

Enhanced intra-annual runoff variability and elevated flood risks —
due to abrupt winter thaws, earlier spring floods, and intensified rain-
induced flood events — may substantially increase the occurrence of ex-
treme hydrological phenomena.

The issue of low-flow periods is particularly pertinent for rivers in the
Pripyat Basin. Although current and near-future conditions do not indicate
an imminent water resource deficit, the probability of extended low-flow
episodes is rising. Such periods may lead to ecological degradation and
diminished recreational value of surface water bodies and adjacent lands,
altered groundwater regimes, and soil depletion in floodplain areas.

Furthermore, increased frequency and duration of droughts elevate the
risk of significant runoff reductions in small rivers, resulting in lowered water
levels, deteriorated water quality, and diminished recreational potential.

Consequently, the development and implementation of adaptive
measures aimed at optimizing water resource management in response
to climate change represent an urgent priority.

This study was supported by the Belarusian Republican Foundation
for Fundamental Research (grant No. X25K/1-036).
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Abstract

Ensuring environmental safety and creation of favorable environment is one of the directions of the National Strategy of Sustainable Social
and Economic Development of the Republic of Belarus for the period up to 2030. One of the methods of rehabilitation of polluted and other ecologically
destabilized territories is the use of sorbents. Magnetic sorbents, which combine high sorption and magnetic properties, have been recently considered
as promising sorbents. The latter allow controlling the movement of the sorbent in the treated medium.

The paper presents the results of the study of surface properties of sorption materials (magnetic sorbents) obtained from iron-containing industrial
wastes, composite magnetic sorbents obtained on the basis of activated carbon particles and magnetic sorbents, and initial activated carbon particles.
The sizes of the obtained particles and elemental composition were determined by scanning electron microscopy. The integral acidity of the surface
of the obtained samples of sorbents and initial particles of activated carbon was evaluated by pH-metry. Acid-base properties of the surface of the obtained
samples were investigated by spectrophotometric method using Gammet indicators. Identification of surface centers of the investigated composites
was carried out by comparing the values of pKa constants corresponding to the peaks with the known ionization constants of functional groups. The amount
of detected functional groups was determined by Boehm ftitration. It was found that CMC-105 has a higher adsorption activity to a wide range of organic
compounds than the initial particles MS-105 and AC, which indicates a synergetic enhancement of the sorption properties of the obtained CMC. Based
on the results obtained, the mechanism of sorption of organic compounds by the studied sorbents is given.

Keywords: iron-containing waste, raw materials, processing, method, recycling.

W3YYEHUE CBOWCTB NMOBEPXHOCTU MAFHUTHbIX COPEEHTOB

E. H. Kasaumupckas

Pechepar

O6ecneyeHne akonoruyeckonn 6e3onacHoCTV M co3aaHne BnaronpusTHON OKpYXatoLeln cpeabl SBNSETCA OQHUM M3 HanpaBneHui HaunoHanbHo
CTpaTeruu yCToMYMBOrO CoLmanbHO- SKOHOMUYecKoro passutus Pecnybnnku benapycs Ha nepuog go 2030 roga. OgHum 13 MeTogoB obecneyeHms
peabunutaumy 3arpssHEHHbIX W WHbIX 3KOMOTMYEeCKM AeCTabunn3MpoBaHHbIX TEPPUTOPUIA SBNSETCS NpuMeHeHne copbeHToB. B kavecTse
NepCnekTMBHbIX COPBEHTOB B NOCNEAHEE BPEMS pacCMaTpuBaloT MarHUTHbIE COpOeHTbI, 06beanHstoLWne B cebe BbICokNe COPOLMOHHBIE N MarHUTHbLIE
CcBOWCTBa. [NocneaHre NO3BONSIOT KOHTPONMPOBaThL NepeMelLleHne copbeHTa B 0bpabaTtbiBaemoil cpeae.

B pabote npepcTaBneHbl peaynbTaThl MCCNENOBAHUS CBOWCTB MOBEPXHOCTM COPOLMOHHBIX MaTepuanoB (MarHUTHbIX COPOEHTOB), MOMYYEHHbIX
113 Xenesoconepallmx OTXO40B MPOU3BOACTBA, KOMMO3WLIMOHHBIX MarHWUTHbIX COPBEHTOB, MOMYYEHHbIX HA OCHOBE YacTuL, aKTMBMPOBAHHOMO YrMs
1 MarHUTHbIX COPOEHTOB, M MCXOAHBIX YaCTWL, aKTMBMPOBAHHOTO Yrns. MeToaoM CKaHWpyIOLLEel 3NeKTPOHHON MUKPOCKOMUW OMpeaeneHbl pasmepbl
MONYyYEHHbIX YacTUL, a TaKKe SMeMeHTHbIA coctas. MeTofom pH-mMeTpun NpoBeaeHa OLEeHKa MHTErpanbHOM KUCIOTHOCTM MOBEPXHOCTW NOMYYEHHbIX
00pa3uoB copbeHTOB, a Takke MCXOAHbLIX YacTUL, aKTWBMPOBAHHOrO yrns. WccnefoBaHbl KMCMOTHO-OCHOBHBIE CBOWCTBA MOBEPXHOCTW MOMYYEHHbIX
00pa3uoB CnekTpohoTOMETPUYECKMM METOAOM C MOMOLLb0 WHAWkaTopoB [ammeta. [lpoBegeHa wpoeHTU(MKALMS NOBEPXHOCTHBIX LIEHTPOB
vccneayeMblX MaTepuarnoB MyTeM COMOCTABMEHMS 3HAYEHUIA KOHCTAHT pKa, COOTBETCTBYKLMX MUKaM, C M3BECTHBIMW KOHCTAHTaMM MOHU3aLM
(OyHKUMOHANbHbIX Tpynn. TuTpoBaHMeM no MeTogy boama onpegeneHo KomuyecTBO OBHApYXEHHbIX (yHKLMOHambHbIX rpynn. YCTaHOBNEHO,
yto copbeHT KMC-105 obnapaet Gonee BbICOKOW afcOpOLUMOHHOA aKTUBHOCTHIO K LUMPOKOMY KpYry OPraHUYECKUX COEAMHEHWA, B CPaBHEHWM
C mMaTepuanamu 13 KOTopbIx AaHHbI COPOEHT Bbin NOMyYeH, YTO CBUAETENbCTBYET O CUHEPTETUYECKOM YCUNEHUN COPOLIMOHHBIX CBOWCTB NOMY4EHHOrO
KMC-105. Ha ocHoBaHMM NOMyYeHHbIX Pe3ynbTaToB NpuUBEAeH MexaHu3m copbLn OpraHYeckux COeanHEHMIA nccnegyembiMin copbeHTamm, a Takoke
COeNaH BbIBOA O TWME 3arpssHAOWMX BeLLecTB, ancopbumst KOTOpbIX NOMy4YeHHbIMW MaTepuanamu Oynet Haubonee 3ddeKTBHOIM
1 LienecoobpasHoi.

KnioyeBble crnoBa: xenesocoaepxallynin 0TX0a, Cbipbe, nepepaboTka, MeTod, NOBTOPHOE MCMOSb30BaHME.

Introduction in studying the properties of the sorbent surface is the experimental study

The development of new methods for processing industrial waste is
a pressing and important task facing modern researchers. Of particular
interest are finely dispersed iron-containing wastes characterized by
a multicomponent composition. Currently, there are no registered uses for
such wastes [1]. One method of processing such wastes is to extract iron
(I, 1) salts from them and then obtain the target product [2-6]. In this
work, magnetic particles were obtained from the isolated iron (1, Ill) salts,
which were considered as sorbents and magnetic cores for the produc-
tion of composite magnetic sorbents (CMS) based on them [7].

When selecting a sorbent for use in certain technologies for cleaning
contaminated environments, the characteristics of the sorbent surface
play an important role. It is heterogeneous and consists of a set of Lewis
and Brensted adsorption centers that are quite strongly bound to the
solid. On the surface of any sorbent, there are a number of active centers
with different dissociation constants (Ka). One of the primary tasks

and determination of the type and number of these active centers.
A complete description of the surface properties of solids involves not
only determining the total acidity, but also quantitatively assessing the
content of active centers and differentiating them by strength and type.

The aim of this work is to study the surface properties of sorbents ob-
tained from finely dispersed iron-containing waste (FDIW) by chemical
co-precipitation of iron (Il Il) hydroxides.

Research methods and baseline data

One of the most common methods for obtaining magnetic sorbents is
the Massart co-precipitation method [8]. This method was modified for the
synthesis of magnetic sorbents (MS) and composite magnetic sorbents
(CMS) from FDIW. Scale was used as FDIW. This waste is a mixture of
mainly iron (Il, 1l) oxides formed by the direct action of oxygen when
metals are heated in air.
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The essence of the modified Massart method for obtaining magnetic
sorbents from scale was as follows: iron ions were pre-leached from the
scale with a sulfuric acid solution. A hot KOH solution was added to the
resulting solution to a pH of 8-10. The resulting suspension was allowed
to settle for 30 minutes, after which it was filtered. The retained sediment
was washed with distilled water to a pH 7. The sediment was then dried
at 105 °C to a constant weight. CMS was obtained by co-precipitation of
iron (II, 1) hydroxides on the surface of activated carbon (AC). The re-
sulting particles were then washed and dried at 105 °C. The resulting
sorbent samples were designated MS-105 and CMS-105.

The surface structure, particle size, and elemental composition of the
obtained MS-105 and CMS-105 samples were studied using scanning
electron microscopy (SEM) on a JEOL JSM-5610 LV microscope.

The acid-base properties of the surface of the obtained samples
were studied using the pH measurement method. The essence of the
method was that electrodes were immersed in 30 cm® of double-distilled
water, and after the pH values stabilized, 0.3 g of the sample was added.
Then, the change in pH values over time was recorded, and pH = (1)
curves were plotted. Glass and silver-chloride electrodes were used.
Measurements were taken at room temperature (20.9 °C).

The distribution of surface centers according to acid-base properties
was studied by spectrometric method using Hammett indicators (16 indi-
cators with dissociation constants (pKa) ranging from -0.29 to +12.9) and
determined according to the method described in [9-11].

For the MS-105 sorbent, indicator solutions with a concentration
of 10 mol/dm3 were prepared, and for CMS-105 and AC, 10- mol/dm3.
Next, a certain volume of indicator solution (Ving) was added to graduated
test tubes and brought to 5 cm3 with distilled water. After 30 min, the
optical density of the resulting solution (Do) was measured.

Next, 0.1 g of the sorbent sample was added to the resulting indica-
tor solutions, mixed, and left for 120 min, after which the solution was
separated from the sample (using a magnet for MS-105 and CMS-105,
and decantation for AC) and its optical density (D1).

A blank experiment was conducted in parallel. For this purpose, 0.1 g
of sorbent was placed in 5 cm?3 of distilled water, the suspension was
stirred, after 120 min the decantate was brought to 5 cm3 and the optical
density of the new solution (D2) was measured.

The concentration of active centers (g, mmol/g) corresponding
to specific pKa values, equivalent to the amount of indicator adsorbed
on the sample surface, was calculated using the following equation

Cing ®Vina .{Do -D + D, - Dzj’
D, m, m,
where Cing is the concentration of the indicator in the solution (mmol/dm3),
Vind is the volume of the indicator taken for the study (dm3), ms and m2
are the masses of the test substance in the first and second samples (g),
Do is the optical density of the initial indicator solution, D1 and D2 are the
optical densities of the indicator solution after treatment with the sorbent
sample and in a blank experiment.

The distribution curves of adsorption centers by acid strength on the
surface of the samples were plotted in the coordinates q(pKa) = f (pKa).

q= (1)

To characterize the acid properties of the obtained sorbents, the sur-
face acidity function was used, which was calculated using the equation
> d(pK,)e pK,
H, = : (2)
>.a(pK,)

The number of functional groups was determined by titration using
the Boehm method [12-13]. We placed 0.1 g of the sample into 20 cm?
conical flasks. We added 10 cm?® of 0.011 M of the corresponding solution
to the samples: sodium bicarbonate solution to determine carboxyl
groups; sodium carbonate solution to determine the sum of carboxyl and
lactone groups; hydrochloric acid solution — to determine basic groups.
The mixture was shaken and left for 24 hours to reach equilibrium
atroom temperature. After filtration, three 3 cm3 samples were taken
from the equilibrium solutions, transferred to 20 cm3 conical flasks, and
then titrated with hydrochloric acid and sodium hydroxide solutions with
methyl orange and phenolphthalein indicators, respectively.

Results and discussion

The particle sizes of the samples obtained were determined using
SEM; the data are presented as micrographs of the particles (Figure 1),
from which their shape and size can be determined based on the resolu-
tion of the photographs.

Figure 1 — Micrographs of samples MS-105 (a) and CMS-105 (b)

The size of the particles obtained ranges from 20 to 200 pm for MS-105
and from 2 to 15 um for CMS-105.

The elemental composition of the materials obtained was deter-
mined. The results are presented in Table 1.

As can be seen from the table, the iron content in the obtained mag-
netic sorbents is higher than in CMS. The obtained samples also contain
Al and Cr impurities, which, according to [14], may be present in scale.
The S and K content is explained by the residual K2SO4 content (part
of the stock solution) on the particle surface. The absence of carbon
in the composition of CMS-105 is explained by the specifics of the sample
analysis using the SEM method.

To characterize the surface of the obtained samples and establish
the belonging of surface centers to the Bransted or Lewis type, the inte-
gral acidity of their surface was evaluated using pH-metry.

Figure 2 shows the curves of changes in the pH values of aqueous
suspensions of sorbent samples over time.

Table 1 - Elemental composition of the obtained MS-105 and CMS-105 samples

Sample Element content, wt. %

Al Si S K Cr Fe 0
MS-105 0,36 0,71 0,45 0,96 0,86 73,30 23,36
CMS-105 1,16 2,31 0,26 1,68 0,75 69,10 24,74

As can be seen in Figure 2, when sample MS-105 (No. 1) interacts
with deionized water, a smooth increase in the basicity of the medium
is observed, which indicates the presence of already hydroxylated
Bransted centers.

A sharp change in pH to the basic range during the first 40 seconds
after immersion of the CMS-105 sample (No. 2) in deionized water indi-
cates the presence of rapidly hydrated Lewis aprotonic centers, which,
when interacting with water, transform into Bransted centers.

When sample AC (No. 3) interacts with deionized water, an in-
crease in the acidity of the medium is observed during the first

20 seconds, which may indicate the presence of Lewis acid centers
on the sorbent surface. A further increase in pH indicates that OH-
groups are associated with the sorbent surface, which exhibit weak
acidic properties and donate H* protons. However, the acidity of such
centers is weak, and with further adsorption of water molecules, an
increase in pH values is observed, which indicates the weakly basic
properties of the surface [15].

To determine the number of adsorption centers, adsorption center
distribution curves (ACDC) were constructed on the surface of the
sorbents (Figures 3, 4).
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Figure 2 — Curves showing changes in the pH values of aqueous suspensions of sorbent samples over time
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The distribution of active centers across a wide energy range of the
controlled parameter (pKa) allows us to determine the presence or ab-
sence of certain groups of adsorption centers.

Analysis of the obtained ACDC curves shows that in the presence of
water, the surface of MS-105 is dominated by Brensted acid centers
(pKa = 1.2 - 5.5), which are hydroxyl groups of the acid type, and neutral
Bransted centers (pKa = 7.3).

On the surface of KMS-105 and AC in the presence of water, Lewis
basic centers (pKa = —0.29) and Brgnsted acidic centers (pKa = 1.1 - 5.5)
predominate, which indicates the presence of acidic centers on the surface
of the studied samples in the presence of water, which tend to donate a free
hydrogen proton. It is also worth noting that the number of adsorption cen-
ters detected on the surface of KMS-105 exceeds the number of these
centers on the surface of MS-105 and AC. However, the surface of AC is
characterized by a large number of types of active centers.

Having determined the acidity function Ho for MS-105, CMS-105, and
AC, which amounted to 1.92, 1.91, and 1.67, respectively, it was con-
cluded that the surface of the obtained sorbents has weak acidic proper-
ties, although they are more pronounced in AC.

The nature of the active centers on the surface of the obtained
sorbents was determined by comparing the pKa values corresponding
to the peaks shown in Figures 3 and 4 with the known ionization con-
stants of the active centers. The data obtained indicate that the surface of
the obtained sorbents mainly contains various acidic centers (Table 2).

The content of functional groups in the sample under study is shown
in Table 3, the data in which indicate the presence of different types of acid
Brgnsted centers on the surface of the sorbent. The pKa range of 3.6-4.9
inthe spectrum corresponds to easily dissociating carboxyl groups.
The presence of bands in the pKa 5.0-6.4 region is associated with the
presence of weaker carboxyl groups in the sorbent structure that do not
have acceptor substituents in their immediate vicinity. The chemical envi-
ronment of these Brgnsted centers is probably represented by variously
substituted aromatic rings, carbohydrate, and aliphatic fragments.

In a study of the surface active centers of iron(lll) oxide, the authors
[19] also found predominantly weak acid Brgnsted centers.

The data in Table 3 show that the surface of the samples under study
is characterized by the presence of a larger number of basic functional
groups. Based on this, there is a need for a more detailed study of the
basic Lewis-type centers.

It is also worth noting that CMS-105, obtained from materials of dif-
ferent nature, is characterized by a pronounced synergistic effect
of the composite material.

Table 4 — Active centers located on the surface of the studied sorbents

Table 2 — Types of active centers on the surface of MS-105, CMS-105,
and AC sorbents

Sorbent pKa Functional groups
Strong Brgnsted acid sites (hydroxyl
12,21,25 groups) [16]
MS-105 4055 Weak Bronsted acid sites [18]
73 Neutral centers [17]
12,8 Weak Bransted bases [20]
-0,29-0 Lewis's weak foundation [17]
g Strong Bransted acid sites (hydroxyl
0.8-3,97 groups) [16]
CMS-105 5 Weak carboxyl groups [18]
8 Lactone groups [18]
12,8 Weak silanol groups [18]
-0,29-0 Lewis's weak foundation [17]
N Strong Bransted acid sites (hydroxyl
AC 0-25.397 | groups) [16]
5-5,5 Weak Bransted acid sites [18]
12,8 Weak Bransted bases [18]
Table 3 - Titration results using the Boehm method
Sorbent Num.ber of functional groups, mmol/g .
Carboxylic Lactones Basic
MS-105 0,00 0,00 1,017
CMS-105 0,05 0,07 1,667
AC 0,08 0,10 0,683

Based on the results of this work, as well as on the basis of literature
data [20], the surface centers of the obtained materials were identified
(Table 4).

According to [20], based on the research results obtained, it is more
expedient to use sorption materials MS-105 and KMS-105 for collecting
basic compounds, petroleum products, and heavy metal ions from the
surface of contaminated environments.

Thus, the sorption properties of the obtained materials in relation
to these pollutants were studied (Table 5).

Sorbent MS-105 CMS-105 AC
Functional groups (FG) | FeO-H*, Fe-O-H%, Si-OH> éLOoZ%g)goﬁa_ CH—{CHa—C=0, éir__g:é-R_CH_(CHz)n_C:O’ COOR,
pKa 0-7,7,7-14 -1,7-0,0-7,7-14 -1,7-0, 0-7,7-14
Acid-base centers Strong acid, weak acid, weak Lewis bases, strong acids, weak acids, Lewis bases, strong acids, weak acids,
base Brgnsted centers weak bases, Brgnsted centers weak bases, Brgnsted centers

Table 5 — Sorption properties of the sorbent samples studied

Sorption capacity value relative (mg/g) to
Sorbent 3 94 petroleum
CBA Fe Cu products
MS-105 167,02 0,70 30,60 1110,00
CMS-105 185,00 1,76 46,70 1450,00
AC 81,10 2,09 21,80 2430,00

Studies have shown that magnetic sorbents (MS-105) and composite
magnetic sorbents (CMS-105) obtained from finely dispersed iron-
containing waste have pronounced sorption properties.

Analysis of the data presented in Table 5 confirms the direct depend-
ence of the sorption capacity of materials on their acid-base properties.
The KMS-105 sample, which has the largest number of basic and acidic
centers, demonstrated the highest efficiency in relation to cationic surfac-
tants (CSA), Fe* and Cu*" ions, and petroleum products, exceeding
the performance of MS-105 and AC (activated carbon) in most parameters.

AU showed the highest result in relation to petroleum products
(2430.00 mg/g), while KMS-105 demonstrated a sorption capacity
of 1450.00 mg/g. Despite this, KMS-105 proved to be more effective for
the sorption of heavy metal ions (Fe* and Cu*) and surfactants. These
results confirm that the creation of a composite material based on magnetic

particles and AC leads to a synergistic effect, which allows obtaining a ma-
terial with improved sorption characteristics for a wide range of pollutants.

Thus, the proposed method for processing iron-containing waste
to obtain composite magnetic sorbents is promising for the creation
of effective materials capable of cleaning contaminated environments.

Conclusion

The studies conducted allowed us to draw the following conclusions:

1. The diversity of Bransted centers on the surface of the obtained KMS-
105, and their greater number, suggests its high adsorption acfivity to a wide
range of organic compounds than that of the initial MS-105 and AC particles.

2. The studies indicate the possibility of applying iron-based hydrox-
ide-oxide systems to the surface of activated carbon in the process of co-
precipitation of iron (Il, Ill) hydroxides, with the subsequent use of the
obtained materials as sorbents. In this case, the co-precipitated hydrox-
ides to some extent change the distribution of the acid-base activity
of the activated carbon particle surface and, consequently, their sorption
activity with respect to various pollutants.

The research was conducted with the support of the Ministry of Edu-
cation of the Republic of Belarus as part of scientific research work
GB No. 25-037.
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Abstract

The article reveals the essence of the knowledge economy and identifies problematic aspects in its theoretical justification. The author proposes his own
definition of the knowledge economy based on the analysis of different approaches to defining the concept. The article highlights the role of innovation,
science, and education in shaping the knowledge economy. It also points out the complexity of assessing the level of development of the knowledge
economy due to the lack of a comprehensive approach to quantifying accumulated and created knowledge. The article emphasizes the importance
of growing inequality caused by the lack of access to knowledge through quality education and digital technologies in certain regions. The labor market
in the context of the knowledge economy is characterized by unstable labor relations. The author proposes an assessment based on key indicators
(aspects), such as the Global Knowledge Index, the Global Innovation Index, the Human Development Index, the scientific content of GDP, the number
of applications for patent cooperation agreements, and the cluster approach to economic development, which allow for the assessment and determination
of the level of development of the knowledge economy in different countries. Special attention is paid to analyzing China's experience in building
a knowledge-based economy. The author covers government policies to support high-tech industries, the combination of planning and market incentives,
and the development of large-scale national programs. It emphasizes China's leadership in ICT development, increased investment in science
and education, the importance of human capital, and the creation of innovative clusters and venture capital ecosystems. The author presents a comparative
analysis based on key indicators, which helps to identify key differences and determine areas for development.

Keywords: knowledge economy, innovation, indices, science intensity, patents, clusters.

9KOHOMWKA 3HAHWWA: OCOBEHHOCTM U AHANMU3 NOKA3ATENEN

A. A. BaxuHa

Pedepar

B cTaTbe packpbiTa CyLHOCTb SKOHOMMWKW 3HaHWIA 1 onpeneneHbl NpobneMHble acnekTbl B €6 TeopeTuyeckom 060CHOBaHMM. Ha ocHoBe
MPOBEAEHHOr0 aHann3a pasHbiX MOAXOAOB K OMpefeNeHnio MoHATUS, aBTop npednaraeT cobcTBeHHoe onpedenedne. OTMevaeTcs ponb
WHHOBALMIA, Haykn 1 06pa3oBaHNs B POPMUPOBAHMM IKOHOMUKI 3HAHMIA. Takke yKkasblBaeTCs CNOXHOCTb OLEHKM YPOBHS Pa3BUTUS 3KOHOMUKM
3HaHWI NO MPUYMHE OTCYTCTBMS KOMMIEKCHOTO MOAXOAa B KOMWYECTBEHHOW OLIEHKE HAKOMMEHHbIX M Co3faBaemblx 3HaHun. OTmevaertcs
BAXHOCTb POCTA HEPABEHCTBA MO MPWUYMHE OTCYTCTBMS AOCTYMa K 3HAHWAM MOCPEACTBOM KayeCTBEHHOro o6pas3oBaHns W LMdpPOBbIX
TEXHONMOMA ANS OTAENbHbIX PervoHoB. PbIHOK TpyAa B KOHTEKCTE (hOPMMPOBAHWS 3KOHOMWKM 3HAHWIA XapakTepuayeTcs HeCTaburnbHOCTbIO
TPYAOBbLIX OTHOLIEHWA. ABTOPOM MpeAnoXeHa OLeHka Ha OCHOBAHMM KMOYeBbIX MokasaTeneii (acnekToB), Takux kak rnobanbHbli WHAEKC
3HaHWIA, rnobanbHbI MHHOBALIMOHHBIN UHAEKC, NHAEKC YENOBEYECKOro pa3BuTUs, HaykoemkocTb BBIT, uucno 3asBok Ha 4OroBopa O MaTeHTHO il
koonepauuu, KnacTepHbln NoAX0A (hOPMUPOBAHNS SKOHOMUKM, KOTOPbIE MO3BOMSAIOT OLEHUTb M ONpeAenuTb CTeneHb Pa3BUTOCTU SKOHOMMUKM
3HaHuit B cTpaHax mupa. Ocoboe BHMMaHWe yaenseTcs npu aHanuse onbiTy Kutas B NOCTPOEHUN SKOHOMMKM 3HaHWiA. MHTepec npeacTaBnseTt
rocyAapcTBeHHas MONWTWKA NOAAEPKKM BbICOKOTEXHOMOTMYHBIX  OTpacnel, CoyeTaHue MNaHUPOBaAHUS W PbIHOYHBIX  MeXaHW3MOB
CTUMYNMPOBaHNA W pa3BUTUe MacluTabHbIX HaLMOHambHbLIX Mporpamm, oTMevaeTtcs nuaepctso Kutas B passutuu UKT, pocT nHBECTULMIA
B HayKy W obpasoBaHue, MepBOCTENEHHas pofb M PasBUTME YENOBEYECKOTO KanuTtana, CO3AaHue VHHOBALMOHHBLIX KNacTepoB, CO3faHue
BEHYYPHbIX 3KOCMCTEM 1 Ap. ABTOPOM NpPeLCTaBNsAeTCA CPABHUTENbHbI aHanu3 no nokasaTensm MpeanoXeHHbIM B KaYeCTBE OCHOBHbIX,
KOTOPbI NO3BONMA BbISIBUTH KIOYEBbIE AUCMPONOPLIAKM, KOTOPbIE W NO3BONAIOT BbISBUTL NPO6EMaTUKY 1 ONPeAeniTb HanpaBneHN s passnUTHS.

KntoueBbIie cnoBa: 3KOHOMIKA 3HaHWIA, WMHHOBALIMW, MHOEKCbI, HAYKOEMKOCTb, NaTeHTbI, KnacTepbl.

Introduction

The theoretical foundations of the role of innovation in the formation of the
knowledge economy are laid in the works of D. Bell, J. Galbraith, P. Drucker,
E. Toffler, J. Quinn, R. Rich, F. Machlup, J. Schumpeter, S. Kuznets, F. von
Hayek, G. Becker, P. Krugman, K. J. Arrow, D. North and others.

Scientific publications by Russian and Belarusian researchers, in par-
ticular A. V. Bondar, K. I. Ryabova, K. S. Okrut, K. I. Zhukov, Z. O. Ada-
manova, E. A. Borodavko, N. O. Vasetskaya, S. V. Chirikov,
V. Z. Yampolsky, N. R. Kelchevskaya, I. M. Chernenko and others also
play an important role.

In the current conditions of socio-economic development, knowledge,
information, human and intellectual capital have become key factors,
which determines the relevance of the study and its theoretical signifi-
cance. This has been facilitated by globalization and the challenges it has
brought, as well as the processes of digitalization, scientific and techno-
logical progress, and the transformation and complexity of the production
and consumption processes.

The theoretical foundations of the knowledge economy and
the system of indicators for assessing development

The concept of the knowledge economy was first introduced by the
Austrian-American economist Fritz Machlup in 1962 in his work
"The Production and Distribution of Knowledge in the United States" [1].
The researcher defined the knowledge economy, provided a classification
of knowledge and methods for its production, highlighted the role of in-
vention and patent protection, the role of education, and more.

In the 1970s, P. Drucker in his book "The Age of the Discountity:
Guidelines to Our Changing Society", analyzed the role of knowledge as
aresource. He introduced the concepts of the knowledge economy and the
knowledge-based society, and examined the impact of knowledge on en-
terprise productivity and, consequently, product competitiveness. He also
noted the role of innovation and entrepreneurship [2]. G. Kleiner defines the
knowledge economy “as economic state in which knowledge becomes
a full-fledged commodity; any commodity embodies unique knowledge; and
knowledge becomes one of the main factors of production” [3].
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Alvin Toffler highlights knowledge as the most important economic
resource, arguing that its production "becomes the driving force of
acountry's and society's development" and the engine of progress.
He emphasizes that knowledge takes on a commodity form, which can be
sold and profitably exploited [4].

V. V. Glukhov notes that the knowledge economy can be viewed as
a system that integrates theoretical concepts, a set of practical achieve-
ments, and a set of methods for creating conditions conducive to re-
search activities [5].

V. L. Makarov points out that in a knowledge economy, "knowledge,
skills, and abilities of workers play a crucial role in the production and
distribution process". This highlights the importance of skilled labor [6].

G. B. Kleiner emphasizes that the knowledge economy is character-
ized by the transformation of knowledge into a full-fledged commodity and
the development of a knowledge market alongside traditional markets for
natural resources, labor, and capital [7].

A. V. Bondar defines the knowledge economy as an economy
in which knowledge acquires the status of the main economic resource,
which is present in every type of economic activity, and its accumulation
and effective use ensure high rates of economic growth, development of
economic entities, and the entire society [8, p. 29].

The World Bank experts have proposed the following definition:
"A knowledge-based economy is an economy in which knowledge is the
main driver of economic growth" [9].

In our opinion, a knowledge-based economy is an economy in which
knowledge is the main factor of production, embodied in intellectual capi-
tal and serving as a source of innovation, leading to the dominance of
knowledge-intensive services and high-tech manufacturing.

Thus, the concept of "knowledge economy” is currently being studied
and transformed under the influence of modern trends, and is being re-
searched within the framework of various scientific schools and methodo-
logical traditions. The diversity of theoretical approaches is due to the
various aspects inherent in the concept under analysis, including the role
of knowledge in production, its institutionalization, the impact on global
processes and the transformation of social and labor relations, as well as
the changing forms of employment and the role and influence of innova-
tion on the formation of the knowledge economy.

However, the problems that accompany the study of the knowledge
economy relate to the definition and change of knowledge, and it is still
unclear what exactly should be considered knowledge (applied R&D,
technologies, software products, and the skills of workers, etc.) and what
indicators would be appropriate for measuring it. There is no real way to
quantify the accumulated knowledge and the knowledge created over
certain periods of time. Additionally, the study of the knowledge economy
raises fundamental questions such as the growing global inequality,
where knowledge is generated in developing countries and benefits are
reaped by developed countries. Social and economic inequality is also
evident in the availability of quality education and digital technologies. In
turn, the labor market in the knowledge economy is characterized by
unstable labor relations.

Based on the generally accepted understanding of the essence of
the knowledge economy, the possibility of its development is formed due
to a high level of education, science and innovation. The government,
which focuses on building such an economy, increases spending on
scientific research, modernizes the education system, and introduces the
concept of "lifelong learning." Scientists have noted an increase in the
number of intellectual workers, support for high-tech and knowledge-
intensive industries and the development of innovative activity of busi-
ness entities. There is an active growth in the field of ICT, and a high
share in the structure of the economy belongs to the service sector.

The knowledge economy is most characteristic of developed coun-
tries such as the United States, Germany, the United Kingdom, and
France, as well as countries in East Asia, such as the Republic of Korea,
the People's Republic of China, and Japan, where the production of
knowledge-intensive and high-tech products is the primary source of
economic growth [10, p. 8].

The Global Knowledge Index (GKI) is a tool for knowledge and de-
velopment, and serves as a comprehensive framework for measuring the
effectiveness of knowledge use worldwide. It consists of seven sub-
indices: pre-university education; technical and vocational education and

training; higher education; research, development, and innovation; infor-
mation and communication technologies; economic development; and
a supportive environment conducive to a knowledge-based climate.
This indicator assesses the creation of knowledge, the quality of its dis-
semination, and its application.

According to the 2024 Global Knowledge Index, Sweden (index 68,3)
topped the list of 141 countries in the knowledge index report. Finland
(index 68) came in second place, Switzerland (67,9) came in third place,
and Denmark (66,8) came in fourth place. It is worth noting that the top
ten also includes the United States (66,2) and the United Kingdom (65,8).
Hong Kong (China) took 29th place (60,1), the UAE took 26th place
(60,9), China took 49th place (51,6). The Republic of Belarus took
50t place in this index (51,4 %), overtaking the Russian Federation
(615t place) and Kazakhstan (72nd place) [11].

The Global Innovation Index provides the most comprehensive com-
parison of countries focused on knowledge-based economies in the tech-
nological sector. In 2024, as in 2023, Switzerland (67,5), Sweden (64,5),
and the United States (62,4) remained at the top of the ranking. Switzer-
land is characterized by effective business policies and a high number of
patent applications. Sweden also has unique approaches to business
development, knowledge-intensive employment, and the number of re-
searchers per capita. The United States is characterized by the largest
amount of venture capital raised and a high level of investment in R&D.
The three leaders are followed by the United Kingdom (61,0), Finland
(59,4), Germany (58,1), and China (56,3). Among the post-Soviet coun-
tries, Estonia (52,3), Lithuania (40,1), Russia (29,7), and the Republic of
Belarus (24,2) have the best results [12].

Comparing the Global Knowledge Index and the Global Innovation
Index, we can conclude that the Republic of Belarus has high scores in
the former, but low scores in the latter (unlike China and Russia, for ex-
ample). This indicates that there are disparities in the level of human
capital development and its effective application in science and innova-
tion. The reasons for these disparities lie in the difficulties of transforming
knowledge into innovation. If we compare the economies of Belarus and
China, the problem lies primarily in the scale of the economies and the
amount of investment in R&D, the formation and level of domestic de-
mand, and the ability of the economy to be diversified. It also depends on
the level of the country's innovation ecosystem (including venture capital
investments, developed clusters and technology parks, and the degree of
collaboration between science and business for the commercialization of
knowledge), as well as its integration into global value chains. These
findings are supported by the Human Development Index and the science
intensity of GDP, as shown below.

According to the United Nations Development Programme's Human
Development Report 2025, the countries with the highest Human Devel-
opment Index (a composite measure of average achievements in the
three main dimensions of human development: long and healthy life,
access to knowledge, and a decent standard of living) are Iceland
(0,972), Norway (0,970), Switzerland (0,970), Germany (0,595), Sweden
(0,959), and Austria (0,955). The UK ranks 13t (0,946), the US ranks
17th (0,938), and China ranks 78th (0,797). For Belarus, the Global Hu-
man Development Index in 2025 was 0,824 (65th place among 193 coun-
tries) [13].

An important indicator of the development of science is the level of
national R&D spending, or the science intensity of GDP, which represents
the share of research and development costs in a country's GDP. It is
worth noting that Israel and South Korea are the leaders in this indicator
in 2024 (5,56 % and 4,93 %, respectively), in the United States (3,46 % of
GDP). Among other countries developing a knowledge economy, high
values of science intensity are typical for Sweden (3,42 %), Japan
(3,3 %), the UK (2,91 %), China (2,43 %), France (2,22 %), the UAE
(1,5 %). The Republic of Belarus is characterized by a relatively low
share of R&D spending in the country's GDP (0,48 %), which is also ob-
served in Argentina and Romania (0,52 and 0,47 %, respectively). At the
same time, among the neighboring countries, only Poland (1,44 %) and
Lithuania (1,11 %) reached a science intensity indicator exceeding the
critical level of economic security (1 %) in 2024, surpassing Russia
(0,94 %) and Latvia (0,74 %) in this indicator [14].

Investing in research and development is a key mechanism for creat-
ing competitive advantages through the creation of innovative products,
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processes, and services. These developments, which have the potential
for patentability, not only provide technological leadership but also create
a sustainable barrier to competition, limiting the ability of other market
participants to replicate the innovations.

Patent activity is another indicator of innovation activity and techno-
logical development in countries. In 2023, the number of patent applica-
tions worldwide exceeded 3,55 million. China's Patent Office received
approximately 1,64 million applications. The United States, Japan, the
Republic of Korea, and Germany followed suit. China accounted for
46,8 % of the global patent volume [15].

In 2024, about 273,900 international applications for Patent Coopera-
tion Treaties (PCTs) were filed, which is 0,5 % more than in 2023.
The top 10 countries accounted for 88,1 % of all applications in 2024.
Candidates from China and the United States filed applications primarily
in the field of computer technology. Japan filed applications primarily for
electrical equipment, while the Republic of Korea filed applications for
digital communications [16]. There are no data on the Republic of Belarus
in the report on Patent Cooperation Treaties (PCT).

One of the promising areas of innovative development in foreign re-
gions is the cluster approach. The economy formed within the framework
of the cluster approach is a new model of innovative socio-economic
development [17, p. 253]. A regional innovation cluster is a set of eco-
nomic entities of various forms of ownership located in the region that
create and disseminate new knowledge, products, and technologies, as
well as the organizational and legal conditions for their business opera-
tions, which are formed through the implementation of regional science
and innovation policies. Clusters involve the synergy of the entrepreneur-
ial sector, education, and research centers to share knowledge, reduce
transaction costs, develop joint innovation projects, and access human
resources. The experience of leading countries in innovative development
(the United States, Japan, China, Germany, etc.) suggests that cluster
mechanisms can provide the necessary foundation for transitioning to an
innovative economy through the synergistic effects of their operation.

Innovative clusters in the field of education: Stanford University,
Cambridge University, Harvard, Oxford, etc. They produce more scientific
publications and attract venture capital investments.

Innovative clusters in the economy: Huawei (Digital Communications)
China, Mitsubishi Electric (Computer Technology) Japan, Google (Com-
puter Technology) USA, BOE Technology (Digital Communications) Chi-
na, Samsung Electronics (Digital Communications) South Korea, Pana-
sonic Startup (Electric Machines, Appliances, and Power) Japan, Z-Park
Boston Innovation Center (Medical Technology) USA [18].

Among the top 100 science and technology clusters, the Tokyo —
Yokohama cluster (Japan) is leading. It is followed by the Shenzhen -
Hong Kong — Guangzhou cluster (China and Hong Kong, China). Both
clusters are ranked first and second.

In China, the Shenzhen - Hong Kong — Guangzhou cluster is one of
the world's leading centers of scientific and technological innovation,
located in the Greater Bay Area of Guangdong — Hong Kong — Macau
(GBA). According to the World Intellectual Property Organization (WIPO)
for 2024, this cluster ranks second in the world in terms of the concentra-
tion of scientific and technological achievements. This cluster is a prime
example of the synergy between high-tech manufacturing, science,
startup culture, and cross-border cooperation [18].

Shenzhen is rightfully called the "Silicon Valley" of China. This city is
a hub for startups and tech giants, home to companies such as Huawei
(telecommunications, Al, chips), ZTE (telecommunications), DJI (leader in
drones), BYD (electric vehicles, batteries) [18].

Hong Kong is an international financial center with a focus on logis-
tics, medicine, biotechnology, and scientific research. Guangzhou is an
industrial and logistics hub that is developing in the fields of biomedicine,
Al, and new materials.

In China, the knowledge economy is officially recognized as a na-
tional development strategy based on strong education. The number of
Chinese students is growing in the world's top universities, and the
country is establishing a national system for promoting scientific and
technological innovation, which is the natural foundation of the
knowledge economy [19].

The government has decided to strengthen its role in the develop-
ment of the knowledge economy. China aims to encourage increased
spending on research and development, promote intellectual property
development, and expand the digital economy [19].

The plan includes development in priority areas of science and tech-
nology, growth of research projects, support for science-intensive busi-
ness, effective regulation of the sphere of intellectual property, provision
of tax benefits for companies engaged in scientific research and devel-
opment, and also the stimulation of researchers to work. Presumably, the
effect can be given by attracting scientists from all over the world to glob-
al innovation centers in Beijing, Shanghai, Hong Kong.

An important aspect of the policy on the development and populari-
zation of the knowledge economy is to increase scientific literacy in socie-
ty, allow for the development of various forms of employment, focus on
the creative development of society, and create conditions for creative
professions and non-standard teaching methods [20].

One of the most prominent initiatives is the "Made in China" strategy,
which aims to modemnize China's manufacturing base by automating
processes, using artificial intelligence, and adopting green technolo-
gies [19].

As part of its strategy, China is using supportive financial policies.
The government is committed to improving transportation, energy, and
digital infrastructure. The Belt and Road Initiative is an example of this.

China is a globally competitive producer of technologically complex
goods, such as telecommunications equipment, machinery, computers,
solar panels, high-speed railways, ships, drones, satellites, heavy equip-
ment, and pharmaceuticals. In all of these industries, China has gained a
significant share of the global market, and it is rapidly expanding into new
sectors such as robotics, Al, quantum computing, and biotechnology [19].

Taking into account China's experience and the specifics of its
development within the framework of the knowledge economy, the
Republic of Belarus can learn from China's best practices and identi-
fy areas for its own development, as well as key factors that have
enabled China to effectively leverage its opportunities in the transi-
tion to a knowledge-based economy through the synergy of educa-
tion, science, and innovation.

Conclusion

Thus, the government's policy towards the formation of a knowledge-
based economy sets the government's objectives to improve all process-
es that will enhance the country's overall competitiveness. The chosen
vector dictates the specific behavior regarding changes in the vector of
financing and production development, allowing countries to maintain
leading positions in terms of key indicators and indices that characterize
their level of development. Given that education, science, and innovation
are the foundation of a knowledge-based economy, leading countries are
increasing their investments in these areas, improving their performance
in international rankings, and confirming their chosen vector of develop-
ment. The Republic of Belarus is also improving its policy on the for-
mation of a knowledge economy, taking into account the achievements of
foreign experience and its own strengths.

References

1. Machlup, F. The Production and Distribution of Knowledge in the
United States / F. Machlup. — Princeton : Princeton University Press,
1962. - 523 p.

2. Druker, P. F. Epoha razryva orientiry dlya nashego
menyayushchegosya obshchestva / P. F. Druker ; per. s angl. i red.
B. L. Glushaka. — M. : Vil'yams, 2007. — 322 s.

3. Klejner, G. B. Mikroekonomika znanij i mify sovremennoj teori /
G. B. Klejner // lysshee obrazovanie v Rossii. — 2006. — Ne 9. - S. 32-37.

4. Toffler, E. Revolyucionnoe bogatstvo / E. Toffler, H. Toffler. - M. :
Ast; Profizdat, 2008, — S. 151-152.

5. Gluhov, V. V. Ekonomika znanij / V. V. Gluhov, S. B. Korobko,
T. V. Marinina. — SPb. : Piter, 2003. — 528 s.

6. Makarov, V. L. Ekonomika znanij: uroki dlya Rossii / V. L. Makarov //
Vestnik rossijskoj akademii nauk. — 2003. — T. 73, Ne 5. — S. 450—466.

7. Klejner, G. B. Mikroekonomika znanij i mify sovremennoj teorii //
Vlysshee obrazovanie v Rossii. — 2006. - Ne 9. - S. 32.

166

Economics
https://doi.org/10.36773/1818-1112-2025-138-3-164-167



Vestnik of Brest State Technical University. 2025. No. 3 (138)

20.

Bondar', A. V. Ekonomika znani: soderzhanie, etapy, usloviya i
perspektivy razvertyvaniya / A. V. Bondar' // Nauchnye trudy Belorusskogo
gosudarstvennogo ekonomicheskogo universiteta / M-vo obrazovaniya
Resp. Belarus', Belorusskij gos. ekon. un-t; redkol.: V. N. SHimov (gl. red.)
[i dr.]. - Minsk : BGEU, 2015. — Viyp. 8. - S. 27-33.

Derek, H. C. Chen The Knowledge Economy, The KAM Methodology
And World Bank Operations / Derek, H. C. Chen, Carl J. Dahlman. -
URL: https://documents1.worldbank.org/curated/en/ 695211468153873436/
pdf/358670WBI0The11dge1Economy01PUBLIC1.pdf  (date  of
access: 15.09.2025).

. Pavlova, O. N. Ekonomika znanij / O. N. Pavlova // Universitet

ITMO. - SPb., 2017. - 123 s.

. Global Knowledge Index 2024: Methodology / United Nations

Development Programme (UNDP), Mohammed bin Rashid Al
Maktoum  Knowledge  Foundation ~ (MBRF). -  URL:
https://www.knowledge4all.com/admin/2024/Methodology/GKI_Meth
odology_EN.pdf (date of access: 15.09.2025).

. Global Innovation Index by Country 2025 / World population review. —

URL: https://worldpopulationreview.com/country-rankings/global-
innovation-index-by-country (date of access: 15.09.2025).

. Human Development Insights // United Nations Development Programme

(UNDP). - URL: https://hdr.undp.org/data-center/country-insights#/ranks
(date of access: 15.09.2025).

. Rejting stran mira po urovnyu raskhodov na NIOKR // Gumanitarnyj

portal. — URL: https://gtmarket.ru/ratings/research-and-development-
expenditure (data obrashcheniya: 15.09.2025).

. Mirovye pokazateli deyatel'nosti v oblasti intellektual'noj sobstvennosti:

mirovye pokazateli podachi patentnyh zayavok dostigli v 2023 godu
rekordnogo urovnya : doklad VOIS // Vsemimaya organizaciya
intellektual’noj sobstvennosti  (VOIS). - URL:  https://www.wipo.int/

pressroom/ru/articles/2024/article_0015.html  (data  obrashcheniya:
15.09.2025).
. Global Innovation Index 2025 Ranking of World's Top 100 Innovation

Clusters // Informatopn technologies and innovation foundation
(ITIF). = URL: https://www.wipo.int/documents/d/global-innovation-
index/docs-en-2025-gii-2025-clusters-top100-ranking.pdf (date  of
access: 15.09.2025).

. Porter, M. E. Konkurenciya / M. E. Porter. — M. : Vil'yams, 2005. -

608 s.

. China Is Rapidly Becoming a Leading Innovator in Advanced

Industries // World Intellectual Property Organization (WIPO). — URL:
https://itif.org/publications/2024/09/16/china-is-rapidly-becoming-a-

leading-innovator-in-advanced-industries ~ (date  of  access:
15.09.2025).
. Kryshtafovich, A. Ekonomika znanij: stanovlenie i dvizhushchie sily

razvitiya / A. Kryshtafovich // Bankovskij vestnik. — 2017. —
Ne 6 (647). - S. 60-65.

Bondar', A. V. Nekotorye trendy rynka truda v usloviyah cifrovizacii
ekonomiki / A. V. Bondar', A. A. Bazhina // Novaya ekonomika. —
2025. - Ne 1 (85). - S. 137-146.

Cn1coK LUTMPOBaHHbIX MCTOYHUKOB

Machlup, F. The Production and Distribution of Knowledge in the
United States / F. Machlup. — Princeton : Princeton University Press,
1962. - 523 p.

Opykep, M. ®. 3noxa pa3spbiBa : OPUEHTMPbI AN  HALLEero
meHsitowerocst obwectsa / M. ®. [pykep ; nep. ¢ aHrn. u peg.
B. I1. Fnywaka. — M. : Bunbsimc, 2007. — 322 c.

Kneittep, . B. MUKpOSKOHOMMKA 3HAHWUA WM MWUCDEI COBPEMEHHOM
Teopum / . B. KneitHep // Boicwee obpa3osaHie B Poccum. — 2006. —
Ne9.-C. 32-37.

Tobcpnep, 3. PesonoumoHHoe 6Boratcteo /3. Todybnep,
X. Tochcbnep. — M. : AcT; Mpodpmapat, 2008, - C. 151-152.

5.
6.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Fnyxos, B. B. OkoHomuka 3HaHuit / B. B. Tnyxos, C. b. Kopo6ko,
T. B. Maputuna. - CI6. : Mutep, 2003. - 528 c.

Makapos, B. Jl. 3koHomuka 3HaHuit: ypoku pans Poccum /
B. J1. Makapos // BecTHuk poccuiickoit akagemun Hayk. — 2003. —
T.73,Ne 5. - C. 450-466.

Kneitnep, . B. MUKpO3KOHOMMKA 3HAHWA M MWLl COBPEMEHHON
Teopuu // Beiclee obpasosaHue B Poccun. — 2006. — Ne 9. - C. 32.
BoHaapb, A. B. OkoHOMMKA 3HaHMIA: coaepXaHue, aTanbl, YCIoBUS U
nepcnekTuebl passepTbiaHus / A. B. boHaapb // HaydHble Tpygbl
Benopycckoro rocyAapCTBEHHOr0 3KOHOMMYECKOrO yHWBepcuTeTa /
M-Bo obpasosanus Pecn. Benapych, Benopycckuit roc. 3KoH. YH-T;
peakon.: B. H. Lumos (rn. pea.) 1 ap.]. — Munck : BIr3Y, 2015. -
Bein. 8. - C. 27-33.

Derek, H. C. Chen The Knowledge Economy, The KAM Methodology
And World Bank Operations / Derek, H. C. Chen, Carl J. Dahlman. -
URL:  https://documents1.worldbank.org/curated/en/6952114681538734
36/pdf/358670WBI0The11dge1Economy01PUBLIC1.pdf (date of
access: 15.09.2025).

MaenoBa, O. H. SkoHomuka 3HaHwit / O. H. Maenosa // YHuBepcutet
NTMO. - CI16., 2017. - 123 c.

Global Knowledge Index 2024: Methodology / United Nations
Development Programme (UNDP), Mohammed bin Rashid Al
Maktoum  Knowledge  Foundation  (MBRF). -  URL:
https://www.knowledge4all.com/admin/2024/Methodology/GKI_Meth
odology_EN.pdf (date of access: 15.09.2025).

Global Innovation Index by Country 2025 / World population review. —
URL: https://worldpopulationreview.com/country-rankings/global-
innovation-index-by-country (date of access: 15.09.2025).

Human Development Insights // United Nations Development
Programme  (UNDP). - URL: https://hdr.undp.org/data-
center/country-insights#/ranks (date of access: 15.09.2025).

PelitvHr ctpaH mupa no ypoeHw pacxogoB Ha HWOKP //
l'ymanuTapHbin noptan. — URL: https://gtmarket.ru/ratings/research-
and-development-expenditure (gata obpawerus: 15.09.2025).
MupoBble nokasatenu AesTenbHOCTM B 0BNacTV MHTENNEKTYanbHON
COBCTBEHHOCTW: MUPOBbIE MOKA3aTeNN MO[AYN MATEeHTHbIX 3asBOK
pocturnn B 2023 rogy pekopaHoro ypoBHst : foknag BOWC //
BcemupHas  opraHuM3aLMs  MHTENNeKTyanbHOW  COBCTBEHHOCTY
(BOMC). — URL: https://www.wipo.int/pressroom/ru/articles/2024/
article_0015.html (zata o6pailenns: 15.09.2025).

Global Innovation Index 2025 Ranking of World’s Top 100 Innovation
Clusters // Informatopn technologies and innovation foundation
(ITIF). = URL: https://www.wipo.int/documents/d/global-innovation-
index/docs-en-2025-gii-2025-clusters-top100-ranking.pdf  (date of
access: 15.09.2025).

Moptep, M. 3. KoHkypeHums / M. 3. Moptep. — M. : Bunbsimc,
2005. - 608 c.

China Is Rapidly Becoming a Leading Innovator in Advanced
Industries // World Intellectual Property Organization (WIPO). — URL:
https://itif.org/publications/2024/09/16/china-is-rapidly-becoming-a-
leading-innovator-in-advanced-industries ~ (date ~ of  access:
15.09.2025).

KpblwTadosuy, A. DKOHOMMKA 3HAHWA: CTAHOBINEHWE W ABUXYLLNE
cvnbl passutus / A. KpbiwTtacosud // baHkoBckuit BeCTHUK. — 2017. —
Ne 6 (647). — C. 60-65.

boxpgapb, A. B. HekoTopble TpeHAbl pbiHKa Tpyaa B YCMOBUSX
umndbposusaummn skoHomukn / A. B. Bonpape, A. A. BaxwuHa // Hoeas
akoHomuka. — 2025. — Ne 1 (85). - C. 137-146.

Material received 31.10.2025, approved 11.11.2025,

accepted for publication 11.11.2025

Economics
https://doi.org/10.36773/1818-1112-2025-138-3-164-167

167


https://elibrary.ru/contents.asp?id=37206739
https://elibrary.ru/contents.asp?id=37206739&selid=37206747
https://elibrary.ru/contents.asp?id=82851825
https://elibrary.ru/contents.asp?id=82851825

Vestnik of Brest State Technical University. 2025. No. 3 (138)

UDC 331.5.024.52

METHODOLOGY FOR FORECASTING LABOR RESOURCE REQUIREMENTS
IN A CONSTRUCTION ORGANIZATION

Yu. A. Bakanova

Senior Lecturer, Belarusian National Technical University, Minsk, Belarus, e-mail: bakanova@bntu.by

Abstract

With the construction industry in the Republic of Belarus developing rapidly, a systematic approach to human resource management is becoming
increasingly important, particularly in the context of implementing large-scale infrastructure projects and introducing innovative technologies.
The construction sector has a multiplier effect on the national economy, stimulating the growth of related industries and generating a stable demand
for qualified personnel. Consequently, forecasting labor demand has become a critical task, ensuring that construction organizations maintain
the required number of specialists with appropriate qualifications.

The article discusses the methodological foundations of forecasting the personnel needs of construction organizations, including the development
and application of specialized coefficients that reflect the specifics of activities, the complexity of facilities, the internal resources of the enterprise,
and the dynamics of personnel movement. An algorithm for calculation is proposed, which covers the entire cycle of personnel planning: from collecting
initial data and analyzing the current staff composition to modeling the future need for specialists. Its structure includes mechanisms for accounting
for the dynamics of labor resources, including turnover, age-related attrition, and staff replacements, as well as the projected volume of construction
work, which allows for an accurate determination of the number and type of specialists required to complete projects within the specified timeframe.

Taking these factors into account allows not only to identify potential personnel risks, but also to form a balanced HR management strategy focused
on the sustainable development of the organization. This approach enables timely response to changes in the staff composition, optimization
of the recruitment and adaptation of new employees, and improving the efficiency of the existing labor potential. The use of these tools is particularly
important for construction organizations operating under conditions of high project load, seasonality, and technological changes, where personnel
stability directly affects the quality and timing of work.

Keywords: turnover rate, replacement rate, age-related attrition, construction site characteristics, types of construction work, personnel
requirements, additional personnel needs.

METOJMKA NPOrHO3UPOBAHWUA NOTPEEHOCTM B KALIPAX ANl CTPOUTENBHON OPFAHU3ALIMM

l0. A. BakaHoBa

Pechepar

B ycnoBusix akTMBHOrO pa3BuUTUsi CTPOUTENBHOTO Komnnekca Pecnybnuku benapych BospactaeT 3Ha4YUMOCTb CUCTEMHOIO NOAXO0AA K YrpaBneHuo
TPYZOBbIMUM Pecypcamit, 0COBEHHO B KOHTEKCTE peanu3aLmn MacluTabHbIX MH(PACTPYKTYPHbIX MPOEKTOB U BHEAPEHNS MHHOBALMOHHBIX TEXHOMOTUIA.
CTpouTENbHBIA KOMMNEKC OKa3blBAET MyNbTUMMWKATUBHOE BNWSHUE HA 3KOHOMMKY, CTUMYNMPYs PasBUTME CMEXHbIX OTpacrei W thopmupys
YCTOMYMBLIN CMPOC Ha KBANMMUUMPOBaHHbLIE Kaapbl. B CBSA3N ¢ 9TUM akTyamnbHOW 3apayeil CTaHOBUTCS NPOrHO3MPOBaHWe NoTpeBbHOCTH B TPYAOBbLIX
pecypcax, nosgonstoliee 06ecneynTb CTPOUTENbHbIE OpraHU3aLuM HeobXoaMMbIM - KONMWMYECTBOM  CMELMANNCTOB COOTBETCTBYHOLIErO YPOBHS
KBanudmkaLmm.

B cratbe paccmatpuBaloTCsi METOZONMOrMYECKMe OCHOBbI MPOTHO3WPOBaHWS KafpoBOW MOTPEBHOCTM CTPOMTEMbHLIX OpraHW3aLui, BKMKYas
pa3paboTKky M NpUMEHeHWe CneLManu3npoBaHHbIX KO3MMULMEHTOB, OTPaXalwmx cneumduky BUAOB AESATENBHOCTM, CHOXHOCTU OBOBLEKTOB,
BHYTPEHHWE PEecypcbl NMPeanpUATUS U OWHAMUKY [BWXEHWs nepcoHana. MpennoxeH anropuTm pacdeTa, OXBaTblBAlOWMIA BECb LMK KafpoBOrO
nnaH1poBaHus: 0T cbopa MCXOTHbIX AAHHBIX 1 aHanu3a TekyLuero coctaBa nepcoHana Ao MofenupoBaHus Gyaylleit noTpebHOCTY B cneupanucTax.
B ero cTpykTypy 3anoxeHbl MexaHu3Mbl y4eTa AMHAMUKU TPYAOBbIX PECYPCOB, BKIKOYAs TEKYYeCTb, BO3PACTHOE BbIObITHUE 1 KafipOBbIE 3aMELLEHMS,
aTakke NporHo3vpyemble O6bEMbl CTPOUTENbHBLIX paboT, YTO MO3BONSIET TOMHO OMPEAENUTb, CKOMbKO M Kakux creuuanuctoB notpebyetcs
[AnNsi peanu3aLuy NpoeKToB B 3afaHHbIE CPOKY.

YyeT aTux hakTopoB MO3BOMSET HE TOMbKO BbISIBUTL MOTEHLMANbHBIE KafpOBbIE PUCKM, HO M ChopMMPOBaTL cOanaHCMpOBaHHYK CTpaTEnio
yNpaBneHUs NEPCOHaNoM, OPUEHTUPOBAHHYIO Ha YCTOYMBOE pa3BUTUE OpraHu3aumu. Takoil nogxoA obecneynBaeT BO3MOXHOCTb CBOEBPEMEHHOTO
pearvpoBaHWs Ha M3MEHEHWs B KagpOBOM COCTaBe, ONTUMMU3ALMM MPOLECCOB HaiMa W ajanTauuu HOBbIX COTPYAHWKOB, @ Takke MOBbILLEHMUS
3 PEKTUBHOCTI WCNONB30BAHUS MMEKILLErocst TPYAOBOrO MoTeHuuana. MpuMeHeHWe AaHHbIX MHCTPYMEHTOB OCOBEHHO BaXHO AMS CTPOUTEMbHBIX
opraHu3auui, paboTalolLux B YCMOBMSIX BbICOKOI MPOEKTHOWM Harpy3ku, CE30HHOCTW W TEXHONMOTUYECKUX W3MEHEHWIA, rae KaapoBas cTabunbHOCTL
HanpsIMyIo BIUSIET HA KAYECTBO W CPOKY BbIMONHEHUS paboT.

KnioueBble cnoBa: KOSMMULMEHT TEKy4ecTH, KOIMULMEHT 3aMELLieHHsl, BO3PACTHOE BbIObITUE, XapaKTepuCTKa OBbEKTa CTPOMTENLCTBA, BUOb!
CTPOUTENBHbIX PaboT, NOTPEBHOCT B Kaapax, AOMONHUTENbHAs NOTPEBHOCTL B Kappax.

Introduction the need to adapt to new management practices. In this regard, the de-

The development of the construction industry is an essential element
of sustainable economic growth, not only providing the material founda-
tion for infrastructure, but also setting the pace for the modernization of
related sectors. In the context of technological transformations and the
digitalization of the economy, there is an increasing need for precise
staffing planning, particularly in sectors where labor resources play
a crucial role in the implementation of complex projects.

Construction organizations face challenges related to changes in
employment patterns, increased requirements for staff qualifications, and

velopment of effective tools for forecasting labor requirements, which take
into account the specifics of the industry, the dynamics of projects, and
the internal characteristics of enterprises, is particularly relevant.

Methodology for Forecasting the Demand for Labor Resources

The construction industry traditionally occupies a key position in the national
economy of the Republic of Belarus, functioning not only as a production sector
but also as a strategic driver of economic growth. As A. V. Kapustkina notes,
“Investment and construction activities represent a key sector of the economy
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that significantly contributes to infrastructure development, job creation, and the
improvement of people’s quality of life” [1].

Under modern conditions, the construction sector exerts a multiplica-
tive effect on the development of related industries, including the produc-
tion of building materials, transport logistics, mechanical engineering,
architectural and design services, and activities associated with the oper-
ation of real estate assets. “The construction sector encompasses diverse
areas — social, municipal, transport, industrial, agricultural, energy, and
others — the functioning of which directly influences the capacity to im-
prove citizens’ well-being” [2].

The investment attractiveness of the construction industry remains
consistently high, owing to its substantial contribution to the implementa-
tion of state infrastructure programs, housing development, and the mod-
ernization of production facilities. The adoption of innovative technolo-
gies, digital solutions, and advanced building materials enables the exe-
cution of complex tasks that meet contemporary standards of quality,
energy efficiency, and environmental safety. This, in turn, “determines the
industry’s demand for qualified specialists equipped with skills in digital
construction management, design, and the erection of buildings and
structures using new technologies based on digital methods” [3].

Against the backdrop of the industry’s dynamic development, the
demand for qualified labor resources capable of adapting to technological
change and effectively addressing professional challenges is steadily
increasing. Ensuring that construction organizations are staffed with
competent specialists is a priority of the government’s personnel policy.
As V. A. Praslov emphasizes, “The effective development of industries
and production complexes is closely dependent on their human re-
sources” [4].

Particular attention today is devoted to forecasting the economy’s
demand for labor resources. This issue has been addressed in the works
of Doctor of Economics, Professor T. N. Leonova, Doctor of Economics,
Professor O. V. Zabelina, Candidate of Sociological Sciences, Associate
Professor O. A. Volovik, Doctor of Economics, Professor P. P. Lutovinov,
Candidate of Economics P. G. Abdulmanapov, Doctor of Physical and
Mathematical Sciences, Professor V. A. Gurtov, Doctor of Technical Sci-
ences, Professor E. A. Pitukhin. Doctor of Economics, Professor
E. A. Varshavsky. Doctor of Economics 1. I. Akulova, Doctor of Technical
Sciences, Academician of RAASN E. M. Chernyshov, Candidate of Eco-
nomics, Associate Professor L. V. Pankova, and many others [5-13].

In order to address this issue systematically, the Republic of Belarus
is developing and implementing methods for forecasting labor resource
requirements, covering both the economy as a whole and the construc-
tion sector in particular. These methods are based on the analysis of
current and planned projects, the assessment of labor intensity, and con-
sideration of the demographic and professional characteristics of the
workforce.

It should be emphasized that the construction industry, while sharing
certain features with other sectors of the economy, possesses a number
of specific characteristics. These include a high degree of project individ-
ualization, seasonal production cycles, a significant share of manual
labor, and the necessity of strict compliance with construction standards
and regulations.

The methodology for forecasting labor requirements in construction
organizations relies on a comprehensive analysis of the workload associ-
ated with the implementation of current and future projects. It takes into
account parameters such as task complexity, project scale, and the tech-
nological specifics of the methods and materials employed. As A. V. Ka-
shepov observes, “the traditional interdisciplinary economic, demograph-
ic, and macroeconomic approach to forming a labor force balance re-
mains effective under current conditions” [14].

The purpose of this methodology is to ensure that organizations have
the required number of qualified labor resources at the right time and in
the right place, thereby supporting the effective implementation of produc-
tion plans and reducing risks associated with staff shortages.

When forecasting labor resource requirements for a construction or-
ganization, the following key indicators should be considered.

1. Types of construction activities. It is essential to determine
which types of construction are being undertaken — housing, industrial,
civil, infrastructure, and others. Each type has its own requirements for

worker qualifications and the specifics of technological processes.
For example, reports of the Ministry of Education and Science of the
Russian Federation emphasize that “the calculation of the planned vol-
ume of construction and installation work should take into account the
output per worker and the number of teams” [15].

In the Republic of Belarus, Resolution of the Ministry of Architecture
and Construction dated June 30, 2022, No. 66 “On Approval of the In-
structions on the Procedure for Determining the Type of Construction
Activity and the Name of the Construction Project” [16], together with the
Code on Architectural, Urban Planning, and Construction Activities, de-
fines the following types of construction activities:

o Construction of a facility;

o Reconstruction of a facility;

o Modernization of a facility;

o Technical modernization of a facility;

o Major repair of a facility;

o Demolition of a facility;

® Repair and restoration work performed on material historical and
cultural assets;

e |nstallation of all types of equipment;

e Preservation of an unfinished construction facility.

To forecast labor resource requirements for a construction organiza-
tion, we introduce the coefficient of personnel requirements by type
of construction activity (Kca).

2. Types of construction work. Specific types of construction work
are analyzed - earthworks, concrete, installation, finishing, and others.
Each type requires specialists of a particular profile, which affects both
the structure and the number of personnel. The construction work classi-
fier [17], developed on the basis of SN 1.03.04-2020 - Organization of
Construction Production; TKP 45-1.03-161-2009 — General Requirements
for Construction Work; TKP 45-1.03-298-2014 - Procedure for Ac-
ceptance of Completed Construction and Special Works; TKP 45-1.03-
307-2017 — Quality Control of Construction Work, defines the following
types of construction work:

— Earthworks;

— Foundation works;

— Installation works;

— Masonry works;

— Concrete and reinforced concrete works;

— Roofing works;

— Finishing works;

— Carpentry and joinery works;

— Plumbing works;

— Electrical installation works;

— Thermal insulation works;

— Facade works;

— Landscaping;

— Low-voltage systems.

To forecast labor resource requirements for a construction organization, we
introduce the coefficient of staffing for construction work (Kcw).

3. Characteristics of a Construction Project. The characteristics of
a construction project represent a set of parameters that define its struc-
tural, spatial, technological, and operational features. These parameters
have a direct impact on the organization of the construction process, the
choice of technological solutions, the volume of required resources, and
the measures necessary to ensure occupational safety. Key characteris-
tics include: the type of structural system, the number of floors, building
density, geographical location, functional purpose of the facility, as well
as engineering-geological and climatic conditions.

As emphasized by A. V. Ishchenko and co-authors, “when forming
the production program of a construction organization, it is necessary to
take into account the specifics of the project, including its structural fea-
tures, the complexity of architectural solutions, and the conditions under
which the work is performed” [18]. These parameters directly influence
the labor intensity of construction processes and, consequently, the cal-
culation of labor resource requirements.
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For the quantitative assessment of the impact of project-specific fea-
tures on labor costs, it is recommended to use the coefficient of produc-
tion specificity of the project (Ksp), which reflects the degree of com-
plexity and uniqueness of the construction project.

4, Characteristics of a Construction Organization. The character-
istics of a construction organization encompass a set of organizational,
personnel, technical, technological, and financial-economic parameters
that determine its ability to effectively implement construction projects in
accordance with current legislation, technical standards, and the require-
ments of a specific facility.

As noted in the article “12 Indicators of Labor Resource Efficiency in
Production” published on the Rus-Kvant portal [19], “the analysis of labor
resource utilization in an enterprise must take into account the availability
of the necessary personnel, labor productivity, the efficiency of working
time utilization, the wage system, and workforce mobility.”

The importance of a comprehensive assessment of the internal re-
sources of an enterprise is emphasized, including human capital, organi-
zational structure, and management system. This fully corresponds to the
criteria embedded in the coefficient of organizational and technical
potential (KotP).

5. Indicators of Workforce Mobility in a Construction Organization.
In modern conditions, the stability of the workforce in construction organiza-
tions is a crucial factor determining their production reliability and overall
efficiency. A high level of staff tumover leads to significant costs: financial
(recruitment and adaptation of new employees), organizational (disruption
of process continuity), and social — such as deterioration of the psychologi-
cal climate within the team, reduced trust, and weakened cohesion.

As economist A. Shkel notes, “frequent staff turnover has a negative
impact on the systematic development of production: labor productivity
growth slows down, and product quality deteriorates” [20]. This is particular-
ly relevant for the construction industry, where work efficiency directly de-
pends on the coordination of actions and the qualifications of personnel.

To analyze workforce mobility, a number of quantitative indicators
are applied.

5.1 Labor Turnover and Staff Turnover Ratio (Kt). Labor turnover
includes all employees who have left the organization during a given
period. However, when calculating the staff turnover ratio, only dismissals
not related to production or state necessity are taken into account — for

Number of deaths in the age group

example, resignations at one’s own request, dismissals for violation of
labor discipline, or termination due to professional incompetence. These
cases form what is known as excessive turnover, which reflects internal
problems in personnel management.

According to the methodology presented on the Normativka.by por-
tal, “the staff turnover ratio is an important indicator of workforce stability
and makes it possible to identify problems in motivation, working condi-
tions, and personnel policy” [21]. Analyzing the dynamics of Kt over sev-
eral years allows forecasting of HR risks and timely adjustment of mana-
gerial decisions.

The reasons for dismissals that are not taken into account when cal-
culating staff turnover include:

e Staff reductions or downsizing;

e Enterprise reorganization;

e Change of management and related personnel reshuffling;

o Retirement.

5.2 Replacement Ratio (Kr). For a more complete picture of work-
force changes, the replacement ratio is used. It reflects the relationship
between the number of employees who need to be replaced and the total
number of employees who have left the organization. It is calculated
using the formula

o (1)

where Kr — replacement ratio;

Kre — number of employees to be replaced, i. e., the number of
workers whose positions must be filled. They may leave for various rea-
sons, such as resignation, retirement, illness, etc.;

Kex - total number of employees who left the organization during a
given period (e. g., within a year).

For example, if 10 employees left the organization during the year
and 8 of them need to be replaced to maintain normal operations, then
Kr=28/10=0,8.

This means that 80 % of the departed employees must be replaced.

5.3 Age-Related Attrition Ratio (Kaa). The age-related attrition ratio
reflects the natural causes of employee departure — retirement, disability,
and mortality. It is calculated using the formula

Kaa =

Average number of employees in the given age group

This indicator makes it possible to account for demographic risks and
to plan personnel policy with consideration of the age structure of the
workforce.

Table 1 - Age-Related Attrition Ratio by Age Groups

+1000. 2)

Based on the statistical yearbooks of the Republic of Belarus for
2012-2018, the age-related attrition ratio was calculated with differentia-
tion by age groups (table 1).

Age Group 20-29 30-39

40-49

50-59 60-69 70 and older

Age-Related Attrition Ratio 0,7 1.8 43

94 22,2 78,4

Note — Source: Own development based on [22-24].

Taking all these indicators into account, the algorithm for forecasting
labor resource requirements for an individual construction organization
will be as follows.

1. Formation of Input Parameters.

At this stage, the number of personnel, their specialties, and qualifi-
cations are determined. The staff turnover ratio (Kt) is calculated for the
study period, followed by extrapolation to forecast this indicator for the
next five years. In addition, the replacement ratio is determined for the
analyzed period.

2. Determination of Labor Resources in the Forecast Period

- PTexKea*Kew*Ksp *Kotp’

LR, (3)
where LR — number of labor resources in the tt-th forecast year, persons;
VEW-— volume of contract work in the tt-th forecast year, rubles;
PT, - labor productivity in the organization in the tt-th forecast year,
rubles per person;

K., — coefficient of personnel requirements by type of construction
activity;

K. — coefficient of staffing for construction work;

K, — coefficient of production specificity of the project;

Kotp — coefficient of organizational and technical potential of the or-
ganizatio.

3. Determination of Labor Resources in the Current Period Consider-
ing the Age-Related Attrition Ratio (Kaa)

LRY3 = ¥ LR._; * Kaa, @)

where LRE3@ — number of labor resources in the current period consid-
ering the age-related attrition ratio;

LR_4 — number of labor resources in the previous year, person;

Kaa - age-related attrition rati;

i — age group;

n — number of age groups.

170

Economics
https://doi.org/10.36773/1818-1112-2025-138-3-168-172



Vestnik of Brest State Technical University. 2025. No. 3 (138)

4. Determination of the Number of Additional Employees Required
for a New Project or Increased Work Volume

ARt=LatLc, (5)
La=LR¥32 « Kt * Kr, (6)
Lc=LR — LRKa, @

where AR; - annual additional need for labor resources in the tt-th fore-
cast year, person;

La - attrition-related demand in construction in the ti-th forecast
year, persons;

Lc - creation-related demand in the tt—th forecast year, persons;

Kr - replacement ratio;

Kt - staff turnover ratio.

The additional demand for personnel or labor surplus is usually cal-
culated separately for each category of workers, taking into account their
profession, qualification (grade), and other factors.

In construction, a significant proportion of workers typically possess
multiple related professions. Therefore, when forecasting labor resource
requirements, it is necessary to consider the professional mobility of
workers, since this determines which specific professions require the
recruitment of new employees.

Conclusion

An important tool of strategic planning in a construction organization is
the methodology for forecasting labor resource requirements. The proposed
methodology takes into account a wide range of factors: types of construc-
tion activities and works, characteristics of projects and organizations, as
well as demographic and workforce indicators. The introduced coefficients
make it possible to adapt calculations to the specifics of particular projects
and organizations. The forecasting algorithm covers both current and future
periods, ensuring flexibility and accuracy in planning.

The application of this methodology will allow for the development of
a sustainable personnel policy, reducing the risks associated with staff
shortages, improving the efficiency of construction projects, and optimiz-
ing the costs of staff recruitment and training.

Thus, the developed methodology is an integral part of the modern
labor management system in a construction organization and serves as a
basis for making informed management decisions.
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Abstract

The relevance of the study is confirmed by the fact that in the context of a dynamically developing economy, where enterprises are faced with many
factors that can affect their financial condition, the issue of assessing and forecasting the risk of financial insolvency becomes especially significant.
In the process in the course of its activities, every enterprise enters into relationships with suppliers, contractors, customers, various credit companies,
government control bodies, investors, and others, in relations with whom the organization has certain obligations.

For Russian enterprises and organizations, the issue of financial stability is a priority in socio-economic policy, on par with national defense and law
enforcement.

The subject of the study was a regional enterprise, Rusagro Group LLC. The objective of the study was to analyze the company's financial
condition over the five-year period from 2020 to 2024, as well as to develop priority areas for ensuring long-term stability and successful development.

The following objectives were identified during the study:

first, to analyze the financial statements of the enterprise under study;

second, to study the potential risks and factors influencing the enterprise's financial insolvency during the study period;

third, to develop priority areas for the stable and successful development of the enterprise.

The study utilized methods such as entity analysis, transition from the specific to the general, system-functional and comparative analysis, scientific
abstraction, and the economic-statistical method.

As a result of the research on the stated topic, priority directions for their solution and development within the framework of the stated research
objectives were identified.

Keywords: analysis, financial condition, risks and factors, financial insolvency, capabilities of a regional enterprise, agro-industrial complex.

AHAINKN3 N ®UHAHCOBOE COCTOAHWUE PErMOHAINBHOIO NPEANPUATUA

0. B. Bonpapckas, E. A. BenoBa
Pechepar
AKTyanbHOCTb MCCNeAOBaHNS NOATBEPKOAETCA TEM, YTO B YCMOBMAX OWHAMWYHO Pa3BMBAIOLLENCS SKOHOMUKM, TAE MPEAnpUSTAS CTankuBalTCs
C MHOXECTBOM (DaKTOpOB, CMOCOBHbIX OKa3aTb BMMSHWE Ha WX (IMHAHCOBOE COCTOSHWE, TAe BOMPOC OLEHKW 1 MPOrHO3MPOBaHNS pucka (PUHaHCOBOI
HECOCTOSATENBHOCTY CTAHOBUTCS 0COOEHHO 3HauMMBbIM. B npoLiecce cBOEN [eATEeNnbHOCTY Kaaoe NpeanpusaTie BCTYNaeT B OTHOLLEHUS C NOCTaBLUMKAMMU,
rnoapsaYMNKkamy, 3akasqmkamt, pasniiHbIMU KDEAUTHBIMI KOMMAHWSMK, OpraHaM1 rocyAapCTBEHHOTO KOHTPOS, MHBECTOPAM U MPOYMMM, B OTHOLLIEHMSIX
C KOTOPbIMU Y OpraHW3aLymM BO3HWKAIOT onpeaeneHHble 0bs3aTensCTea. [Ans poccUickux NpeanpusiTvil M opraHn3aLin BOompoc (HAHCOBON CTabunbHOCTH

SBNAETCS OFHUM U3 MPUOPUTETHBIX B COLINANBHO-9KOHOMUYECKOI MONUTUKE, HapaBHe C HaLWMOHanbHo 060poHON 1 0becneyeHneM NpaBonopsaKa.

O6bekTom uccnegosanns 6bino onpefeneHo npeanpusatue peroHa — OO0 MK «Pycarpoy. Lienbio nccnenosaHns cran aHanua HaHCOBOrO
COCTOSHWSA MpeanpusTis 3a wccnegyembin natunetHan nepuop ¢ 2020 no 2024 ropgbl, a Takke BbipaboTka MPUOPUTETHBIX HanpaBneHuii
ans obecneyeHmns JONrOCPOYHON CTabUNBHOCTY 1 YCMIELHOTO Pa3BUTVS NPEANPUSTUS.

B xope nccnenosaHus Gbinv onpeaeneHbl CreayioLe 3afaym: Bo-NepeblX, MPoaHan1ampoBaTb OTYETHOCTb UCCMEAYEMOro NPeanpUsTUS; BO-BTOPbIX,
M3y4nTb (PUHAHCOBOE COCTOSHME OpraHn3auun, BOSMOXHbIE PUCKM W (DaKTOpbl, BMMSIOWME Ha (DUHAHCOBYID HECOCTOSTENBHOCTb MPEAnpUSTUS
3a 1ccrefyemblil Nepyog; B-TPETbUX, BbIpaboTaTb NpMOpUTETHbIE HanpaBneHs ANs CTabUNbHOTO 1 YCMIELLHOM PasBUTUS MPEANPUSTHA.

B pamkax uccnefoBaHus MCMOMb30BANMCh Takue MeTodbl, Kak: CYLHOCTHbI aHann3, nepexoj OT YacTHOro K oBLiemy, MeTogbl CUCTEMHO-
(yHKLIMOHANBHOTO, CPABHUTENBHOTO aHanu3aa, Hay4Hol abCTpakLym 1 AKOHOMUKO-CTATUCTUYECKNA METOA.

Kak pesynbTat 1ccrnefoBaHus no 3asBrneHHoi TeMe onpeaesnieHbl MPUOPUTETHbIE HANPaBMEHUS X PELLEHS 1 Pa3BUTMS B pamMKaXx MoCTaBMeHHbIX

3a/1a4 UCCrea0BaHma.

KnioueBble cnosa: aHanus, (OUHAHCOBOE COCTOSHWE, PUCKM W (DAKTOpbI, (DUHAHCOBAS HECOCTOSTENbHOCTb, BO3MOXHOCTM PErMOHAmNbHOTO

npeanpustus, AMK.

Introduction

In a market economy, the principle of enterprise responsibility for the
results of financial and economic activity is implemented in the event of
losses, the inability of the enterprise to satisfy the demands of creditors
for payment for goods (works, services) and to ensure financing of the
production process, i. e. in the event of bankruptcy of the enterprise [1].

In a market economy, a stable enterprise may suddenly, for various
reasons, become insolvent, entering the unreliable partner zone and finding
itself on the brink of bankruptcy. The number of bankruptcies has been
increasing for quite some time, but it also depends largely on the current
economic situation, crisis, sanctions, and other factors [14, 15, 17, 19].

The greatest attention in modern bankruptcy studies has been paid
to the causes of occurrence, the probability of occurrence, methods and

approaches to assessing the probability of bankruptcy, issues of regulat-
ing the bankruptcy of business entities, and anti-crisis management of
business entities [2, 5, 12].

It should be noted that the reasons for the emergence of enterprise
bankruptcy are the basis for the type of bankruptcy, which is an important
point in the process of the enterprise’s activities and should be taken into
account, when developing an anti-crisis management program in the
event of bankruptcy.

Traditional risk assessment methods may be inaccurate or outdated.
Modern insolvency risk forecasting tools can analyze a greater number of
factors, which directly impacts forecast accuracy. To make appropriate
decisions to prevent insolvency risk, both companies and investors need
to assess and forecast its likelihood.
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Research materials and methods

Rusagro is a vertically integrated agricultural holding company that unites
numerous enterprises operating in agriculture and food production [10]. It is
one of the largest such groups in Russia, owning assets in pig farming, sugar
production, crop production, and the il and fats business [3, 4].

Currently, Rusagro Group LLC is successfully developing, increasing
production volumes and pursuing an active investment policy aimed at
expanding its material and technical base. The company has established
markets and distribution channels for its products and services.

Rusagro's sales geography is constantly expanding. Currently, the
Company sells its products in more than 80 regions of Russia and more
than 49 countries worldwide.

The company's profit for 2024 is RUB 2,394,889,000, revenue for
2024 is RUB 3,964,011,000. The authorized capital of Rusagro Group of
Companies LLC is RUB 2,396,874,000.00.

Cost of sales for 2024: RUB 3,886,285,000. Gross profit at the end of
2024: RUB 77,726,000. Total income from current operations for 2024:
RUB 6,357,879,000.

Rusagro holds leading positions in sugar production, pig farming,
crop production, and the oil and fats business. The Group's land bank

350000000

covers 685,000 hectares. The Company's depositary receipts are traded
on the Astana (AIX) and Moscow (MOEX) stock exchanges.

Constructing a horizontal and vertical analysis based on the balance
sheet is an important aspect of economic analysis, which allows identifying
production and financial risks and forecasting the impact of decisions on the
company's performance (Figure 1). Based on open sources and available
data, we note that the total value of property in 2024 compared to 2020 in-
creased by 131,18 %, which in absolute terms amounts to RUB 167,843,523
thousand, with non-current assets growing by RUB 115,842,517 thousand or
140,24 %, and current assets increasing by RUB 52,001,006 thousand or
114,69 %. It should be noted that there is an outpacing trend in non-current
assets. Such dynamics in the growth of the enterprise's assets is explained by
the nature of the analyzed enterprise's activities.

The following changes are observed in the composition of fund-
ing sources: equity capital increased by RUB 98,932,359 thousand,
or 200,55 %, from 2020 to 2024, while current liabilities increased by
RUB 70,333,281 thousand, or 246,91 %. This means that the compa-
ny is increasing its operating funds through borrowed funds, which,
all other things being equal, negatively impacts the company's finan-
cial stability (Figure 2).

300000000

250000000

200000000

150000000

100000000

50000000

0 2020

2021

2022 2023 2024

m Total non-current assets 82604271

114005127

123432366 135872427 198446788

| Total current assets 45340145

90154534

144401600 105147913 97341151

Total assets of the enterprise 127944416

204159661

267833966 241020340 295787939

Figure 1 — Impact of changes in the organization’s assets on the balance sheet total for 2020-2024, thousand rubles [6, 7]
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H Total equity 49331263 81263282 102190465 117366464 148263622
m Total current liabilities 28484981 68649812 112504105 72880215 98818262
Total assets of the enterprise 127944416 204159661 267833966 241020340 295787939
Figure 2 — Structure of liabilities of Rusagro Group LLC for 2020-2024, thousand rubles
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The entire increase in equity was provided by retained earnings.
It increased over the analyzed period by 98,932,359 thousand rubles, or
108,01 %. Accounts payable increased by 53,229,183 thousand rubles,
or 2692,4 %. At the same time, deferred income increased by 536,000
thousand rubles, leading to an overall decrease in current liabilities.

Rusagro Group LLC for 2020-2024, which helps determine what
share each category of assets, liabilities and capital makes up in the
overall balance sheet structure, which can be useful for identifying trends,
analyzing the degree of liquidity and financial stability of the organization
[9, 10] (Figure 3).

At the end of 2024, non-current assets accounted for 67,09 %,
while current assets accounted for 32,91 %. The share of current
assets decreased by 2,53 % from 2020 to 2024, while the share
of non-current assets increased by the same amount. The increase

in non-current assets was due to an increase in financial invest-
ments, which grew by 5,68 %.

Financial investments account for the largest share of current assets
(Figure 4). At the end of 2024, their share was 9,15 %, a decrease of
16,38 % compared to 2020. The share of accounts receivable was
13,84 % in 2024, an increase of 8,41 % compared to 2020.

Based on the comparative analytical balance sheet data, conclusions
can be drawn about the structure of the enterprise's asset value [8, 13].
It shows the share of each element in assets and the ratio of borrowed
and equity funds covering them in liabilities.

Over the period under review, the value of the company's assets in-
creased by 0,23 %. Non-current assets account for the largest share,
accounting for 67,09 %; in 2022, this share was 56,37 %. Current assets
accounted for 32,91 % at the end of the period.

70

60 —

50 )\)\ /

40 Y~ e—

30

20

10

0 2&0 2021 2022 2023 2024

=== ntangible assets 0,05 0 0,73 0,7 0,64
== Fixed assets 0,04 0,02 0,3 0,62 0,26
==t=Profitable inveztsngzgs and material 0 0 0 0 0,32
=== Financial investments 58,96 53,67 43,5 53,4 64,64
=== Deferred tax assets 5,51 2,14 1,56 1,55 1,22
==@==Qther non-current assets 0,01 0,01 0 0,11 0,02

Figure 3 — Structure of non-current assets of Rusagro Group LLC for 2020-2024, % of total asset value [6, 7]
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=== [Financial investments 22,54 29,9 289 27,89 9,15
=== Finance 1,71 0,04 0,07 0,57 5,08
=== Other current assets 0,07 0,03 0,03 0,05 0,01
Figure 4 — Rusagro Group LLC for 2020-2024, % of total asset value [6, 7]
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An increase in the amount under the "Inventories” item indicates the
expansion of the commercial and production activities of the enterprise,
which has increased the purchase or production of goods for subsequent
sale. An increase in accounts receivable may also indicate an increase in
production and sales turnover. However, an increase in accounts receiv-
able is considered a negative fact (Figure 5). In the composition of the
enterprise's source of funds, the "Capital and Reserves" section occupies
the largest share and amounts to 50,13 % at the end of the period, and
48,7 % at the beginning of the year. The share of long-term liabilities at
the end of the period accounts for 16,47 %, and at the beginning of the
period — 21,07 %. The share of current liabilities at the end of the period
is 33.41%, and at the beginning of the period — 30,24 %. Long-term bor-
rowed funds in 2024 compared to 2020 decreased by 2,067,606 thou-
sand rubles or by 0,04 %. Short-term borrowings in 2024 increased by
RUB 25,938,047 thousand or 0,36 % compared to 2020.

The enterprise under analysis is experiencing an increase in ac-
counts payable - this is a negative fact in the enterprise’s operations and
indicates a deterioration in the financial situation within the organization.

Income statement analysis is the process of examining and evaluating
the information contained in a company's financial statements to understand
its financial condition, operating performance, and potential future growth.

When analyzing a financial statement, metrics such as revenue, net
profit, profitability, asset turnover, and others are typically considered.
Analysts and investors can use these results to make decisions about
further investments in the company, assess its competitiveness, and
forecast future financial performance.

In general, analyzing the financial performance report helps to reveal
important financial characteristics of a company and make more informed
conclusions about its activities [18-20].

We will analyze the financial results of Rusagro Group LLC for 2020-2024.
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IV. Long-term obligations
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Figure 5 — Dynamics of the relative values of the asset and liability sections of the balance sheet of Rusagro Group LLC for 2023-2024, % [6, 7]
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Figure 6 — Dynamics of the financial results report of Rusagro Group for 2020-2024, thousand rubles
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The analysis shows that key financial performance indicators improved
during the reporting period. Revenue increased by 25,14 %. Cost of goods
sold increased by 27,23 %, meaning revenue is growing at a slower rate
than cost of goods sold. However, commercial expenses increased by
14,53 %, and administrative expenses by 22,4 %. Net profit increased by
84,18 % from 2020 to 2024.

Conclusion

Thus, the analysis of balance sheet dynamics revealed, on the one
hand, an increase in the company's assets. However, non-current assets
are growing at a faster rate than current assets. A positive trend is also
observed in the composition of the company's asset financing sources.

Summarizing all of the above, we can conclude that the financial po-
sition of the enterprise LLC GC Rusagro is reliable, in order to improve its
financial position and create stability and reliability, the enterprise needs
to develop and implement certain measures for the stable and confident
development of the enterprise.

Currently, Rusagro Group of Companies LLC demonstrates relatively
stable financial results. Revenue has grown in recent years, indicating
increased sales volumes and market expansion. However, despite this
positive trend, it is necessary to consider potential risks associated with
changing market conditions, fluctuations in raw material and final product
prices, and the influence of external economic factors such as sanctions
and legislative changes [15].

Rusagro Group recognizes the importance of a responsible approach
to risk management, which is inextricably linked to the Strategic Plan and
reflects the priorities set by the Group's management. The Company
devotes significant resources to identifying, assessing, and incorporating
risks into business decision-making.

In 2024, the Company identifies 19 risks that may have a significant
impact on its operating results.

In particular, for 2025, the Risk Management System notes the high
significance of political and financial risks and draws the attention of the
Group's management to managing them and improving practices in rela-
tion to them.

In today's reality, continuing the stated topic, the topic of bankruptcy
at an enterprise (organization) will also be of interest.
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Abstract

The socio-economic development of territories is a multifaceted process that includes the interaction of various factors influencing the quality of life
of the population, the sustainability of the economy and the sustainability of the environmental situation. Social projects and initiatives are a key tool
for the sustainable development of cities and regions, improving people's lives, and solving pressing social problems. In modern Russia, where regions
face population decline, uneven distribution of resources, and the need to upgrade social infrastructure, their role is especially important.

The purpose of the study was to analyze existing social projects in urban municipal centers of the Tambov region and identify key factors
influencing their success and complete implementation, as an important vector in the development of high-quality services for the region's population.

The objectives of the study were, firstly, to analyze existing social projects in the region's urban municipal centers; secondly, to identify the causes

and problems associated with their complete failure to implement.

Thirdly, to develop recommendations for improving the mechanisms for implementing social projects in municipalities.

To achieve the stated goal, the objects of the study were selected municipal urban territories of the Tambov region. This is the regional center of the
region — Tambov, as well as the Science City of the region — Michurinsk and the historical center — a small town of the region — the city of Morshansk.

Studying these projects allows us to evaluate their effectiveness, highlight successful examples, and identify factors that hinder their effective
implementation. Particular attention will be paid to the specifics of the social sphere in the municipalities of the Tambov region, priority areas
for its development, and problems arising in the implementation of social initiatives.

Based on the data obtained, recommendations will be developed to improve existing programs and create new strategies for the social

development of cities in the region.

Keywords: Tambov Oblast, municipal urban territories, social projects, realities and prospects.

PEANU3ALIUA N OCOBEHHOCTU COLIMATNBHBIX MPOEKTOB B MYHULIMMANbHbLIX OBPA3OBAHUAX PEFTUOHA

T. A. BoHpapckas

Pechepar

CoLmarnbHO-9KOHOMIYECKOE pa3BUTUE TEppUTOpUIA MpeacTaBnseT Ccobol MHOrorpaHHbI MPOLECC, BKMOYalLmMin B cebs B3auMopencTame
pa3nnyHbIX PaKTOpoB, BIMUSIOLLMX HA KAYECTBO XW3HWN HACENeHWs, YCTOMYMBOCTb SKOHOMMKMN W YCTONYMBOCTb SKOMOTMYECKON CUTYaLM.

CoumanbHble NPOEKTbl W MHULMATKBBI — KIKOYEBOW WHCTPYMEHT ANS YCTOMYMBOTO Pa3BUTUS TOPOLOB M PANOHOB, YMYYLLIEHWS XU3HU Mioaei
11 PELUEHNS HACYLLHbIX coupanbHbix npobnem. B coBpemeHHoi Poccun, rae per1oHbl CTankvsaloTcs C COKpaLyeHNeM HaceneHus, HepaBHOMEpPHbIM
pacnpegeneHnem pecypcoB 1 HeobX0oANMOCTb0 0BHOBMEHNS COLMANbHON MHPACTPYKTYPbI, UX POfb 0COBEHHO BakHa.

Llenb nccnenoBaHus: npoaHanu3vpoBaTh OENCTBYIOLLME COLManbHble MPOEKTbl B FOPOACKMX MYHMLMNAnbHbIX LeHTpax TamBosckon obnactu
11 ONpeaenuTb KIoyeBble (hakTopbl, BIMSIOLLME Ha WX YCMELWHOCTb M MONHOTY peanuaaumu, Kak BaXHOTO BEKTOPA B Pa3BUTWM Ka4eCTBEHHBIX YCIyr

Ana HaceneHuns pernoHa.

3anavamu 1ccrneaoBaHNs CTanu, BO-MIEPBbIX, aHANN3 AEMCTBYIOLMX COLMAMBHBIX MPOEKTOB B FOPOACKUX MyHULMNAMBHBIX LIEHTPaX PervioHa; BO-BTOPbIX,
YTOYHEHME NPUYMH U NpOBMEM, CBS3aHHBIE C UX HENOMHOM peanu3aLuelt; B-TPETbIX, ONpeAeneHre NPUOPUTETOB MyHULMNANBHOA BNacTy B pa3euTui
coumanbHoM Cepbl MyHULMNANbHBIX TEPPUTOPUIA; B-4ETBEPTHIX, BbIPaboTka pekoMeHaaLuMi No YNyyLIEHN0 MEXaHU3MOB peanu3aLui coLuarnbHbIX

MPOEKTOB B UCCNEAYEMbIX MyHULMNANbHBIX 06pa30BaHUSIX.

[ins peanusayyum NocTaBneHHoN Lenu, 0bbekTamMu uccne[oBaHmns Bbinu BbIOPaHb! MyHULMNANbHbIE FOPOACKue TeppuTopun TamboBckon obnacTy.
910 0BnacTHo LieHTp pernoHa — Tambos, Haykorpag pervoHa — MudypuHCK 1 UICTOPUHECKMIA LIEHTP — Mariblii ropog pernoHa — ropog, MopLuaHck.

M3yyeHne aTux MpOEKTOB MO3BOMSET OLEHUTb WX [EMCTBEHHOCTb, BbIGEMWUTb YCMELHble MPUMEPbl U BbISBUTL (DAKTOPbI, MPENSTCTBYIOWME WX
adpcpextBHOMY ocyecTBreHnio. Ocoboe BHUMaHWe ByaeT yaeneHo creuudmke couwanbHoW cdepbl B MyHuumnanutetax Tambosckoit obrmactu,
MPMOPUTETHBIM HanpaBneHUsM ee pa3BuTIA U Npobnemam, BOSHUKAOLLMM MPW peanuaaLmi coLmanbHbIX MHULMaTVB. Ha OCHOBE MOMyYeHHbIX AaHHbIX
OyayT pa3paboTaHbl PeKOMEHAALIM MO YNyULLEHMIO CYLLECTBYIOLLMX MPOrPamMM M CO3AAHMI0 HOBBIX CTPATEr i COLManbHOMO PasBIUTIS TOPOAOB PETVIOHa.

KntoueBble cnoBa: TamboBckas 06nacTb, MyHULMNanbHbIE FOPOACKUE TEPPUTOPUM, CoLManbHble MPOEKTbI, PEaNN U NEPCMEKTHBI.

Introduction

In the context of constant social, economic, and environmental change,
the relevance of studying regional socioeconomic development strategies is
growing. A strategic approach to the formulation and implementation of
regional development programs allows not only to identify priority areas but
also to effectively allocate resources to achieve these goals [1].

In the Tambov region, where urban municipal centers are key focal
points for social activity and management resources, studying successful
practices and challenges in implementing social projects is a pressing
and crucial task.

The Tambov region, located in the center of European Russia, pos-
sesses significant economic potential, a rich history, and cultural heritage.

However, the specifics of its socioeconomic development require targeted
analysis and assessment, both of its current status and prospects.
A study of the substantive approach to formulating a regional socioeco-
nomic development strategy, as an important element of state social and
regional policy, allows us to identify key mechanisms for improving quality
of life and the sustainability of the local economy.

Materials and methods

A significant contribution to the development of the theory and prac-
tice of regional management of the national economy and its territorial
complexes was made by such scientists as S. S. Artobolevsky,
M. K. Bandman, T. A. Bondarskaya, O. V. Bondarskaya, P. |. Burak,
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L. B. Vardomsky, O. A. Zolotareva, M. G. Ganopolsky, A. L. Gaponenko,
S. Yu. Glazyev, A. G. Granberg, V. A. Tsvetkov, A. A. Khachaturyan and
others [8, 25].

In solving theoretical and applied problems in the study, general sci-
entific methods of system and comparative analysis, descriptive statistics,
economic and mathematical methods, methods of strategic planning and
management, and others were used.

The research information base contains federal and regional regula-
tory legal acts, analytical and statistical materials presented in open offi-
cial Internet resources of the Government of the Russian Federation and
the Government of the Tambov Region, strategies for the socio-economic
development of municipalities, national projects of the country and munic-
ipal projects of the region.

Many scientific papers have summarized existing experience, but
these methods for organizing and conducting analytical analysis require
adaptation to Russian realities [2]. This suggests that the research poten-
tial of the topic defined by the dissertation has not yet been fully exhaust-
ed, providing an opportunity to conduct research on the stated topic in
municipal areas of our great country.

Research results

Tambov Oblast, as one of the central regions, has accumulated significant
experience in implementing social programs at various levels [18, 20].

Currently, it is important to note the regional government's important
role in developing the social sphere in the Tambov Region, which involves
developing and implementing a set of measures aimed at improving the
quality of life of the region's residents. The fundamental document for this
purpose is the Strategy for Socioeconomic Development of the Tambov
Region until 2035 [14]. It includes programs for the development of edu-
cation, healthcare, culture, housing construction, mass physical education
and sports, the labor market, family support, and other areas. The key
areas of focus include: stabilizing the population and reducing the rate of
natural decline; ensuring migration influx; and improving the quality of life
for all residents of the region.

For our study, we identified three municipal centers of the Tambov
region: Morshansk, Michurinsk and Tambov.

In collaboration with the Administration, representatives of busi-
ness, the public, and the expert community of the Sreda Urban Tech-
nologies Academy, key priorities for the city of Tambov were identified:
human capital development and conditions for personal growth; a har-
monious and safe urban environment; modern engineering infrastruc-
ture and comfortable housing; an adaptive economy; and effective
administrative technologies.

Let us highlight the key areas of social development for the city of
Morshansk in the Tambov Region. Based on the results of a strategic
analysis and taking into account the stated strategic goals, the key priority
areas for the city's socio-economic development have been identified.
These include: a new quality of life and demographic development en-
compassing such areas as education, culture, sports, housing and utili-
ties, demography, and others; innovative development and modernization
of the economy encompassing such areas as economics, entrepreneur-
ship, transport and road infrastructure, energy conservation, and the
provision of municipal services; and effective municipal governance
aimed at addressing issues of budget policy, effective management and
disposal of municipal property, and the implementation of mechanisms for
information openness, transparency, and digitalization of local govern-
ment bodies [3-5].

We would also like to highlight the key areas of social development
for the municipality of Michurinsk in Tambov Oblast, outlined in the action
plan based on the regional socioeconomic development strategy until
2030. The district's strategic development priorities include: improving the
standard of living and quality of life; advancing the development of the
agro-industrial complex, industrial, and processing industries; preserving
cultural and historical heritage and realizing tourism and recreational
potential; and achieving balanced spatial development [11].

Sector priorities, it is necessary to highlight the key areas in each of
the territories under study, namely, the city of Morshansk. The stated
priorities are: creating conditions for improving citizens' well-being; main-
taining and improving children's health; creating favorable conditions for
children's rest and recreation; and creating a comprehensive system of

temporary employment and additional financial support for minors aged
14 to 18 during their free time during the summer holidays.

In reviewing the key priorities of the Science City in Michurinsk within
the framework of the socio-economic development strategy until 2030, we
highlight key priorities, including: modemization of enterprises and infra-
structure renovation; reconstruction of social facilities; digitalization of the
city and building effective feedback with the population [10]. The key
areas of social development have been identified as poverty reduction
through the development of targeted forms of social support for families
and individuals with incomes below the established subsistence mini-
mum; creating conditions for the participation of socially vulnerable citi-
zens in the life of the city and society as a whole; supporting senior citi-
zens in solving life's problems, realizing their own potential to overcome
difficult life situations, and meeting their needs for leisure activities.

As part of our research, we identified some very interesting social ini-
tiatives being implemented in the Tambov region [7, 9, 12, 17].

1. "Routes to the Future” is a project by Pigment JSC that introduc-
es visitors to the region to the company's history. One of the former work-
shops now houses an exhibition hall, a panoramic cinema, chemical
laboratories, an experimental space, and other areas.

2. "I'min Agro." A project by JSC Rosselkhozbank that helps stu-
dents from agricultural colleges and universities find advanced training
programs, internships, and jobs in the agricultural industry.

3. "Chemistry Olympiad. Modern Materials and Technologies."
The project was organized by JSC Pigment. Every year, schoolchildren
from the Tambov Region participate in the Olympiad, solving problems
related to real-life production processes.

4. The creation of a community of mothers of SVO participants,
"SVOi Consultants," and a school for social coordinators. These projects
aim to improve the quality of life of the population, with a focus on sup-
porting SVO participants and their families.

5. Establishing a "Social Taxi" service for transporting bedridden
disabled people. A project by Dina Zhelnovakova, the regional service
commissioner for the Tambov region. Took second place based on the
expert assessment.

Interesting social initiatives implemented in the municipal areas we
identified as study sites, such as the city of Morshansk in the Tambov
Region, include the installation of playground equipment in the city park.
Swings, a carousel, a slide, and a sandbox were installed, along with
trash cans and benches, and the trees were tidied up. New bus shelters
were installed, and the Pushkin City Garden was restored. Pedestrian
areas were created in the garden, along with hardscape elements, and
much more was added to enhance the quality of life for residents.

For comparison, consider social initiatives implemented in the city of
Michurinsk in the Tambov Region, such as the creation of a landscaped
embankment park [15, 16, 19]. The project was completed in 2022, with a
total cost of 270,7 million rubles. This was a victory in the All-Russian
Competition of Urban Development Strategies. In 2022, the Michurinsk
development project won the "Best Flagship Project" category.

Implementation of national projects. Michurinsk implemented projects
in the areas of education, culture, healthcare, demography, housing and
urban environment, small and medium-sized businesses and support for
individual entrepreneurship, and road safety. This included participation in
the federal project "Cultural Environment." The city's Literary and Musical
Museum received new museum, exhibition, and interactive equipment.
This also included participation in the national project "Road Safety."
Michurinsk installed and replaced road signs, applied road markings, and
carried out pothole repairs.

To effectively manage cities and improve living standards, it is nec-
essary to carefully analyze socioeconomic indicators. They reflect the
state of the economy, the social sphere, and the overall well-being of
residents. In this chapter, we will conduct a detailed study of the socioec-
onomic status of Tambov, Morshansk, and Michurinsk, three cities in the
Tambov region with different economic structures and potential. This
comparative analysis will help identify common challenges and opportuni-
ties, as well as develop practical recommendations for improving the
governance of these municipalities, developing their economies, and
enhancing the quality of life.

Let us analyze the main socio-economic indicators of the standard of
living of the population of the Tambov region.
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Table 1 — Main socio-economic indicators of the standard of living of the population of the Tambov region [22-24]

2020 2021 2022 2023 2024
Average per capita cash income (per month), rubles 27924 30290 34783 39229 46133
Real cash income, as a % of the previous year 94,3 99,1 98,7 104,7 113,3
Average monthly nominal accrued wages per employee, rubles 31062,7 344378 39345,7 | 457421 54130,1
Real accrued wages per employee, in % previous year 1041 102,7 99,5 109,5 110,2
Average size of assigned monthly pensions, rubles 14136,90 | 15169,45 | 17362,77 | 174971 18769,6
Real pension size, as a percentage of the previous year 99,2 974 101,6 103,0 100,1

An analysis of key socioeconomic indicators of living standards in the
Tambov Region indicates that, despite some success in increasing wages
and pensions, the socioeconomic situation in the Tambov Region remains
ambiguous. Unemployment (Figure 1) and significant income inequality
have the potential to negatively impact the lives of the population.

Let's consider the average monthly salary of employees of large and
medium-sized enterprises in the municipal territories of the Tambov region.

An analysis of average monthly nominal wages of employees at large
and medium-sized enterprises in the Tambov Region (Tambov, Mors-
hansk, and Michurinsk) for the period 2020-2024 reveals significant dif-
ferences. Tambov has the highest wages, which correlates with a more
developed industrial sector. Lower rates in Morshansk and Michurinsk are
likely due to economic structure and limited job supply. Despite the over-

ployment rates, which may indicate limited employment opportunities and
structural problems. In contrast, Michurinsk's more developed economy and
diversified employment structure contribute to maintaining low unemploy-
ment. Despite the short-term negative impact of economic crises and the
COVID-19 pandemic, the overall trend during the study period is a decline
in unemployment in most cities, indicating economic recovery.

We will analyze the provision of educational institutions in the urban
districts of the Tambov region, with a particular focus on the cities of
Tambov, Morshansk and Michurinsk.

Table 2 — Average monthly nominal wages of employees of large and
medium-sized enterprises in the cities of Tambov, Morshansk and Michu-
rinsk [6, 22, 23]

all upward trend in wages, achieving a more balanced income distribution 2020 2021 2022 2023 2024
requires targeted support for economic development and job creation in Total for the | 33321,5 | 36360,3 | 41106,4 | 47624,3 | 56900,3
less developed municipalities. region

We will assess the level of officially registered unemployment in the (thousand
cities of Tambov, Morshansk and Michurinsk. rubles)

An analysis of registered unemployment trends in the urban districts of Tambov 35998,3 | 39557,1 | 43565,1 | 44706,0 | 64709,7
Tambov Oblast (Tambov, Morshansk, and Michurinsk) from 2020 to 2024 Morshansk 303054 | 33086,5 | 39753,6 | 41757,0 | 58097,5
allows us to assess the state and resilience of their labor markets. Minor Michurinsk | 32956,9 | 35585,2 | 414734 | 51947,0 | 61100,8
differences were identified: Tambov and Morshansk exhibit higher unem-
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Figure 1 —The level of officially registered unemployment in urban districts of the Tambov region (using the example of the city of Tambov, Morshansk
and Michurinsk) for 2020-2024 [22]

A study of the educational infrastructure of urban districts in the Tambov
Region (using Tambov, Morshansk and Michurinsk as examples) identified the
presence of a variety of educational institutions (schools, gymnasiums, colleg-
es, and universities) in each of the cities [13]. Tambov's numerical superiority
stems from its status as the administrative center and its more developed
infrastructure. Morshansk and Michurinsk, despite having fewer institutions,
provide access to high-quality education for the local population. The present-

ed data confirm the importance of educational infrastructure for regional de-
velopment and demonstrate the spatial distribution of institutions, which can
be used as a basis for further research in education and social policy.

Let's look at the main healthcare indicators using the Tambov region
as an example.

Tambov Oblast is participating in the federal project “Development of
the Primary Health Care System” and currently there are results (Table 3).
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Number of educational institutions (using the cities of Tambov, Morshansk and
Michurinsk as examples)
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Figure 2 — Number of educational institutions in urban districts of the Tambov region (using the example of the city of Tambov, Morshansk
and Michurinsk) [21, 22]

Table 3 - Participation of the Tambov region in the federal project “Development of the primary health care system” [26

Main events Expected results Implementation
across the Russian in the Tambov deadlines
Federation region
Creation of new feldsher, feldsher-midwife stations, and medical 350 objects 3 objects 2018-2019
outpatient clinics
Replacement of feldsher, feldsher-midwife stations, and medical 1200 31 objects December 31, 2020
outpatient clinics objects
Purchase of mobile medical units 1300 12 December 31, 2020
Participation in the creation and dissemination of the "New Model 54,5 % honey. 65 % honey. 2019-2024
of a Medical Organization Providing Primary Health Care" organizations organizations
Development of a regional strategy for the development of air + + July 1, 2020
ambulance services
Construction of helipads 78 5 November 27,2020
Carrying out air ambulance flights 12500 departures 1000 hours 2020-2024

The Tambov Region's participation in the federal project "Develop-
ment of the Primary Health Care System" is improving the accessibility
and quality of medical services in the region. The project is implementing
important initiatives, including the development of air ambulance services
and the modemization of the primary healthcare network (paramedic
stations, outpatient clinics). As a result, residents of the Tambov Region
receive higher-quality and more accessible medical care.

Conclusion

To summarize the analysis, we note that the regional executive au-
thorities are making significant progress in implementing social projects,
in each individual municipality.

However, there are common problems and obstacles that we would
like to highlight.

- Financial constraints. A lack of public funds and difficulties in at-
tracting private capital and sponsorship. The city budget cannot always
cover all needs, so projects are forced to seek additional funding sources,
including through non-profit organizations. This makes social initiatives
dependent on volunteer work, which negatively impacts their quality and
sustainability.

- Management and control issues. Non-transparent use of resources
and a lack of proper oversight of budget expenditures create fertile
ground for corruption.

— A talent shortage. A shortage of specialists with experience in social
sciences, project management, and social initiative design. Many projects
require social service specialists capable of effectively managing pro-
grams and interacting with the public. The lack of such specialists leads
to a decline in the quality of project implementation and, consequently, to
citizen dissatisfaction.

— Weak public relations. Insufficient citizen engagement in the dis-
cussion and development of social projects, which reduces their rele-
vance and support. Low awareness. Another serious problem is the lack
of public awareness of existing social projects. It is necessary to raise
public awareness using various communication channels, such as social
media, local media, and public events, to encourage civic participation.

— Cooperation issues. Cooperation between government agencies and
non-profit organizations leaves much to be desired, which also hinders the
implementation of social projects. Clear coordination is often lacking, lead-
ing to duplication of efforts and blurred responsibilities. For example, pro-
jects developed and implemented by NGOs may be ignored by local author-
ities, as was the case with a social rehabilitation project for people with
addictions, which received no support from the city administration.

— Lack of coordination. Another major problem is the lack of clear co-
ordination between various agencies and organizations involved in the
social sector. Duplication of efforts is often observed, with several organi-
zations developing similar projects without taking existing initiatives into
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account. This leads to bureaucratic complications and inefficient use of
resources.

Thus, the successful implementation of these initiatives requires a

comprehensive approach that includes improved cooperation, active
citizen engagement and the development of effective financing mecha-
nisms.

The implementation of social projects in urban municipal centers

plays a vital role in the region's development, contributing to improved
quality of life, infrastructure development, and social support, all of which
enables residents to live comfortably in their beloved homelands.
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Abstract

The article examines the theoretical and applied aspects of the use of artificial intelligence technologies in the formation and optimization of tourist
routes in the field of enotourism under the conditions of the digital transformation of the industry. The relevance of the study is determined
by the growing demand for personalized tourist products, the development of the smart tourism concept, and the necessity of introducing intelligent
mechanisms for managing tourist flows in the cultural and gastronomic segment.

The purpose of the study is to identify the possibilities, advantages, and practical effects of applying artificial intelligence in the organization of enotourism
routes, as well as to conduct their empirical assessment using international examples. The methodological basis includes methods of systems analysis,
clustering, correlation analysis, machine leaming algorithms, hybrid recommender systems, route optimization methods, and big data processing tools.
The empirical base comprises information on more than 4,000 enotourism sites in Italy, France, Portugal, the United States, Russia and Georgia.

The role of artificial intelligence as a key element of the digital ecosystem of enotourism is demonstrated. The developed multi-level model
of intelligent routing ensures the transition from static routes to adaptive personalized trajectories that take into account tourists’ preferences,
seasonality, and logistical constraints.

Empirical results revealed a strong positive correlation between the level of digitalization of destinations and tourist satisfaction with Al-generated
routes, as well as a relationship between the reduction of planning time and the increase in the profitability of wineries. A comparison with traditional
and agency-based routes confirmed the advantages of Al in terms of personalization, optimality, cultural richness and economic efficiency.

Keywords: artificial intelligence, enotourism, tourist routes, personalization, smart tourism, digitalization of tourism, Big Data, AR/VR technologies,
Internet of Things (loT), recommender systems, sustainable territorial development.

NUCNONb30BAHUE UCKYCCTBEHHOIO UHTENNEKTA B OPFAHU3ALUU TYPUCTUYECKUX MAPLLPYTOB HA NMPUMEPE
QHOTYPU3MA

3. MN.Fonosay, C. B. MoHTuK, A. I. Fonosay, H. C. MoHTUK

Pechepar

B cratbe paccmaTpuBaloTCA TeopeTUdeckue U MpuknagHble acnekTbl MPUMEHEHUS TEXHOMOMIA UCKYCCTBEHHOMO MHTENNeKTa npu hopM1poBaHMK
¥ OMTUMW3aLMN TYPUCTCKAX MapLUpyTOB B Cdiepe SHOTypu3Ma B YCIOBWSX LMEPPOBOV TpaHC(HOPMaLMM WHOYCTPUN. AKTYanbHOCTb WCCRESoBaHuS
OnpeaenseTcs POCTOM Crpoca Ha MepcoHann31poBaHHbIe TYPUCTCKUE NMPOAYKTLI, Pa3BUTMEM KOHLeNLm smart fourism 1 HeobX0aMMOCTbI0 BHEAPEHNS
VHTENNEeKTyarnbHbIX MeXaHu3MOB ynpaBneHIst TYPUCTCKAMI NOTOKaMW B KyNbTYPHO-TaCTPOHOMUYECKOM CErMEHTE.

Lienb paboTbl 3akmioyaeTcs B BbIABNEHMN BOMOXHOCTEN, MPEUMYLLECTB 1 MPaKTYECKUX 3PEEKTOB MPUMEHEHNS UCKYCCTBEHHOMO WUHTENMeKTa npy
OpraHM3aLyv SHOTYPUCTUYECKMX MapLUpyTOB W B MPOBEAEHUN MX SMMMPUYECKON OLEHKV Ha MEXOyHapoaHbIX mpumepax. MeTogonoryeckylo 0CHOBY
COCTaBAM METOAbI CMCTEMHOTO aHaruaa, Kriactepu3auy, KOpPEmnsALMOHHOrO aHanmaa, anroputMbl MALUMHHOTO 0ByueHWs, mbpuaHble peKoMeHAaTenbHble
CHCTEMbI, METOAbI OMTUMM3ALIN MaPLLPYTOB 1 MHCTPYMEHTBI 06paboTky BoMbLLMX AaHHBIX. OMMMPUYeckas 6asa BkrtovaeT ceefeHms o Bonee Yem 4000 obbexTax
3HoTypu3ama B Utanun, ®paHumu, Moptyranun, CLUA, Poccun v pyaun.

lMokasaHa ponb WCKYCCTBEHHOTO MHTENNEKTA Kak KIIOYEBOrO aneMeHTa LMpoBON 3KOCUCTEMbl 3HOTYpuama. PaspaboTaHHasi MHOrOypoBHeBas
MoLenb VHTENMEKTyanbHoN MapLuipyTu3aumn obecrneymBaeT nepexoq OT CTaTWyHbIX MapLUpyTOB K aAanTUBHBIM NEPCOHANM3NPOBAHHBIM TPAEKTOPHSM
C YYETOM NPESNOYTEHNIA TYPUCTOB, CE30HHOCTM 1 TOTUCTUHMECKUX OTPaHUYEHMIA.

OMnupuyeckine pesynbTaTbl BbISBUMK BbICOKYIO NONOKUTENBHYIO KOPPENALMIO MEXaY YPOBHEM LiMdpOBU3aALM JECTUHALMA 1 YAOBNETBOPEHHOCTLIO
TypucToB NA-mapLupyTamu, a Takke CBsi3b MeXay COKpaLLeHWeM BPEMEHM NNaHPOBaHWS U POCTOM JOXOAHOCTW BUHOAEMbYECKUX X03aiCTB. CpaBHeHWe
C TPaOWLMOHHBIMA 1 areHTCKMM MapLupyTamu NOATBEpAUno npeumyllectsa MW no nepcoHanusaumn, ONTUMANbHOCTW, KyMbTYPHOW HACbILLEHHOCTM
11 3KOHOMUYECKOW 3Ch(HEKTUBHOCTH.

KnioueBble cnoBa: WCKYCCTBEHHbIA WHTEMMEKT, 3HOTYPU3M, TYPUCTCKME MapLUpyTbl, NEpcoHanu3auus, yMHbIA Typuam (smart tourism),
Uncposusaumus Typuama, bonblime aaHHble (Big Data), TexHonorum AR/VR, uHTepHeT Bewen (I0T), pekoMeHAaTemnbHble CUCTEMbI, YCTOMYMBOE
passuTUE TEPPUTOPUIA.

Introduction

Wine tourism (enotourism) has in recent years become one of the
most dynamically developing areas of cultural and gastronomic tour-
ism, integrating tasting experiences, regional identity, and principles
of sustainable territorial development. According to UNWTO data, the
share of tourists choosing trips with a pronounced wine-gastronomic

component exceeds 25 % in the structure of international travel and
demonstrates a stable positive trend [1]. The growing interest in enotourism
is accompanied by increasing demand for personalized routes and
digital services that make it possible to enhance the quality of the
tourist experience and to optimize the management of tourist flows
at the destination level [2, 3].
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In the context of the rapid digitalization of the tourism industry, the
requirements for the implementation of intelligent technologies—ensuring
deep analysis of tourist preferences, demand forecasting, and real-time
route adaptation-are increasing. In this regard, artificial intelligence (Al)
becomes a key element of the smart tourism concept, shaping new ap-
proaches to the design and management of tourist trajectories [4-6]. This
determines the relevance of the present study, aimed at a systematic
examination of Al capabilities in the formation and optimization of
enotourism routes [7-9].

The purpose of the study is to identify the possibilities, advantages,
and outcomes of applying artificial intelligence technologies in the organi-
zation and optimization of tourist routes in the field of enotourism, as well
as to conduct their model-empirical assessment using examples of coun-
tries with different levels of digital maturity.

To achieve this goal, the study addresses the following tasks:

« to analyze modern Al technologies used in tourism;

+ to determine the characteristics of enotourism as an object of intel-
ligent routing;

- to assess the effectiveness of Al for personalization and optimiza-
tion of tourist routes;

+ to develop and test an intelligent routing model using the example
of six countries with different levels of digital maturity.

The object of the study comprises the processes of organizing and
personalizing tourist routes in enotourism. The subject of the study is
artificial intelligence technologies applied in the formation and optimiza-
tion of enotourism routes.

The scientific novelty lies in the development of a comprehensive
model for applying Al to the construction of enotourism routes based on
machine learning algorithms, clustering, and big data analysis [10-12].
The model was tested using the examples of Italy, France, Portugal, the
United States, Russia and Georgia.

Intelligent Technologies in the Formation and Optimization of
Enotourism Routes

Contemporary research in the field of enotourism underscores its in-
terdisciplinary character, integrating aspects of cultural studies, market-

ing, geography, and the digital economy. Enotourism is regarded not only
as a form of specialized leisure but also as an important instrument of
territorial branding that contributes to the preservation of cultural heritage,
the development of rural territories, and the formation of sustainable tour-
ist clusters [3, 7, 8].

The development of enotourism in recent decades is directly associ-
ated with the digitalization of the tourism industry. Geographic information
systems, online booking, recommendation services, mobile applications,
and big data analytics form the foundation for the transition from standard
routes to intelligently managed, adaptive tourist trajectories [13—15].
The use of artificial intelligence technologies reinforces this process: Al
enables the creation of dynamic routes that take into account seasonality,
site congestion, tourist preferences, and logistical constraints. Since the
creation of such adaptive routes requires precise analysis of user charac-
teristics and the identification of hidden patterns within large data sets,
personalization tools acquire particular significance. The scientific litera-
ture emphasizes the role of hybrid recommendation systems and cluster-
ing algorithms as key mechanisms for shaping individualized tourist expe-
riences [6, 16, 18].

At the same time, the practical implementation of digital and intelli-
gent technologies in enotourism varies considerably across countries, as
their effectiveness is determined by the level of digital maturity of tourism
ecosystems. Research shows that the pace of digitalization depends not
only on technological infrastructure but also on cultural characteristics of
tourist experience perception, institutional environments, and the degree
of development of regional clusters [7, 9, 16, 19]. These factors define the
unequal readiness of countries to integrate intelligent technologies and
predetermine differences in the expected effects of their application.
In this regard, comparing the digital maturity level of countries with the
characteristics of their wine tourism makes it possible to identify regional
contexts in which the implementation of Al has the greatest potential.

As comparative analysis demonstrates, the development of digi-
tal infrastructure and the breadth of digital platform usage directly
determine the possibilities for integrating intelligent technologies and
the extent of their influence on the quality of the wine experience
(Table 1) [3, 9, 10, 12].

Table 1 - Comparison of Digital Maturity and Readiness for Al Implementation in Enotourism by Country

Country Main Sources and Digital Platforms Level of Readiness for Al Features of the Digital
Digitalization, % Implementation Ecosystem
Italy Enoteca Italiana, WineTourism.com, regional 88 High Advanced recommendation sys-
registries, Italian Wine Lover, Eataly tems and integration of smart
tourism (Tuscany, Piedmont)
France OpenWineData, TripAdvisor, Google Places, 90 Very high State-supported digitalization, Al
state wine registries in destination management (Bor-
deaux, Burgundy)

Portugal | Turismo de Portugal DataHub, WineTourism.com | 82 High Development of national Al plat-
forms and integration of regional
data

USA Yelp, Google, OpenStreetMap, Napa Big Data 92 Maximum Full integration of Big Data and

Initiative Al, leading investor in automation

Russia | Visitkuban, regional registries, Google Maps 62 Medium Partial digitalization, pilot Al pro-
jects in Krasnodar Krai

Georgia | Georgia.travel, wine associations, Open- 58 Low-medium Early stage of digitalization, high

StreetMap growth potential in Kakheti

Note — Source: Compiled by the author based on data from OECD, WEF, the World Bank and national tourism platforms [3, 8-10, 12, 20, 24-29].

Interpretation of the presented data makes it possible to identify dif-
ferences among national models of enotourism. In countries with a well-
developed wine tourism culture — Italy, France, the United States and
Portugal — a high level of digitalization ensures the widespread applica-
tion of Al for creating emotionally rich, personalized routes and interactive
services [8, 9, 21, 22-26]. In regions where wine tourism retains a pre-
dominantly traditional or event-driven character (Russia, Georgia), digital
infrastructure remains limited, which results in the use of Al primarily for
navigational and informational purposes [27-29].

Against the background of the identified differences, it becomes ev-
ident that the potential for introducing intelligent technologies into
enotourism is determined by a combination of national and regional
conditions. This necessitates a shift from macro-level analysis of digi-
talization to the examination of specific areas of Al application within

the sector. A key domain in which Al possesses the most significant
practical potential is the organization of tourist routes. The main possi-
bilities for applying Al in the construction of wine routes may be con-
ventionally grouped into five categories:

1. Personalization. Personalization of routes in enotourism is
based on machine learning methods, recommendation systems, and
predictive analytics, which make it possible to account for multidimen-
sional data about tourists: taste preferences (wine varieties and styles,
price categories), socio-demographic characteristics, travel and book-
ing history, geolocation trajectories, digital traces on tourism platforms,
textual reviews, and sentiment analysis results [9, 13, 16, 30]. The use
of these technologies enables the formation of a detailed tourist profile
and the construction of routes that most accurately correspond to indi-
vidually defined interests.
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The transition from static to dynamic adaptive routes is a direct con-
sequence of Al implementation: the system becomes capable of adjusting
the route in real time. When weather conditions, winery congestion,
transportation situations, or the tourist's current preferences change, the
algorithm automatically proposes alternative sites to visit, modifies the
sequence of tastings, or supplements the route with cultural and gastro-
nomic activities [15, 17, 28], thereby enhancing route flexibility and the
overall quality of the travel experience.

The functional advantages of personalized routes create prerequisites
for economic effects. Personalization contributes to increased booking con-
version, longer trip duration, and higher average spending due to more
accurate alignment of the tourism product with consumer expectations [7,
9]. For wine-producing regions, this entails a more even distribution of tour-
ist flows, reduced pressure on the most visited sites, and broader involve-
ment of small wineries in the tourism economy [13, 15, 18].

In addition to economic outcomes, personalization has a significant
impact on the sustainable development of territories. Individualized routes
make it possible to consider environmental constraints, the carrying ca-
pacity of sites, and the seasonal differentiation of tourist flows, thereby
forming mechanisms for balanced management of enotourism destination
development [9, 15, 18, 22].

2. AR/VR Technologies. The introduction of augmented reality (AR)
and virtual reality (VR) technologies forms a new format of tourist-
territory interaction based on the effect of digital immersion. Immersive
solutions make it possible to model tasting spaces, wine cellars, vine-
yards, and technological processes in a 360° format, expanding the ac-
cessibility of routes and enhancing the emotional richness of the travel
experience [19, 20].

VR technologies are used primarily for preliminary and remote tours,
providing virtual tourists with the opportunity to become acquainted with
the architecture of wineries, their history, and tasting programs. This
approach serves as an effective motivational tool and increases the likeli-
hood of an eventual in-person visit [9, 20, 22].

The expansion of AR/VR functionality at the stage of direct route vis-
itation necessitates consideration of the role of augmented reality. AR
technologies are used directly along the route and provide superimposi-
tion of digital content onto physical space, visualizing parameters of the
terroir, grape varieties, climatic characteristics, and elements of the
winemaking cycle [19, 20]. Their integration with Al allows the depth and
format of visual accompaniment to be adapted to the tourist’s interests—
educational, gastronomic, cultural, or architectural [16, 18, 20].

International practice demonstrates that AR/VR solutions perform not
only entertainment functions but also serve as tools of territorial market-
ing, digital branding, and preservation of the cultural heritage of wine-
producing regions [9, 22, 29], strengthening their positioning within the
global tourism space. A more detailed examination of cross-country dif-
ferences shows that the highest maturity of AR/VR technologies is ob-
served in ltaly, France, and the United States, where they are integrated
into smart tourism strategies, whereas in Portugal, Russia, and Georgia
their dissemination is predominantly limited to pilot initiatives [9, 17, 22].

Overall, AR/VR technologies simultaneously provide preliminary fa-
miliarization with routes and create an immersive tourist experience that
enhances the emotional perception of the territory and its competitive-
ness in the digital economy [9, 20, 22].

3. Big Data constitutes a key element of intelligent management in
enotourism routes, ensuring the transition from static planning to dynami-
cally adaptable tourist trajectories [1, 13, 15, 17]. The analytical frame-
work of such systems is formed on the basis of data on tourist move-
ments, bookings, transactions, user digital traces, climatic conditions,
infrastructural characteristics, and seasonal activity of territories [15, 30,
34]. Integration of these heterogeneous sources enables the construction
of multidimensional models of tourist behavior and significantly increases
the accuracy of demand forecasting [7, 15, 17].

Machine learning provides the possibility of anticipatory management
of tourist flows: routes are adjusted not only in response to emerging
congestion but also on the basis of probabilistic scenarios of its occur-
rence [13, 15, 17], which is especially important for regions with pro-
nounced seasonality and limited carrying capacity [1, 9, 13, 15].

In addition to temporal parameters, Big Data exerts a substantial in-
fluence on the spatial organization of routes. Its use makes it possible to
identify zones of tourist concentration, construct logistically rational se-

quences of visits, and differentiate routes by traveler type [13, 15, 30],
which leads to reduced travel time and shorter queues [7, 9].

In the context of sustainable development, Big Data performs the
function of balancing tourist load by redistributing flows between primary
and peripheral sites and stimulating the involvement of small wineries in
the region’s tourism ecosystem [1, 9, 15]. Economic effects include in-
creased accuracy of recommendations, longer average tour duration,
higher rates of repeat visits, and substantial growth in digital bookings [1,
15, 30], as well as improved effectiveness of marketing campaigns
through more precise targeting [7, 9, 17].

Thus, Big Data serves as the foundation for the formation of intelli-
gent tourism ecosystems in which routes, events, tasting programs, and
logistical processes are integrated into a unified digital environment for
managing the tourist experience [1, 9, 15, 17, 30].

4. Multisensory Technologies. Multisensory technologies emerge
at the intersection of digital solutions, cognitive psychology, and the expe-
rience economy. They activate visual, auditory, olfactory, and tactile per-
ceptual channels, enhancing emotional engagement, improving route
memorability, and forming stable associations with the territory and the
wine product [9, 33].

In enotourism destinations, multisensory approaches are implement-
ed through immersive tastings, interactive wine museums, audiovisual
installations, and aroma stations that link the perception of wine with the
context of terroir, climate, technologies, and cultural traditions [9, 19, 34].
The combination of visual effects, spatial sound, and olfactory stimuli
increases the subjective evaluation of tasting quality and stimulates re-
peat visits [9, 33]. Integration of Al enables the personalization of sensory
scenarios—the adaptation of lighting, sound, and aromatic parameters to
the tourist's individual profile [9, 16, 18].

In practice, multisensory technologies are also used for spatial
structuring of routes: they make it possible to differentiate tasting
rooms, educational zones, and cellars, creating a coherent sensory
trajectory of the journey. The highest levels of maturity of such technol-
ogies are observed in ltaly, France, and the United States, where they
are integrated into strategies for forming an immersive tourist experi-
ence [9, 33], whereas in Portugal, Russia, and Georgia their dissemina-
tion remains more limited [23-29, 33].

In combination with AR/VR, multisensory formats enhance the edu-
cational and cultural potential of routes, create unique digital assets of
territories, and increase their attractiveness [9, 18, 33], while the use of Al
enables the identification of the most effective sensory scenarios and
improves the economic performance of enotourism projects [9, 18, 33].

5. Integration with Internet of Things (loT) Technology. The In-
ternet of Things (loT) forms the technological foundation of “smart’
enotourism routes, linking the physical infrastructure of wine-producing
regions with digital management platforms [12, 14, 17, 36]. Sensor net-
works—traffic counters, microclimate sensors, RFID tags, beacons, and
load-monitoring systems—ensure continuous real-time data flow.

In this context, within advanced digital ecosystems, loT is applied not
only in the tourism sector but also in winemaking, connecting the pro-
cesses of “vineyard-winery—route” [17, 37, 38] and enhancing the sus-
tainability and synchronization of service delivery.

Unlike Big Data, which operates primarily at the strategic level, loT
provides route adaptation at the operational level by responding to
weather changes, queues, traffic congestion, and mass tourist arrivals
[13, 15, 36]. Integration of loT with mobile applications makes it possi-
ble to automatically adjust routes, suggest alternative locations, regu-
late tasting schedules, and reduce the risk of site overload [12, 14, 17].
Such operational flexibility directly translates into economic ad-
vantages, including reduced operating costs, increased throughput
without infrastructure expansion, improved planning accuracy, and
growth in digital bookings [9, 14, 36].

Given the outlined functional and economic effects of loT, the degree
to which different countries possess the conditions for its practical imple-
mentation becomes an important issue—one determined by the level of
digital maturity of their tourism ecosystems. The highest level of loT ma-
turity is observed in Italy, France, and the United States, whereas in Por-
tugal, Russia, and Georgia the development of this technology remains at
an emergent stage [28, 23-26, 28, 29].

Overall, loT is viewed as a key element of the technological trans-
formation of enotourism, ensuring the transition from static routes to
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adaptive digital ecosystems that account for context, behavior, and the
dynamics of tourist flows in real time [9, 12, 14, 217, 36].

Summarizing the examined directions of digital transformation, it may
be noted that the combined integration of artificial intelligence technolo-
gies, AR/VR, Big Data, multisensory solutions, and loT forms a qualita-
tively new model for organizing enotourism routes. This model makes it
possible to move from fragmented logistical and excursion practices to
a unified intelligent system for managing the tourist experience, oriented
toward sustainable territorial development, improved service quality, and
enhanced competitiveness of wine-producing regions.

Building on the results of synthesizing theoretical and applied ap-
proaches to the use of artificial intelligence in enotourism, as well as on
the analysis of the corresponding digital technologies [1, 9, 12-15, 17, 30,
37], a multi-level model for organizing enotourism routes was developed.
This model is aimed at forming personalized tourist trajectories optimized
with regard to traveler preferences, time constraints, seasonality, and
geographic accessibility of sites. The structure of the model includes
three interconnected levels integrated into a unified system of intelligent
route planning (Figure 1).

Databases of
Wineries and Geolocation Data,
Cultural Sites Meteorological Data

\ )

Tourist
Profiles

Ratings,

Input Module

V

Route

v

Analytical and Recommender Module

v

Feedback

J

Evaluation and Feedback Module

Figure 1 — Model of Enotourism Route Organization Using
Avrtificial Intelligence
Note — Source: Author's own development based on the concept
of smart tourism destinations and digital tourism ecosystems [2, 5, 14,
15, 16, 38].

Transitioning to the description of the functional structure, it should be
noted that the first level-the data acquisition module-aggregates infor-
mation from open sources and API platforms (WineTourism.com, Open-
StreetMap, Google Places, TripAdvisor, national registries) [1, 9, 30, 35].
The system receives data on tourists, wineries, schedules, reviews, geolo-
cation, and seasonal constraints. Normalization procedures ensure their
comparability and prepare them for subsequent analytical processing.

The second level — the analytical and recommendation module-
performs user segmentation based on clustering methods (k-means,
DBSCAN) [13, 18, 30] and generates routes using hybrid recommenda-
tion algorithms [6, 16]. When generating a route, the system accounts for
the relevance of sites to the tourist’s interests, transport accessibility,
ratings, seasonality, and the event load of the territory. Logistical optimi-
zation is carried out using Dijkstra and A* algorithms [15].

The third level-the evaluation and feedback module—collects us-
er assessments, survey results, sentiment analysis of reviews, and
data on repeat visits [9, 18, 30]. These inputs are applied for model
retraining, refinement of personalization parameters, and improve-
ment of recommendation accuracy.

Taken together, the proposed model ensures real-time route for-
mation, logistics optimization, consideration of seasonal and infrastruc-
tural constraints, enhanced safety of tasting tourism, balancing of tourist
flows, and increased efficiency of enotourism facilities. Thus, the model
functions as a universal intelligent platform supporting the sustainable
development of wine-producing territories and the integration of enotour-
ism into the digital ecosystem of smart tourism.

To assess the practical applicability of the proposed model, it was
tested using the example of six countries: Italy, France, Portugal, the
United States, Russia, and Georgia. The selection of destinations is de-
termined by their significant contribution to the global wine tourism mar-
ket, as well as by pronounced differences in the digitalization of tourism
infrastructure and the extent of Al technology adoption [1, 3, 10, 11, 17].

Routes were generated on the basis of a universal meta-request from
atourist, including preferred trip duration, a combination of popular and au-
thentic sites, temporal and logistical constraints, seasonal parameters, winery
load levels, and the need to incorporate tasting, cultural, and natural activities.
This approach ensures comparability of results across countries and reflects
the typical logic of user interaction with an Al system [12, 16, 18].

He approbation of the model consisted of three interconnected stages.

At the first stage, the interpretation of the user request was carried
out, and a tourist profile was generated on the basis of aggregated data
on preferences, digital traces, route history, and cultural orientations.

At the second stage, intelligent filtering of enotourism sites was per-
formed using data from OpenWineData, WineTourism.com, TripAdvisor
API, OpenStreetMap, Google Places, and national tourism registries [1,
9, 30, 35], taking into account opening hours, accessibility, congestion
levels, climatic, and seasonal factors.

At the third stage, the route was generated using hybrid recom-
mendation algorithms and optimized with A* and Dijkstra methods, which
made it possible to minimize temporal and transportation costs [15].

The results are presented in Table 2, which contains a list of winer-
ies, route duration, the digital tools employed, and the key effects of Al
implementation.

Analysis of the data in the table shows that Al-generated routes in all
six countries combine major historical wineries with small family-owned
estates. Such a combination expands the cultural richness of the journey
and supports a more even distribution of tourist flows. In Tuscany, the
three-day circular route reduced planning time by 38 % and yielded an
ROI of approximately 23 %. In Burgundy, the application of Big Data and
digital wine maps enabled high personalization accuracy (precision =
0,91), whereas in Napa Valley the highest level of automation in traffic
and sales forecasting was recorded [9, 13, 16, 17, 37].

In Portugal, routes were optimized according to climatic and season-
al parameters, resulting in a 17 % increase in visitation and a 20 % rise in
average tourist spending. In Russia, the Visitkuban Al Route model and
loT sensors increased booking conversion by 21 %. In Georgia, routes
became more content-rich and extended tour duration by 18 %, taking
into account cultural events in the region [25, 27-29, 31].

The obtained results confirm that the effectiveness of intelligent routing
directly depends on the quality of the initial data: completeness, relevance,
and coherence of geolocation, rating, temporal, and event parameters. In
countries with a developed digital infrastructure, the models demonstrate
high adaptability and accuracy, whereas fragmentation or limited availability
of data in regions with lower levels of digitalization reduces calculation effec-
tiveness and restricts the scale of Al implementation [10, 11, 17, 30].

To quantitatively confirm the relationship between the level of digitaliza-
tion of tourist destinations and tourist satisfaction with Al-generated routes,
a Pearson correlation analysis was conducted. The analysis was based on
a sample of six countries (n = 6) differing in digital maturity. As an indicator
of digital maturity, the composite Digital Maturity Index (DMI) was used,
based on DESI, the World Economic Forum's Digital Development Index,
and World Bank data [3, 10, 11, 17]. Tourist satisfaction was assessed
using the Tourist Satisfaction Index (TSI), formed from user ratings, senti-
ment analysis of reviews, and online surveys (n = 300) [9, 10, 18].

The results presented in Figure 2 indicate a strong positive correla-
tion between the digital maturity index (DMI) and the level of tourist satis-
faction with Al-generated routes (r = 0,92; p < 0,05). A moderate positive
relationship was also identified between the reduction in route planning
time and the increase in profitability of wineries (r = 0,71), which confirms
the economic efficiency of intelligent routing [16, 17, 37].
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Table 2 - Routes Generated by Al for Various Enotourism Regions

Route - .
Country / . N - Digital and Intelligent Elements of Features of the Al-Generated
Region Key Sites (Wineries) Du[;':;l:n, the Route Route
ltaly / Antinori, Castello di Ama, Castello di Hybrid recommendation system; A* | Circular route; logistical optimiza-
Tugcan Brolio, Castello Banfi, Caparzo, Avigno- 3 and Dijkstra algorithms; integration tion; 38 % reduction in planning
v nesi with IoT monitoring and AR/VR time; ROl = 23 %
France | Chéateau de Pommard, Domaine Roulot, Big Data and review analysis; pre- High personalization accuracy
Burqund Maison Chanson, Gevrey-Chambertin, 3 dictive modeling of visitation; digital | (precision = 0,91); integration with
9undy | Chateau de Chamirey tastings the digital wine map system
. . . . Seasonality and climate optimiza-

Bg['t::ogal "1 quinta da Pacheca, Quinta do Seixo, 4 Igggg’toﬂu;gt'ﬂg’r Zg?;tmig?gggg g | tiom; 17 % increase in visitation;

Quinta do Bomfim, Quinta da Roéda . . ’ 20 % increase in average tourist
Valley review analysis X

spending
USA/ \F/{V?[?:rém r;gaélemggyvﬁ t;?a? dlée%pas- Machine learning for demand fore- High level of automation; traffic
Napa tello di Amorosa, Artesa Vineyards & 3 casting; integration with loT and VR ?nd sales forecasting; ROl = 26
Valley Winery tours %
Russia / Abrau-Durso, Fanagoria, Chateau de Visitkuban Al Route platform; loT 21 % increase in booking conver-
Krasnodar | Talu, Guy-Kodzor, Kuban-Vino, Lefka- 3 sensor integration; booking APl and | sion; use of Big Data for flow
Krai dia geoanalytics analysis
. - . . ' SmartWineGeorgia system; hybrid 18 % increase in tour duration;
Georgia / Shumi Winery, Tsinandali Estate, Kin- . . . . « »
Kakheti dzmarauli Corporation, Khareba Winery 2-3 yecommendatlon algorithms; loT fqrmgtlon of “smart” routes con-
integration sidering cultural events

Note — Source: compiled by the author based on [1, 3, 9, 10, 13, 14, 16-18, 29, 30].
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Figure 2 — Correlation Dependence between the Level of Digital Maturity of Tourist Destinations (DMI) and the Tourist Satisfaction Index (TSI)
Note — Source: Author’'s own development based on aggregated data from UNWTO, OECD, the World Economic Forum, the World Bank, and user

review platforms [1, 3, 10-12, 17, 30, 37].

According to the graph, a 10 % increase in the level of territorial digitali-
zation correlates with an approximate 3,9 % rise in tourist satisfaction, indi-
cating the significance of digital maturity as a factor in the competitiveness
of enotourism destinations. At the same time, the obtained results should be
regarded as indicative: the identified relationships reflect stable trends in the
digital transformation of enotourism but do not permit strict causal interpre-
tation. This underscores the need to expand the panel sample and conduct
more advanced econometric analysis [1, 10, 16, 17].

As an illustrative example of the functioning of the developed Al
model, a “Circular Route through Tuscan Wineries” was generated on the
basis of a tourist meta-request that included a combination of well-known
winery brands and small family estates, optimization of travel time, con-
sideration of seasonality and site congestion, and integration of tasting,
gastronomic, and cultural activities. The spatial configuration of the route
is presented in Figure 3.

The route unites three key wine-producing zones of the region—
Chianti Classico, Montalcino, and Montepulciano — which differ in terroir,

grape varieties, technological practices, and historical-cultural context.
The set of sites selected for visitation includes both major wineries (An-
tinori, Castello di Ama, Castello di Brolio, Banfi, Avignonesi) and small
estates employing organic and biodynamic practices (Podere le Ripi,
Salcheto), thereby ensuring diversification of the wine experience and
deeper acquaintance with local traditions [35, 38].

The total length of the route is approximately 285 km, corresponding to
a trip duration of 2-3 days. Logistical parameters were calculated using
data from OpenStreetMap, the Google Maps Distance Matrix API, and
Tuscany's regional road services, while information on wineries and infra-
structure was sourced from WineTourism.com, the TripAdvisor API, and the
Open Tourism Data Hub Toscana [1, 23, 35, 38]. Optimization of the order
of visits was performed using A* and Dijkstra algorithms, which made it
possible to minimize transportation costs while maintaining a rich program.

A detailed logistical profile of the route, including distances, travel
time, and the functional characteristics of individual segments, is provided
in Table 3.
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Figure 3 - Scheme of the Circular Route through the Wineries of Tuscany

Note — Source: Author's own development based on data from re-

gional digital tourism platforms of Tuscany, intelligent routing algorithms,
and tourism aggregators [15, 23, 30, 35].

Analysis of the logistical parameters presented in Table 3 shows
that transfers between sites typically take 15-40 minutes, ensuring a
comfortable travel pace and reducing transportation-related fatigue for
the tourist. The route is structured according to the principle of gradual
immersion into the region’s wine territories: from large technologically
advanced wineries to intimate family estates, and subsequently to pre-
mium producers in the Brunello di Montalcino and Vino Nobile di Mon-
tepulciano zones. This configuration maintains the internal coherence
of the route and provides a diverse wine experience. The longest trans-
fer (65-75 minutes) occurs at the final stage — returning from Mon-
tepulciano to Florence. This is due to the geographical characteristics

of the region and does not disrupt the overall travel balance thanks to
the circular structure of the route.

A significant element in the design of the route was the integration of
safe enotourism requirements into the process of intelligent routing, spe-
cifically excluding driving after tastings. Special safety time slots were
embedded into the routing algorithm, mandating intermediate non-driving
activities—gastronomic breaks, cultural stops, and walking segments—as
well as recommendations for using alternative transportation. In cases
where the tourist prefers individual car travel, the system automatically
adjusts the tasting format (“non-driving tastings”) or offers the use of
transfers, wine road shuttles, or taxis, in accordance with international
standards of sustainable and responsible wine tourism [12, 14, 17].

The circular configuration of the route, beginning and ending in
Florence, ensures logistical coherence, eliminates duplication of
segments, and contributes to an even distribution of tasting activities.
Accounting for time constraints, visitation density, and distances
between sites made it possible to construct an optimal sequence of
winery visits and associated locations, preventing program overload
and ensuring a comfortable travel experience.

The spatiotemporal structure of the enotourism route generated by arti-
ficial intelligence is characterized by a reduction in the share of logistical
costs while maintaining a high level of thematic richness. According to the
data in Table 3, the total travel time accounts for 26,8 % of the route’s over-
all duration. The remaining 73,2 % is allocated to thematic components:
tastings and production visits (46,2 %), cultural and historical site visits
(23,1 %), and gastronomic activities (3,9 %). This proportion confirms the
effectiveness of algorithmic optimization, which simultaneously minimizes
logistical losses and expands the set of sites included in the route.

The example of the route through the wine-producing territories of
Tuscany demonstrates that the application of artificial intelligence not only
reduces planning time and rationalizes travel logistics but also promotes
deeper integration of family-owned estates into the tourist flow, strength-
ens the cultural dimension of the route, and supports the principles of
safe and sustainable enotourism. The totality of the obtained results con-
firms the practical viability of the intelligent routing model and its strong
potential for replication in other wine-producing regions of the world.

To enhance the analytical substantiation of the study, a comparison
was conducted between the Al-generated route through the wineries of
Tuscany and the two most widespread models of organizing enotourism
travel-the traditional self-planned route and the standard agency route.
The comparative characteristics of these formats, presented in Table 4,
make it possible to identify their fundamental differences in the degree of
personalization, logistical efficiency, level of authenticity and compliance
with the requirements of safe and sustainable enotourism.

Table 3 - Logistical Profile of the Al-Generated Route through Tuscan Wineries

Route Travel Segment Distance, .Travel. Key Characteristic of the Route and the Winery (at Destination)
Stage km Time, min
Florence — Antinori nel Departure from the arrival point; Antinori is a large, technologically ad-
1 - . 30 30 . . g
Chianti Classico vanced winery with a well-developed enotourism infrastructure
2 Antinori — Castello di Ama 28 35 Transfer W|th|n the Chianti Classico cI_uster; Qastgllo di Ama is an art-
winery combining contemporary art with terroir-driven wines
Castello di Ama — Castel- Historic Chianti area; Castello di Brolio is a castle-winery with a pro-
3 A 20 25 S
lo di Brolio nounced historical and cultural context
4 Castello di Brolio — Fatto- 14 18 Transition to a more intimate location; Fattoria La Ripa is a family estate
ria La Ripa emphasizing local winemaking traditions
Fattoria La Ripa — Castel- Shift from Chianti to southern Tuscany; Castello Banfi is a major wine re-
5 . 32 40 . . X X
lo Banfi sort and enotourism center in the Brunello di Montalcino zone
6 Castello Banfi — Podere le 20 25 Short transfer within the Brunello zone; Podere le Ripi is a boutique biody-
Ripi (Montalcino) namic winery
. Movement within the Montalcino DOCG; Caparzo is a traditional Brunello
7 Podere le Ripi — Caparzo 10 15 . . C
winery with a developed tasting infrastructure
Canarzo — Avignonesi Transition from the Brunello zone to the Vino Nobile zone; Avignonesi is
8 p > AVIg 48 50 one of the key Montepulciano wineries oriented toward organic/biodynamic
(Montepulciano) .
production
Avignonesi — Florence Return to the starting point; completion of the circular route with a logically
9 65 75 " . O ;
(route closure) structured transition from wine zones to the region’s cultural capital

Note — Source: compiled by the author based on [23].
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Table 4 - Comparative Characteristics of Traditional, Agency and Al-Generated Enotourism Routes through Tuscan Wineries

Indicator

Traditional Route
(self-planned)

Agency Route (regional
tour operators)

Al-Generated Mixed Route

Degree of personalization

Low — depends on the tourist's
experience and random infor-
mation selection

Moderate — adaptation possible
within template programs

High — formed on the basis of the tourist's
profile, preferences, logistical and cultural
parameters

Consideration of opening
hours, seasonality, site
congestion

Weak

Partial

Full — automatic optimization of schedules,
seasonal factors, and traffic

Diversity of wineries

Limited — mainly large, well-
known estates

Limited — wineries adapted for
tourism

Maximum — combination of major historical
and family wineries (Podere le Ripi, Sal-
cheto, etc.)

Authenticity of experience

Unstable

Moderate

Very high — integration of artisanal practic-
es and local cultural points

Logistics (route optimality)

Low — chaotic movements, high
transportation costs

Moderate - route constructed
without personalized optimiza-
tion

High — optimization based on A* and Dijks-
tra algorithms

Average planning time

3-5 hours

1-2 hours

Reduced by 38 % (= 18-25 minutes)

Average travel time be-

45-90 minutes

40-70 minutes

18-45 minutes

tween points
Consideration of tasting - Full - “alcohol-sensitive time slots,” trans-
safety (driving safety) Absent Minimal fers, non-driving tastings
Integration of cultural sites .

. . . . Structured — based on clustering and tem-
gstcl:e)na, Montepulciano, Inconsistent Partial poral constraints
Tourist satisfaction (sur-
vey n =300 and sentiment 82-84 % 86-88 % 92-94 %
analysis 2 0.78)
Recommendation _ _ 0,87 - level of mature hybrid recommender
accuracy (Precision@K) systems
ROI of wineries (Return on 0-5 % 8-12 9 = 23 % due to increased tastings and
Investment) 0 ° higher average spending
Key performance indica- Low - no analyics Moderate ngh - load bqlancmg, logistics .opt|m|za-
tors of the route (KPI) tion, increase in average spending
Accessibility of digital Full - integration of WineTourism.com,
services Random Moderate OpenStreetMap, TripAdvisor

Note — Source: compiled by the author based on aggregated data from digital tourism platforms, regional statistics, and analytical studies in the field of smart

tourism [1, 12, 13, 15, 16-18, 30, 37, 39].

The analysis shows that traditional routes, based on independent
search and fragmented digital sources, are characterized by limited di-
versity of wineries, low personalization, and weak consideration of open-
ing hours, seasonality, and site congestion. This results in increased time
costs for planning (3-5 hours), chaotic movements, and reduced tourist
satisfaction (82-84 %). Agency routes are more structured and predicta-
ble; however, they retain a high level of standardization and are oriented
toward an averaged traveler profile. Their flexibility is constrained by
template-based programs, which limits the diversity of visited sites and
restricts satisfaction levels (86-88 %).

In contrast to these models, the Al-generated route is formed through
the integration of the tourist's personal preferences, spatiotemporal pa-
rameters, seasonal factors, site load data, and user analytics. This en-
sures maximal variability of visited wineries—from major historical estates
to small family producers—and significantly enhances the authenticity and
depth of impressions. A substantial advantage of the Al-based approach
lies in the full automation of accounting for opening hours, seasonal con-
straints, transport accessibility, and tourist traffic intensity—capabilities
unavailable in traditional and agency formats.

The Al-generated route fundamentally differs from traditional and
agency models of travel organization in its construction mechanism: it
integrates data on tourist preferences, seasonality, logistics, site conges-
tion, and user evaluations. Such an approach creates a maximally di-
verse and balanced set of wineries and enhances the authenticity of
visits. Its key advantage is the automatic adjustment of temporal parame-
ters and schedules, ensuring that the route meets the requirements of
sustainable and responsible wine tourism.

The logistical efficiency of the Al-generated route is ensured through
the application of A* and Dijkstra algorithms, which optimize distances and
travel time. According to Table 4, average transfer time is reduced to 1845
minutes (compared to 45-90 minutes for traditional routes and 40-70

minutes for agency routes), while planning time decreases by 38 %, averag-
ing 18-25 minutes. An important distinction between the Al-generated route
and traditional or agency formats is the full consideration of safe enotourism
requirements: the system automatically generates safety time windows,
adapts tasting formats, or proposes altemative transportation solutions,
ensuring compliance with interational standards of responsible wine tour-
ism[12, 17, 36].

Comparative analysis of economic efficiency demonstrates the ad-
vantages of intelligent routing: winery ROI increases to 23 % due to
growth in the number of tastings, higher average spending, and expan-
sion of accompanying services, whereas in traditional routes this indicator
is 0-5 % and in agency routes 8-12 %. The Al-generated route is charac-
terized by the highest levels of tourist satisfaction (92-94 %) and recom-
mendation accuracy, corresponding to the performance of mature hybrid
recommender systems.

Taken together, the results of the analysis presented in Table 4 show
that the Al-generated route provides not only quantitative advantages—
reduced planning time, optimized logistics, and increased economic re-
turns-but also a qualitatively different level of personalization, cultural
richness, and safety. This confirms the high potential of intelligent routing
systems in the development of wine-producing territories and the for-
mation of sustainable digital tourism ecosystems [9, 14, 18, 38].

Conclusion

The conducted study has shown that artificial intelligence technolo-
gies, at the current stage of tourism industry development, are becoming
key instruments for managing enotourism routes. The use of Al enables
the transition from static and standardized travel models to adaptive,
personalized trajectories that account for individual tourist preferences,
seasonal and infrastructural constraints, logistical parameters, and the
requirements of safe tasting tourism.
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The developed multi-level model of intelligent routing, incorporating
an input data module, an analytical-recommendation module, and an
evaluation-feedback module, demonstrated practical viability during test-
ing in six countries with different levels of digital maturity in their tourism
ecosystems-ltaly, France, Portugal, the United States, Russia, and
Georgia. The test results confirm the high adaptability of the proposed
model to varying destination conditions and reveal its potential for scaling
to other wine-producing regions.

The empirical assessment identified a strong positive correlation be-
tween the level of digitalization of tourist destinations and tourist satisfac-
tion with Al-generated routes (r = 0,92), as well as a moderate relation-
ship between reduced planning time and increased profitability of winer-
ies (r = 0,71). These findings confirm the pronounced economic effect of
implementing intelligent routing systems and their significance for improv-
ing the quality of tourist routes.

Comparative analysis of traditional, agency, and Al-generated routes
showed that intelligent routing provides a higher level of personalization,
logistical optimality, and structural coherence of visit programs, while
surpassing alternative approaches in key performance indicators (KPIs) —
recommendation accuracy, evenness of tourist flow distribution, average
spending, and winery return on investment.

Thus, the use of artificial intelligence in the organization of enotour-
ism routes should be considered a promising tool for the sustainable
development of wine-producing territories, for increasing their competi-
tiveness, and for forming digital tourism ecosystems within the framework
of smart tourism.

Future research prospects include expanding cross-country samples,
advancing predictive modeling methods for tourist demand, deepening loT
integration in the management of enotourism infrastructure, and improving
econometric models for evaluating the effectiveness of Al solutions. Addi-
tional attention is required for analyzing limitations associated with data
heterogeneity and the variability of digital maturity across different regions.
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Abstract

This article reframes China’s inland-coastal gap in construction as a logistics disproportions problem and builds a logistics-first digital agenda
to address it. First, it defines logistics disproportions as systematic differences in end-to-end lead-time predictability, the transport mode mix for heavy
modules, and the stability of payment cycles. It then synthesizes peer-reviewed literature on coastal logistics, Building Information Modeling (BIM)
and digital twins, national policy on prefabrication, and international rankings/benchmarks to establish the evidence base and bound plausible effect
sizes. Second, it translates that evidence into an operational toolbox: supply-chain BIM (SC-BIM) that models routings and staging; factory-yard-site
digital twins for re-sequencing and buffer sizing; standardized e-procurement with product data templates; Internet of Things (loT) tracking
with a transportation management system (TMS); verifiable shipment/installation milestones to align cash with events; artificial-intelligence (Al) risk
forecasting; and inland consolidation hubs positioned near railheads. Third, it converts the agenda into a testable plan. A SWOT analysis identifies
assets and frictions; a transformation roadmap assigns owners, instruments, and target indicators — on-time delivery, rail/water share of ton-kilometres,
re-handling reduction, P90 — P50 delivery-window spread, and days sales outstanding (DSO) — with staged horizons of 9-36 months. Fourth, it specifies
governance conditions: shared data schemas, open APIs, and product data templates to ensure interoperability across provinces and portfolios. A brief
vignette illustrates how the playbook scales from a single inland project to programs. Finally, it acknowledges limits (secondary data, uneven provincial
granularity) and sets a research agenda: open lead-time datasets, PDT-based public-procurement pilots, and causal evaluation of rail-hub deployments.
In terms of China's construction logistics, the SWOT configuration in the table revealed precisely these imbalances: strong coastal logistics corridors
and mature digital platforms coexist with structurally weaker domestic networks, higher turnaround time volatility, and slower adoption of smart logistics
tools. In practice, this means that strengths and opportunities are locally concentrated, while weaknesses and threats accumulate in inland regions
and small towns, where construction projects depend on smaller and less sustainable supply routes.

Keywords: construction logistics, digitalization, supply-chain BIM, digital twins, e-procurement, loT tracking, TMS, inland hubs, China.

NOrMCTUYECKUE AUCNPOMNOPLIMK CTPOUTENLCTBA B KUTAE U IMOPOBLIE UHCTPYMEHTbI UX HUBENUPOBAHUA

H. A. T'puropbesa, O. C. l'ony6oBa, Hiixao Li3sH

Pedepar

B naHHOW cTaTbe NepeocMbICIIMBAETCS BHYTPEHHMIA — MPUBPEXHBIN pa3pbiB Kutasi B CTPOMTENLCTBE Kak Npobrema NorucTYeckux AUCnponopLmii
11 BbICTPANBAETCS «MOTUCTUKO-LIEHTPUYHAs LMdpoBas MOBECTKA ANs €ro pelueHus. Bo-nepsbix, MOMACTUYECKE AMCTIPOMOPLMM ONPEdENsTCs Kak
cucTemMaTieckue pasnuunst B MPesCKasyemMocTy CKBO3HbIX CPOKOB MOCTaBKM, B MOAANbHOM COCTABE NEPEBO30K AMNs TSKENbIX MOLYNeli 1 B CTabUnbHOCTH
NnaTexHbIX LWKIOB. 3aTeM CUHTE3WPYETCS peLieHaupyemas nutepatypa no nprbpexHon NorMcTuke, MHOPMaLMOHHOMY MOAENMPOBAHIO CTPOMUTENLCTBA
(Building Information Modeling, BIM) u uuchpoBbIM ABOIHVKaM, HaLMOHanbHas MonuTyka npedabpukaLmy, a Takke MEXIyHapoaHble PeRTUHIW/GeHIMapku
C TeM, YTobbI 3agaTh [oKa3aTeNnbHy0 6asy 1 o4epTUTb NpaBLonofobHbIE BenMuMHbl 3ddekToB. Bo-BTOPLIX, 3Ta 6asa NepeBoanTCs B ONepaLMOHHbIN
«Habop MHCTPYMEHTOBY: LienoqHo-nocTaBoHbIN BIM (SC-BIM), MogenvpyroLLmit MapLUpyThl U 30HbI HAKOMNEHMS:; LIPOBbIE ABOAHNKN CBA3KM «dhabpuka
— CKnap — CTPOMNMoLLazKa» Ans nepecekBeHnpoBaHns 1 3aganus 6yepos; CTaHOapTMMPOBaHHAs 3MEKTPOHHAs 3akyrka C wabnoHamn npoayKToBbIX
[JaHHbIX; OTCREXMBaHWe Yepe3 uHTepHeT Beleir (Intemet of Things, loT) BMecTe ¢ cuctemoit ynpasneHust nepesoskamu (Transportation Management
System, TMS); Bepudmumpyemble Bexy OTTPY3KW/MOHTaXa AN MPWBA3KM [eHer K CoObITWAM; MPOrHO3MpOBaHWE PUCKOB Ha Base MCKYCCTBEHHOrO
uHTennekta (Artificial Intelligence, Al); n BHyTpeHHue xabbl KOHCOMMAAUMW, pasMeLLEHHble Y KenesHOZOPOXHbIX Y3noB. B-TpeTbux, noBecTka
npeepallaetcs B nposepsemblii nnaH. SWOT-aHanu3 BbiSBNSET akTUBbl W TPEHUS; «OOPOXHAs KapTay 3aKkpennsieT OTBETCTBEHHbIX, WHCTPYMEHTbI
11 LieneBble MHAMKATOPbI — NOCTaBKU B CPOK, JONS /4 U BOAHbIX TOHHO-KUOMETPOB, COKpALLEHWe Neperpysok, pasdpoc okoH noctaBok P90 — P50 v gHm
nebutopckoin 3apgomkeHHocTn k noraweHnio (Days Sales Outstanding, DSO) — ¢ noatanHbiMu ropusoHTamy 9-36 MmecsieB. B-ueTBepTbiX, 3apatoTcst
YCMOBUS YNPaBneHUs AaHHbIMU: 0OLIME CXEMbl [aHHbIX, OTKpbiTble APl 1 WwabnoHbl NpOAYKTOBbLIX [LaHHbIX NS 06EcneyeHus MexpervoHanbHou
1 MEXNOpTENLHO COBMECTUMOCTY. KpaTkasi BUHBbETKA JEMOHCTPUPYET MacluTabupoBaHue «nneiibyka» OT OGHOMO BHYTPEHHETO MPOEKTa K MporpaMmanm.
B 3akmioyeHu oroBapuBaloTCst OrpaHUYeHust (BTOPUYHbIE JaHHbIe, HEOAHOPOAHAs AeTanu3auns no NPoBMHLMAM) 1 (hOpMUpYeTCs 1ccrefoBaTenbCkas
MOBECTKa: OTKPbITbIE HABOPbI MO CPOKaM, MUNOTbI roc3akynok Ha 6ase PDT u npuynHHas oueHka BHEAPeHNs x/a-xabos. C TOUKW 3peHnst CTPOUTENBHON
noructukn Kutas, koHdurypaums SWOT B Tabnuue BbISIBUNA UMEHHO 3TV AUCMPONOPLMN: CUMbHBIE MPUBPEXHBIE NOTUCTUYECKUE KOPUOOPHI U 3penble
LmdpoBble MNaTdOpPMbl COCYLLECTBYIOT CO CTPYKTYpHO Gonee criabbiMv BHYTPEHHUMM CETSMM, 60Mee BbICOKOW BONMATUMbHOCTBI0 BPEMEHW BbINOMHEHMS
3aKa3oB 1 6onee MeaneHHbIM PacnpOCTPAHEHWEM UHTENNEKTYambHbIX NOTMCTUMECKUX UHCTPYMEHTOB. Ha npakTuke TO 03Ha4YaeT, YTO CUrbHbIE CTOPOHbI
11 BO3MOXHOCTU NOKALWMOHHO CKOHLIEHTPMPOBAHbI, B TO BpeMs Kak CrabocTi M yrposbl HakaniuBaroTCst BO BHYTPEHHUX pPerMoHax W HebonbLumx ropogax,
roe CTpouTenbHbIE MPOEKTHI 3aBUCST OT BCE MEHBLLETO U MEHEE YCTONUMBLIX MapLLPYTOB NOCTABOK.

KntoueBble crnoBa: norucTika CTpoUTENbCTBa, Lndposusaums, BIM, undposbie ABOMHMKM, 3NeKTPOHHbIE 3akynku, [oT, TMS, koHconnaaumoHHble
xabbl, Kutait.

Introduction the advantage concentrates at the seaboard: dense port-rail systems, thick-
China’s construction sector has achieved global visibility, with Chinese  er supplier networks and more stable flows, while inland corridors remain
firms consistently ranked among the world’s largest international contrac-  more road-dependent and variable [2]. Political-economy studies add that
tors; yet this outward success coexists with uneven domestic capabilities ~ “logistical fixes” have historically favored coastal nodes, reinforcing a spatial
and benefits [1]. A growing body of work on coastal logistics shows why  divide that outlives individual projects [3]. At the same time, international
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benchmarks underline that logistics performance-reliability, speed, predicta-
bility-shapes lead times and competitiveness in ways that are highly conse-
quential for construction scheduling and cost [4].

The definition of “logistics disproportions” is refered to systematic in-
land-coastal gaps in (i) end-to-end lead-time predictability, (i) mode mix
(rail/water vs. road) for heavy modules, and (iii) the stability of payment
cycles. Operationally, the coefficient of variation for door-to-door lead
times is tracked, the rail/water share of ton-kilometers for prefabricated
elements, the P90 — P50 gap for delivery windows, and DSO days along
the supply chain. These indicators map directly to project risk and work-
ing-capital costs and can be audited at monthly cadence.

Since 2016, national guidance has promoted prefabrication and indus-
trialized methods, creating a supportive frame for logistics-aware delivery
[5]. Reviews of Chinese prefabrication policy document a large and coher-
ent corpus of measures and link them to measurable outcomes — higher
labor productivity, lower material intensity and tangible environmental gains
[6-8]. By 2021, the prefabricated share of new floor area reportedly ap-
proached a quarter of national additions, signaling that scale effects are
possible when policy, industry capacity and logistics align [9].

Digitalization cuts across this terrain but diffuses unevenly. Empirical
studies describe persistent heterogeneity in BIM capabilities and collabora-
tion practices within China’'s AEC ecosystem, with adoption pattems diverg-
ing from overseas models [10], even as comparative work finds acceleration
post-2016 and broader use in complex public works [11]. Meanwhile, case-
based and review literature shows that digital twins linking factory, yard and
site can reduce variability by aligning buffers, crane windows and delivery
slots; these effects matter most on long in land chains [12-13].

The problem this article addresses is therefore not a lack of technology
per se, but logistics disproportions that raise variability inland and blunt the
returns to digital tools. The task for the main part is threefold: first, to formal-
ize the inland-coastal gap as a logistics problem grounded in evidence [2—
4,10-13]; second, to specify a logistics-first digital agenda-supply-chain
BIM, factory-yard-site twins, standardized e-procurement with product-data
templates, I0T/TMS visibility, and verifiable payment milestones - drawing
on recent research and practice [14-18]; third, to set out a transformation
roadmap with operational indicators that owners, contractors and public
funders can audit over time [6-9,19-20]. Theremore a shift from growth by
scale to growth by coordination, so that information moves faster than
trucks and inland projects plan with confidence.

Empirically, logistics disproportions emerge when logistics capacity,
performance, and reliability develop much faster in one group of regions
than in others that are formally integrated into the same national market.
Panel evidence for China’s logistics industry confirms persistent east —
west and coastal - inland gaps. Using a DEA-based provincial efficiency
index for 2007-2018 ye et al. show that many eastern coastal provinces
operate close to or even beyond the efficiency frontier, while several
inland provinces remain in low-efficiency states despite growing demand
[21]. For example, in 2018 the logistics efficiency scores of Shanghai,
Jiangsu, Hebei and Guangdong were 1,179, 0,880, 1,006 and 0,947
respectively, whereas inland provinces such as Yunnan, Guizhou and
Heilongjiang recorded much lower values of 0,260, 0,360 and 0,425.
Across the four macro-regions, the least efficient region has an average
logistics efficiency of only 0,476, and provinces with low scores are con-
centrated in central and western China [21]. This means that the same
national market is served by two markedly different logistics systems: a
high-efficiency coastal system and a structurally weaker inland system.

At the level of port operations, Li et al. measure the logistics efficien-
cy of 20 Chinese coastal ports in 2014-2018 and find that the Bohai Rim
port cluster operates with an adjusted comprehensive efficiency of 0,791,
whereas the Southeast coastal cluster reaches only 0.366, with the over-
all mean for all coastal ports at 0,546 and an average comprehensive
efficiency threshold of 0,604 used to distinguish high- and low-
performance ports [22]. High-throughput hubs such as Qingdao, Rizhao
and Shenzhen keep comprehensive efficiency values above 0,9 through-
out the five-year period, while several other ports remain below 0,6, indi-
cating that even within the coastal system there is a pronounced efficien-
cy gradient between mature port clusters and lagging coastal nodes [22].

Digital diagnostics based on composite indices further reinforce this
picture of coastal-inland disproportions. Liu and Zhao construct a Smart
Logistics Development Index (SLDI) for China’s provinces for 2013-2021
and show that the highest relative closeness degrees are concentrated in
coastal and eastern provinces such as Guangdong, Beijing, Jiangsu,

Zhejiang and Shanghai, while lagging regions include Jilin, Heilongjiang,
Hainan and several western and northeastern provinces [23]. In 2021, for
example, the SLDI of Tianjin and Hainan reaches only about 14 % of the
ideal benchmark, even though both belong to the eastern macro-region
[23]. The national Dagum Gini coefficient for SLDI differences exhibits a
slow upward trend over 2013-2021, and regional imbalances are driven
mainly by the gap between the eastern region and the rest of the country
[23]. Thus, even as overall smart logistics capabilities improve, the digital-
ization gap between the coastal logistics system and the inland system
remains large and, in some respects, is still widening.

Synthesized peer-reviewed studies on coastal logistics coordination
and BIM/digital-twin adoption in China (2016-2025), triangulate with na-
tional policy documents on prefabrication, and reference international
contractor rankings for external validity. The review emphasizes opera-
tional metrics over narrative claims and favors studies with disclosed
datasets or case-traceable methods. Where aggregate numbers vary
across sources, quoted the most conservative figures and mark them as
“reported by” the original authors.

Toward a Logistics-Centric Coordinating Architecture

Evidence from coastal port logistics confirms that such a coordinating
architecture works in practice. A four-stage DEA study of China’s coastal
ports shows that logistics efficiency is highest where port operations,
hinterland road and rail connections, and customs processes are planned
as one integrated system, and significantly lower where capacity expan-
sion is not matched by process coordination [22]. For inland construction
projects, this implies that a logistics-centric architecture should explicitly
link site demand, regional freight nodes and digital planning tools. Without
such integration, the project remains exposed to structural disproportions:
materials may flow smoothly through coastal gateways while last-mile
delivery to inland sites remains unreliable, lengthening construction cy-
cles and eroding the economic rationale of investment [21-22].

China’s construction performance exhibits a persistent inland-coastal
asymmetry that is best understood through the lens of logistics. The con-
centration of ports and railheads along the coast, together with thicker sup-
plier networks, compresses unit costs and stabilizes flows; but inland corri-
dors are more exposed to weather and holiday shocks and more dependent
on road haulage display higher average costs and greater variance. In a
sequential industry where downstream tasks inherit upstream delays, such
variance functions as a compounding “tax” on schedules and cash flow.

These outcomes reveals manifestations of logistics disproportions —
systematic gaps in end-to-end lead-time predictability, in the modal split
for heavy modules, and in the stability of payment cycles. Framed this
way, digitalization is not an accessory but a coordinating mechanism.
Empirical studies show that Building Information Modeling (BIM) produc-
es meaningful gains when it extends beyond geometry to the calendars
and hand-offs that govern supply; recent case evidence on digital twins
further demonstrates that factories, yards, and sites can be synchronized
so buffers become intentional, crane windows align with arrivals, and re-
sequencing precedes disruption.

China’s construction policy since 2016 has favored prefabrication and
industrialized methods, supplying a conducive macro-frame. Yet prefabrica-
tion realizes its promise only when product data are standardized, procure-
ment channels are reliable, and multimodal logistics reward rail and water
where feasible. Otherwise, components arrive late, are re-handled, or crys-
tallize as inventory that ties up working capital, especially inland.

What follows is a coordinating architecture rather than a collage of
tools. For example supply-chain BIM provides a common language in
which routings, staging areas, and inspection points live alongside draw-
ings and quantities. Factory-yard-site digital twins render reservations
and buffers visible to all parties, enabling proactive re-sequencing.
Standardized product data templates embedded in e-procurement reduce
technical ambiguity and make demand signals legible earlier. Telemetry
and transport management systems keep movements observable and
shift the longest leg toward rail or water when conditions allow. Milestone-
based payments, grounded in verifiable event time-stamps, align cash
with physical progress and lower dispute cycles.

Because coordination is ultimately a governance problem, the archi-
tecture presupposes interoperable data schemas, shared identifiers, and
open APIs so that platforms can converse across provinces and portfoli-
0s. Procurement incentives should be tied to auditable operational indica-
tors on-time delivery, rail/water share of ton-kilometres, re-handling
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reduction, the P90 — P50 spread of delivery windows, and days-sales-
outstanding, so that variability is priced and performance is rewarded.

Taken together, these elements move the discussion from growth by
scale to growth by coordination. They also set the stage for the SWOT
analysis that follows, which distills the sector's assets and frictions, the
policy and market openings, and the external threats that will shape the
pace and breadth of transition (table 1).

The SWOT analysys compresses a broad evidence base into a single
view. Strengths identify assets already in place contractor scale, coastal infra-
structure, enabling policy that can be leveraged immediately. Weaknesses
paint to structural friction inland: a road-heavy mode mix, fragmented supplier
bases, and data silos that inflate variance. Opportunities open once data for-
mats are shared and platforms connected: inland hubs become economically
attractive, twins shorten cycles in ways visible to financiers and owners, and Al
is tethered to real operational choices. Threats remind us that the window is
finite. If concentration continues and data regimes fragment, logistics dispro-
portions harden into a long-term productivity gap.

Table 1 - SWOT: Logistics and Digitalization in China’s Construction

Strengths
Scale in major contractors; dense
coastal port/rail networks; policy
support for prefabrication and
standardization; pockets of ma-
ture BIM and PMOQ practice

Weaknesses
Inland dependence on road;
fragmented suppliers and data
silos; uneven digital skills beyond
tier-one hubs; slow diffusion of
supply-chain BIM

Opportunities
National e-procurement rails with
shared data schemas; inland
consolidation hubs; wider use of
twins to shorten cycles; Al-

Threats
Continued coastal concentration;
bottlenecks in specialized im-
ports; cybersecurity and data-
localization constraints; protec-

assisted risk-aware re-
sequencing

tionist headwinds in export mar-
kets

Based on SWOT provided the Transformation Roadmap for Narrow-
ing Logistics Disproportions was developed (table 2).

Table 2 - Transformation Roadmap for Narrowing Logistics Disproportions

Measure Owner(s) Digital instrument Target indicator Horizon
National e-procurement rails with prod- | NDRC/MIIT + provinces + E-proc platform + PDT | =80 % public works by value 12-24
uct data templates (PDT) and APls major GCs registry on-platform; bid variance — 8-12 % | months
Supply-chain BIM across design —fab- | Tier-1 GCs + design insti- 4D/5D BIM + logistics | Logistics — related delays — 18-30
rication — logistics tutes + key subs calendars 20-30 % (inland) months
Inland consolidation hubs near rail- Provincial PPPs + fabrica- | Twin-enabled yard Rail/water share of prefab ton/km 24-36
heads tors mgmt + loT 240 % months
Sector-wide loT tracking and TMS GC alliances + 3PLs Telemetry + TMS On-time delivery 295 %; 12-18
optimizer - e-handling - 25 % months
Shipment/installation-based payment Owners + banks + GCs Smart-contract or DSO - 15 days; disputes cycle — 12-24
milestones attested milestones 40 % months
Al forecasting for demand spikes and GC PMOs + platform ML models + weath- P90 schedule variance — 20 %; 9-15
route risks vendors er/port feeds inventory buffers — 15 % months
Skills uplift in inland PMOs and supplier | MOE + firms + National curricula + 210,000 staff certified 18-30
networks associations sandboxes in SC-BIMITMS months

Thus, the inland hospital scenario that underpins the Transformation
Roadmap starts from a baseline in which precast panels are trucked by
road from two fabricators, with frequent re-handling on the way to site and
a wide gap between the P90 and P50 delivery times. After deploying SC-
BIM with integrated logistics calendars, loT tags on pallets and a rail-fed
consolidation hub near the main railhead, the team reschedules deliveries
into night windows, shifts the long leg of the journey to rail and links sup-
plier payments to verified on-site installation events. In the roadmap, the
percentage ranges assigned to reductions in re-handling, logistics-related
delays and the P90 — P50 delivery band are calibrated from this type of
scenario and from mid-range effect sizes reported in empirical studies of
BIM-enabled and digitally coordinated prefabrication projects, so that the
values in the Transformation Roadmap represent realistic, evidence-
based targets rather than arbitrary assumptions. The same stepwise
bundle of interventions and effects can then be transferred to schools and
mid-rise housing projects, with numerical targets adjusted to their typical
volumes and cycle times.

A well-documented example of narrowing logistics disproportions
through digital tools comes from the emergency modular hospitals built
during the COVID-19 outbreak in Wuhan. The Leishenshan Hospital, for
instance, was designed, built and commissioned in about twelve days
using a combination of modular construction, 24/7 supply operations and
intensive reliance on building information modelling (BIM) for product —
organization — process coordination [25]. In this project, BIM models and
digital platforms were used not only to coordinate on-site assembly, but
also to synchronise off-site manufacturing, transport slots and just-in-time
delivery of prefabricated modules. This effectively transformed a poten-
tially chaotic, multi-regional logistics chain into a tightly orchestrated sys-
tem, reducing on-site congestion, rework and idle time. For inland con-
struction projects facing chronic logistics disproportions, the lesson is that
similar digital coordination of modular production, transport and site oper-
ations can dramatically compress construction time and stabilise supply
flows, even when regional logistics infrastructure is uneven [24-25].

The transformation roadmap is a contract with time. Each row as-
signs responsibility, specifies the digital instrument, and proposes indica-

tors that are operational and auditable. The sequencing is intentional:
early wins in e-procurement data hygiene and 10T/TMS visibility arrive
within 12-18 months, while heavier investments such as inland hubs
require longer horizons. Read horizontally, each measure describes an
organizational bet a change in how information moves, how risk is priced,
and how work is sequenced. Read vertically, the table becomes a ladder
for narrowing logistics disproportions in a way that is visible in monthly
reports and credible to public funders.

For large construction programmes that depend on national or cross-
regional supply chains, the roadmap can be calibrated not only in terms
of milestones, but also in terms of target ranges for logistics dispropor-
tions. In analytical terms this means translating location-based and effi-
ciency-based indicators — such as provincial logistics efficiency scores
and smart logistics development indices — into simple thresholds that
define acceptable and critical levels of disproportions for the project [21,
23]. Digitally, these targets can be embedded into dashboards that track,
for example, the gap between coastal and inland delivery lead times, the
dispersion of logistics efficiency scores across the project's key regions,
or the spread between best- and worst-performing nodes in the construc-
tion supply network. When a threshold is breached, the roadmap treats it
as a formal risk event, triggering predefined responses: re-routing flows,
adjusting construction sequencing, or accelerating the deployment of
digital tools in lagging regions [24].

Limitations and further research. This synthesis relies on second-
ary sources and sectoral case studies; inland heterogeneity within prov-
inces and firm-level capability gaps require primary data. Future work
should (i) publish open lead-time datasets for inland corridors, (i) test
PDT-based e-procurement in public works, and (iii) evaluate the causal
impact of rail-hub deployment on re-handling and DSO at project scale.

Conclusion

The emergency hospital case and international evidence on BIM-
enabled prefabrication show that double-digit reductions in logistics-
related delays and re-handling are realistic when these instruments are
combined, not used in isolation. In sum, Chinese evidence confirms that
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logistics disproportions are structurally embedded in the spatial organisa-
tion of the construction supply chain, but also shows that they can be
deliberately narrowed when logistics is treated as a core design variable
and supported by targeted digital tools — from smart logistics indices and
DEA-based diagnostics to BIM-enabled coordination of off-site and on-
site processes.

The contribution of this article, building on the original paper’s diag-
nosis of coastal dominance and digital asymmetry, is to reframe China'’s
regional construction gap as a logistics disproportions problem and then
treat digitalization not as ornament but as the operating system for coor-
dination. What is different here is the center of gravity. Instead of chasing
scale effects project by project, the argument moves upstream to the
flows that make projects predictable: access to modes and nodes, suppli-
er depth, and shared data. It replaces project-centric BIM with supply-
chain BIM that models routes, staging areas and fabrication slots; it ex-
pands “site optimization” into factory-yard-site twins; it swaps ad hoc
purchasing for platform e-procurement with product data templates; it
hard-wires movement with 1oT/TMS visibility and replaces paper-based
trust with verifiable milestones; it adds inland consolidation hubs so the
longest leg defaults to rail or water. Equally important, it insists on incen-
tives that pay for reduced variability and on interoperable schemas so
platforms can talk across provinces. In short, the difference is a shift from
growth-by-scale to growth-by-coordination, measured by logistics and
cash-flow realities rather than slogans. The proposed roadmap translates
this gap into six measurable targets (e-procurement share, delay reduc-
tion, rail/water share, re-handling, on-time delivery, DSO), each linked to
digital instruments and owners

What this enables is a practical climbdown in uncertainty that inland
projects feel first. Lead times become forecastable, buffers become inten-
tional, and the default mode mix tilts toward rail and waterways; re-
handling and damage claims fall; crews, cranes and trucks idle less;
days-sales-outstanding shortens because payments travel with ship-
ments and installations; suppliers inland gain repeatable demand and can
invest in capability; owners see fewer change orders because product
data is stable end-to-end. Prefabrication stops being a promise and starts
penciling out, since information begins to outrun trucks. The same data
spine that coordinates work also lifts transparency and ESG traceability in
procurement, lowers dispute costs, and gives public funders auditable
KPIs - on-time delivery, rail/water share of ton-kilometers, re-handling
reduction, DSO - that travel cleanly into monthly reports. At sector scale,
the payoff is resilience: when weather, holidays or external shocks arrive,
re-sequencing is a rule, not a scramble. And because the playbook is
about flows and standards rather than a single technology, it is replicable
across provinces and export markets, turning international openness from
a centripetal force that concentrates advantage at the coast into a coordi-
nating force that spreads capability nationwide.
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Abstract

The article formulates the principles of information exchange between participants of supply chains during the organization of railway freight
transportation. In the research, the features of supply chains organization in railway transport were initially determined and their typology
was substantiated. Consideration of supply chains in the sphere of railway transportation established the need to change the constituent
and substantive elements of the extended and maximum chains, and at the same time determined the formation of a specific approach to determining
the composition of the main links and areas of data exchange. In contrast to the classical understanding, in the proposed typology, an extended supply
chain is formed from a simple one by including in its composition logistics, information and financial intermediaries, as well as other market entities,
which is standardly provided for by the maximum supply chain.

Taking into account the established specifics, the participants in supply chains were further determined when organizing railway transportation
in domestic and international traffic (reflecting options for both direct and extended supply chains), as well as with the participation of the carrier
in intermodal transportation (as an example of building a maximum supply chain). The principles of information interaction of participants (shippers,
consignees, cargo owners, freight forwarding organizations, financial organizations, government agencies, shipping line operators and road carriers)
within the framework of the formed material, digital and financial flows with the organization of corresponding models were formulated. In conclusion,
itwas established that the scale of the established cooperation with each of the participants in the supply chain directly depends on the type
of transportation and the adopted work technology.

Keywords: supply chains, railway transport, extended and maximal chains, information interaction, data exchange.

OCOBEHHOCTU UHOOPMALIMOHHOIO B3AUMOAENCTBMSA YYACTHUKOB NPU NOCTPOEHWM LIENEW NOCTABOK
HA XXENE3HOJOPOXHOM TPAHCINOPTE

A. A. XopoweBuy

Pechepar

B cTatbe chopmMynmpoBaHbl OCHOBbI MH(OPMALMOHHOMO B3aUMOAEACTBIS YHACTHIUKOB Liernelt MOCTaBOK MPU OPraHM3aLnn Xene3HOA0POXHbIX
rPy30BbIX MNEPEBO30K. B pamkax NpPOBEAEHHOrO WCCnefoBaHWS MEpBOHAYanbHO OnpedeneHbl 0COOEHHOCTM MOCTPOEHMS Lienei MOCTaBoK
Ha XENe3HO40POXHOM TpaHcnopTe M oBocHoBaHa WX TUMOMorusl. PacCMOTpeHMe Lienei NMOCTaBOK B MIIOCKOCTU Xene3HOLOPOXHbIX MepeBO30K
YCTaHOBUMO HEODBXOAMMOCTb W3MEHEHWS COCTaBNSIOLLMX W COAEPXATENbHbIX SMEMEHTOB PAaCLUMPEHHOW W MaKCUManbHOW LEenei nocTaBok
11 OOHOBPEMEHHO 00yCnoBMno hopMupoBaHMe CrieLnduyeckoro noaxona K OMpeAeneHnio CocTaBa MX OCHOBHBIX 3BEHbeB M obrnacten obmena
JaHHbIMM. B OoTnMuMe OT Knaccuyeckoro MOHWMaHWS B MPEASIOKEHHONW TWMOMOTMM PacLUMpeHHas Lenb NOCTaBoK (hOpPMUPYETCS M3 MPOCTOM
BKIIOYEHWEM B €€ COCTaB NOTUCTUYECKNX, MHCDOPMALMOHHBIX U (PUHAHCOBBIX MOCPEOHUKOB, @ TAKKE MHbIX PbIHOYHBIX CYGBLEKTOB, YTO CTaHAAPTHO
npegycMaTpuBaeT MakcuManbHas Lienoyka nocTaBok.

C y4eToM yCTaHOBNEHHOM Crieuudmnki B JanbHeReM onpeaeneHbl y4acTHUKM Lenein nocTaBok Npu OpraH13aLmuy Xene3Hoa0poXHbIX NepeBo3ok
BO BHYTPUPECNyONNKaHCKOM 1 MEXOyHapoaHOM COO6LeHUM (C OTPaeHWeM BapyaHTOB Kak Ans MPSMOIA Lienu NoCTaBoK, Tak U ANs pacLUMPEHHO),
aTaKkke NpW y4acTuM MNEepeBo3YMKka B WHTEPMOZArbHbIX NepeBo3kax (B KayecTBe MpuMepa NOCTPOEHUS MakCUMarbHOA LEMu MOCTaBOK).
CchopmynnpoBaHbl  OCHOBbI  MH(DOPMALMOHHOTO  B3aMMOZJECTBUS  YYACTHUKOB  (rpy300TNpaBUTENen, rpysomnonyyaTeneid, rpy3oBnajernbLes,
9KCNEeAMTOPCKMX OpraHn3aLyi, (hHaHCOBbIX OpraH13aLi, OPraHoB roCyLAPCTBEHHONO YNpaBMeHuns, ONepaTopoB MOPCKMX NHMIA U aBTOMOGUNBHBIX
NepeBO3YMKOB) B pamMkax (hOpMUPYEMbIX MaTepuarbHbiX, LMPPOBbIX M (PUHAHCOBBLIX MOTOKOB C MOCTPOEHWEM COOTBECTUBYHOLIMX MOLENEN.
B 3aBepLueHnn yCTaHOBNEHO, 4TO MaclTab ycTaHaBNMBAEMOrO COTPYAHUYECTBA C KaXabiM U3 Y4aCTHUKOB Lieny NOCTaBOK HaNpsMyto 3aBUCUT OT TUNa
NepeBO3KN W NPUHSTON TEXHOMOrMW paboThbl.

KntoueBble cnosa: Lienu noctaBeokK, )KeJ'Ie3HOJ_10pO)KHbII7I TPaHCMNOPT, paclUMpeHHbIe U MaKCMarnbHble Lieni, I/IHq)OpMaL‘I/IOHHOG B3aMMOJENCTBYE, 00OmeH
[aHHbIMK.

Introduction

Building supply chains in the modern conditions of development of
the global market of transport and logistics services, characterized by
high instability and a significant level of competition, requires a competent
approach to determining the composition of participants and establishing
their information interaction. High-quality data exchange between all
participants in the supply chain, including in the volume of shipping and
shipping documents, helps to speed up the transportation process and
reduce the labor intensity of a number of operations by ensuring the
completeness of the transmitted information.

The noted advantages determine the high relevance of the formation
of the most complete information interaction within the organization of
railway transportation, which is possible only with the initial establishment
of conjugation points and key areas of data exchange. Taking into ac-

count the above, the main goal of the study was to determine the basics
of information interaction of supply chain participants in the organization
of railway freight transportation in various variations.

Organization of supply chains in railway transport

Researchers (including R. B. Ivut [1, 2], I. A. Elovoy [3], V. |. Sergeev
[4, 5], V.V.Dybskaya [6], E.R. Abramova [7], A.P. Tyapukhin [8],
0. M. Kulikova [9], C. Harland [10], Zh. Chen, N. G. Hall [11], etc.) have
addressed the issues of evolution and identification of determinants of
development of the supply chain management concept. Have been pay-
ing attention to for over twenty years. Considering various areas of supply
chain organization, these researchers came to the conclusion that a sup-
ply chain is: a) a network of interconnected and interdependent organiza-
tions that jointly control, manage and improve flows from suppliers to end
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consumers [12, p. 14; 13, p. 101;]; b) an ordered sequence of interacting
links managed by participants that perform various functions during the
passage of flows from the source of origin to the point of repayment [14,
p. 25; 15, p. 23; 16, p. 39].

Within the framework of the functioning of railway transport, the sup-
ply chain should be interpreted as a set of interacting links that ensure the
flow of goods, services and information from the consignor to the con-
signee [17, p. 104; 18, p. 126]. A supply chain link can be represented by
both individual organizations and divisions, processes, technologies and
activities involved in promoting the flow.

In the process of building supply chains, depending on the
composition of the main links, they are formed within one of three
types: direct, extended or maximum. In general terms, a direct sup-

ply chain consists of a focal company, a first-level supplier (cargo
owner) and a first-level consumer (cargo owner) who participate in
the external and internal flows of goods, information and finance.
An extended supply chain additionally includes second-level sup-
pliers and consumers. A maximal supply chain consists of a focal
company and all participants in the chain from material suppliers to
end consumers, as well as logistics and other intermediaries
(agents) [19, p. 11-12; 20, p. 28-29].

In the context of the functioning of railway transport, the use of this
classification and approach to distinguishing between participants
in supply chains is significantly complicated. Taking into account the
specifics of freight railway transportation, it would be more correct to use
the typology presented in Figure 1.

Railway carrier
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Figure 1 - Typology of supply chains in railway transport

In contrast to the typology used in the scientific literature, within
the framework of supply chains in railway transport, it is necessary to
change the constituent and substantive elements of the extended and
maximum chains. Thus, if in the classical sense modern researchers
characterize the extended supply chain as a set of a focal company and
suppliers and consumers of the first and second levels, then in the noted
typology, the extended supply chain differs from the simple one by the
inclusion of logistics, information and financial intermediaries, as well as
other market entities — which is standardly provided for only by the maxi-
mum supply chain. This substitution of concepts is made due to the spe-
cifics of the industry under consideration and more frequent and neces-
sary interaction of railway carriers with various types of logistics and fi-
nancial intermediaries. Expansion of the supply chain to suppliers and
consumers (for the classical theory of suppliers and consumers of the
second and subsequent levels) simultaneously allows us to talk about the
organization of a maximum supply chain, characterized by increased
transparency and flexibility.

Effective supply chain management in this context involves the for-
mation of a cooperation option within which, when building a maximum
supply chain, all first-order relationships (relationships of the railway or-
ganization with shippers, consignees and intermediaries) for the railway
carrier are manageable, and all second-order relationships (relationships
of shippers with suppliers (cargo owners), consignees with consumers
(cargo owners), as well as relationships of shippers, consignees and

cargo owners with intermediaries) are tracked. Taking into account the
above, it can be concluded that successful supply chain management is
impossible without the formation and subsequent maintenance of high-
quality information interaction between a wide range of participants, the
key ones of which are:

« shippers;

« consignees;

« freight forwarding organizations at each of the sections of the route
(if the route passes through the territory of several transit countries,
freight forwarding companies will be involved in each of them);

« sea line operators and road carriers (when organization intermodal
cargo transportation);

« customs declarants involved by consignors and consignees to per-
form customs operations;

« cargo owners (parties to the purchase and sale agreement when
organizing transportation with the involvement of intermediary companies
and container terminals);

« financial organizations;

« government bodies (including customs authorities).

When building a supply chain, flows of goods, information and fi-
nances are formed between its participants, as well as corresponding
return flows. The completeness of data exchange within the formed flows
is largely determined by the initially established level of information inter-
action and the quality of the established connections.
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Information exchange between the participants during the or-
ganization of supply chains

The level of information interaction between participants in supply
chains when organizing freight railway transportation, as well as their
composition, is largely determined by the nature of the transportation.

Thus, when organizing intra-republican transportation in the classical
version, there will be actual interaction between three direct participants
in the transportation (consignor, consignee and railway carrier) and addi-
tional participation of financial organizations in the framework of ensuring
payment for services (Figure 2).

material
[ Consignor ]L

Railway carrier

( Financial ]
L organizations J
A
Financial Financial
flow flow
Incoming Outgoing
y & material ‘ ¥
flow

Consignee }

—

Return flow

‘ F

Information flow v

Figure 2 — Data flows within the framework of the classic varia

As can be clearly seen, data flows within the classical version of organ-
izing intra-republican railway transportation are evenly distributed between
all participants in the transportation and actually provide for the organization
of a direct supply chain. In this case, the incoming material flow is formed
from the consignor to the railway carrier, and the outgoing material flow
comes from the carrier. Financial flows are simultaneously directed to the
railway carrier, both from the consignor and from the consignee.

The information flow of data accompanies both the material and financial
flows. Thus, within the material flow, information is transferred in the volume of
the railway bill and shipping documents, as well as key data characterizing the
transportation and movement of the train along the route. Information support
of the financial flow consists of the formation and provision of the necessary
documentation (invoices and certificates of completion) and tracking the time-
liness and completeness of the transactions carried out.

In this case, the information interaction between the railway organiza-
tion and consignors, consignees and financial intermediaries necessarily

nt of intra-republican railway transportation (direct supply chain)

« exchange of primary data and documents with consignors and con-
signees;

« interaction with consignors and consignees within the framework of
transportation and formation of material and financial flows;

« interaction of the carrier with financial organizations within the frame-
work of execution and documentary registration of financial transactions.

Thus, the organization of freight railway transportation in intra-
republican traffic provides for the establishment of the simplest relation-
ships based on cooperation between the railway organization and con-
signors and consignees. In this case, standard information systems and
typical work technology are used as part of the technological support for
data exchange.

The organization of international freight transportation provides for
the development of a system of interaction and information linking of the
carrier in addition to the above option with freight forwarding companies
and customs authorities. Data flows generated during the organization of
international railway transportation are presented in Figure 3.

requires the inclusion of the following areas:
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Figure 3 - Data flows generated in international railway transportation with a small number of participants (extended supply chain)
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In this option, the railway organization, along with consignors and
consignees, ensures interaction with freight forwarding companies and
customs authorities included in the general information flow. In this case,
the key areas of the established information interaction are:

» data and document exchange with other railway carriers, con-
signors, consignees and freight forwarding companies in the volume of
shipping, accompanying and other documents;

« interaction with consignors, consignees at the stage of concluding
transportation contracts, as well as with freight forwarders within the
framework of transportation;

« interaction with customs authorities within the framework of customs oper-
ations and financial companies within the boundaries of financial transactions.
Simultaneously with the organization of a common information flow, the organi-

zation of intemational transportation requires the carrier to build a financial flow in
a new format, which provides for the inclusion of forwarders acting as the main
payers under the transportation contract when traveling through the territory of
transit countries, and also (if necessary) on the side of the consignee.

An important feature of this option is the need for the interconnection
of information flows between all railway carriers participating in the trans-
portation of goods. At the same time, the degree of coordination in the
work between such participants should have the highest level within the
framework of all types of flows (material, financial and information).

At the same time, the organization of international freight railway
transportation often requires the involvement of additional participants
and the corresponding organization of a maximum supply chain. Data
flows in this case will take the following form (Figure 4).
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organizations |
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TRERC I ;
o I
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. material . ] m er.
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Figure 4 — Data flows within the framework of the organization of internat

When organization a maximum supply chain, its participants are supple-
mented by suppliers and consumers who are the actual owners of the goods
at the initial and final points, as well as customs declarants. The organization
of high-quality information interaction in this version provides for:

» data and document exchange with other carriers, consignors, consignees
and forwarders in the volume of shipping, accompanying and other documents,
as well as interaction between consignors, consignees and cargo owners;

« interaction with consignors, consignees at the stage of concluding
transportation contracts, as well as with forwarders within the framework
of transportation;

« interaction with financial companies within the framework of regis-
tration of financial transactions and with customs declarants within the
boundaries of receiving information and completing customs procedures.

Thus, when building a maximum supply chain, interaction should be
ensured at two levels: at the first level - data exchange between the carri-
er and other administrations, consignors, consignees and forwarders, and
at the second level — the formation of relationships between consignors
and consignees with cargo owners. Communication with customs authori-
ties is simultaneously provided through customs declarants who ensure
the implementation of customs operations.

The last and most extensive interaction option is the option in which
the organization of a maximum supply chain is carried out within the

ional railway freight transportation when building a maximum supply chain

framework of organizing intermodal transportation. Data flows in this case
will be as follows (Figure 5).

The main distinguishing feature of the presented option is the inclu-
sion of sea line operators and/or road carriers in the composition of the
supply chain participants. Information interaction when organizing interna-
tional intermodal transportation involves the inclusion of the following key
areas:

« data and document exchange with other carriers (sea line opera-
tors and/or road carriers, as well as railway organizations) in the volume
of the SMGS consignment note, shipping and permitting documents;

« interaction with freight forwarders within the framework of transpor-
tation, as well as with consignors and consignees — at the beginning or
end of transportation within the framework of railway transport;

« interaction with financial companies within the framework of finan-
cial transactions and with customs declarants within the boundaries of
receiving information and completing customs procedures.

Organization of interaction within the framework of execution and
transfer of transport and accompanying documents in this case is provid-
ed with carriers participating in the supply chain on an equal basis with
the railway organization. Direct cooperation with consignors and/or con-
signees is practically not observed, while interaction with forwarding
companies is maintained.
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Figure 5 — Data flows during the organization of maximum supply chain within the framework of intermodal international transportation involving railway

transport
Conclusion 7.
Thus, for effective supply chain management in modern conditions, it

is necessary to form and maintain relationships with all participants in the

transportation process, ensuring high-quality information interaction. Key 8.

participants in supply chains in railway transport are: consignors and

consignees (cargo owners when organizing transportation using interme-

diary companies), freight forwarding organizations, financial organiza- 9.

tions, government agencies (including customs authorities), operators of

shipping lines and road carriers (when organizing intermodal transporta-

tion of goods), etc. 10.
A distinctive feature of building supply chains in railway transport is

the change in the constituent and substantive elements of the extended

and maximum chains, which requires a specific approach to determining ~ 11.

the areas of data exchange. The scale of the established information

cooperation with each participant in the supply chain directly depends on ~ 12.

the type of transportation and the adopted technology of work.
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Abstract

The article is dedicated to a comprehensive analysis of the application of artificial intelligence (Al) technologies in product promotion, with a focus
on economic and ethical aspects. The relevance of the research is driven by the rapid digitalization of the economy and the need for a scientific
understanding of the transformation of traditional marketing practices under the influence of Al.

The study employs a systematic approach, combining a comparative analysis of international and Russian cases, economic-statistical methods
for evaluating effectiveness, and expert assessment of the ethical aspects of Al implementation. The research covers key Al technologies, including
machine leaming, natural language processing, and big data analytics, and their impact on marketing processes.

The main findings of the study indicate significant economic benefits from Al adoption, including a 25-40 % reduction in operational costs through
the automation of routine processes, a 15-30 % improvement in targeting accuracy and conversion rates, and a 35-50 % increase in marketing
campaign ROI. Al-powered solutions enable customer segmentation, churn prediction, the creation of recommendation systems, and real-time analysis
of consumer feedback.

However, the implementation of Al is associated with substantial ethical and economic risks. The primary challenges include a loss of consumer
trust due to non-transparent Al use, risks of discrimination stemming from algorithmic bias, and high barriers to entry for small businesses. Research
shows that explicitly mentioning the use of Al in product descriptions can reduce consumer purchase intention by 10-15 %.

Based on the analysis of global and Russian cases, the article offers practical recommendations. These include implementing ethical standards
for Al use in marketing, developing industry-wide regulations for algorithm transparency, and ensuring government support for small businesses in their
digital transformation. Successful case studies from companies like Coca-Cola and Nike demonstrate that transparent Al practices can increase sales
by 25 % and boost customer engagement by 30 %.

The scientific and practical significance of the work lies in the development of a comprehensive approach to balancing economic efficiency
and ethical standards in Al-driven marketing practices. The research findings are valuable for developers of marketing strategies in the digital age,
digital economy regulators, and researchers in the fields of business ethics and digitalization.

Prospects for further research are linked to studying the long-term effects of Al on consumer behavior, regional specifics of Al technology
adaptation in marketing, and the relationship between algorithm transparency and customer loyalty.

Keywords: artificial Intelligence, marketing, product promotion, economic impact, machine leaming, natural language processing, big data
analytics, consumer trust, data privacy, ethical challenges, competitiveness, market growth.

NUCNONb30BAHUE TEXHONOIMU UCKYCCTBEHHOIO MHTENNEKTA B MPOABMXEHUW NPOAYKUUA

A. H. lNabkoBuy

Pechepar

CraTbs nocBsLLeHa KOMMNEKCHOMY aHanu3y NMPUMEHEHUS TEXHOIOTIA MCKYCCTBEHHOTO MHTENMNEKTa B Cepe NPOABYKEHNS NPOLYKLMM C aKLEEHTOM
Ha O9KOHOMMYECKNE U 3TWUYECKMe acmekTbl. AKTYambHOCTb WMCCMEAOBaHMs 0DycroBneHa CTPEMUTENbHOA  LMgpOoBM3aLMEN  KOHOMMKM
11 He0bXOAMMOCTBIO Hay4HOrO OCMbICTIEHNS TPaHC(OPMAaLK TPAANLIMOHHbIX MAPKETUHIOBbIX NPaKTUK nog, BAusHuem NN

B pabote ucnonb3oBaH CUCTEMHbIA MOAXOA, COYETAIOLMA CPABHUTEMbHBIA aHanM3 MEeXOyHapoaHbIX, POCCUIACKMX M OenopycckuX Kelcos,
9KOHOMWKO-CTATUCTNYECKNE METOAbI OLIEHKM 3((EKTUBHOCTY W SKCMIEPTHYIO OLIEHKY 3TMYECKVX acnekToB BHeapeHns UW. Vccneposanue oxeaTtbiBaeT
kntoyeBble TexHorornm UMW, Bkniovas mawwmHHoe obyyeHwe, o6paboTky ecTeCTBEHHOro fsbika M aHanu3 OOnblMX AaHHbIX, W WX BRMSHUE
Ha MapKeTUHroBblE NPOLIECCHI.

OcHoBHble pesynbTaTbl MCCENOBaHNS CBUOETENLCTBYIOT O 3HAYMTEMbHBIX SKOHOMUYECKUX MpeuMyLLecTBax BHeApeHus WV, Bknioyas CHKeHue
OnepaLmoHHbIX 3aTpat Ha 2540 % 3a cyeT aBTOMaTU3aLmK PYTUHHBIX MPOLIECCOB, MOBLILLIEHNE TOYHOCTW TapreTMpoBaHus U pocT koHBepcun Ha 15-30 %,
a Tarke yBenmyenne ROl mapkeTnHroBbix kamnanuil Ha 35-50 %. TexHonormyeckine pelleHns Ha ocHoBe WA no3BoNsIOT OCyLLECTBAATL CErMeHTaLmIo
KNWEHTOB, NMPOrHO3MPOBaHWE OTTOKa, CO3aHNe CUCTEM PEKOMEHAALMA U aHann3 NoTpebUTenbCkUX 0T3bIBOB B peanbHOM BPEMEHN.

OpHako BHeapeHue U conpsikeHo C CYLLECTBEHHBIMM 3TUMECKUMM W SKOHOMUYECKUMI prckami. K OCHOBHBLIM Bbl30BaM OTHOCSTCS CHIKEHME
noTpebuTenbCKOro JOBEPUS MPKU HEMPO3payHOM WCMONb30BaHMM MW, pucku OuCKpUMUHALMK W3-3a MPeOB3ATOCTU anropuTMOB, @ TaKkKe BbICOKME
Gapbepbl Bxoga ans manoro 6usHeca. ccnenosaHvs nokasbiBalT, YTO SBHOE YMOMWHAHWE ucrnonb3oBaHns WA B omncaHun mpomyKToB MOXET
CHWXaTb HaMmepeHust NoTpebuTeneit k nokynke Ha 10-15 %.

Ha ocHoBe aHanu3a rmobarmbHbIX W POCCUICKMX KEACOB MpeanaralTcs MpakTMYeckue pPekoMeHZaLumu, BKIKYalolme BHELPEHME STUYECKMX
CTaHAapTOB MCronb3oBaHus I B mapkeTuHre, pa3paboTky OTpacrneBbix HOPMATMBOB MPO3PaYHOCTV anropuTMoB M obecneyeHne rocyaapCTBEHHON
noLAepKN MarbIX MPEANpUsATUA B LMdPOBOI TpaHcdopMaLun. YenelHble npumepsl komnanuii Coca-Cola n Nike 4eMOHCTpUpYIOT, YTO Npo3payHble
WW-npakTvikn MOTyT yBenuumMBaTh Npogaxw Ha 25 % v noBbIlaTb BOBNEYEHHOCTb KNeHTOB Ha 30 %.

HayyHas v npakTuyeckast 3HauumocTb paboTbl 3aknioyaeTcsi B pa3paboTke KOMMEKCHOrO nofxoda K 6GanaHcMpoBaHMKO 3KOHOMUYECKOM
APPEKTUBHOCTI 1 ITUYECKUX CTAHLAPTOB B MApKETUHIOBBLIX MpaKTUKax, OCHOBaHHbIX Ha WI. PesynbTaThl uccnenosanus npefcTaBnsioT LEHHOCTb
Ons pa3paboTuMKoB MapKETWHIOBbIX CTpaTerkil LiMGpOBOA 3NOXW, PEryNsATOPOB LMGPOBOI SKOHOMUKA M UcCrieaoBaTeneil B 0bnactu GusHec-aTukn
1 LcpoBU3aLmm.

MepcnekTvBbl AanbHeRMX MCCrefoBaHNn CBA3aHbl C U3yYeHWeM AONTOCPOYHbIX addekToB BnusHUA MM Ha noTpebutenbckoe noBepeHwe,
pervoHanbHbix ocobeHHocTeil apanTauum W-TexHONOTWA B MapKeTWHre W B3aMMOCBS3M Mexy NpO3payHOCTbIO anropuTMOB M NOSIBHOCTbIO
notpebutene.

KnioueBble CNoBa: WCKYCCTBEHHbI MHTENNEKT, MapKETUHI, NPOABWKEHME MPOAYKUMM, SKOHOMMYECKOE BO3LENCTBUE, MallMHHOEe ObyuyeHue,
0bpaGoTka €CTECTBEHHOrO fA3blka, aHanu3 GonblMX [OaHHbIX, AoBepue noTpeGuTeneit, KOHMWUAEHUMANBHOCTL AAHHBIX, 3TUYECKME BbI3OBbI,
KOHKYPEHTOCMOCOBHOCTb, POCT PhiHKA.
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Report

The article is dedicated to a comprehensive analysis of the applica-
tion of artificial intelligence technologies in product promotion, with
afocus on economic and ethical aspects. The relevance of the study
is underscored by the rapid digitalization of the economy and the necessi-
ty for a scholarly understanding of the transformation of traditional mar-
keting practices under the influence of Al.

A systematic approach has been employed in this research, combin-
ing comparative analysis of international and Russian cases, economic
and statistical methods for assessing effectiveness, and expert evaluation
of the ethical implications of Al implementation. The study encompasses
key Al technologies, including machine learning, natural language pro-
cessing, and big data analytics, and their impact on marketing processes.

The main findings of the research indicate significant economic ad-
vantages associated with the adoption of Al, including a reduction in
operational costs by 25-40 % due to the automation of routine processes,
an increase in targeting accuracy, and a growth in conversion rates by
15-30 %, as well as a 35-50 % increase in the ROI of marketing cam-
paigns. Al-based technological solutions enable customer segmentation,
churn prediction, the creation of recommendation systems, and real-time
analysis of consumer feedback.

However, the implementation of Al is accompanied by substantial
ethical and economic risks. Key challenges include a decline in consumer
trust due to opaque Al usage, discrimination risks stemming from algo-
rithmic biases, and high entry barriers for small businesses. Research
indicates that explicit mention of Al usage in product descriptions can
reduce consumer purchase intentions by 10-15 %.

Based on the analysis of global and Russian cases, practical recommen-
dations are proposed, including the establishment of ethical standards for Al
use in marketing, the development of industry regulations for algorithmic
transparency, and the provision of government support for small enterprises in
their digital transformation. Successful examples from companies like Coca-
Cola and Nike demonstrate that transparent Al practices can increase sales
by 25 % and enhance customer engagement by 30 %.

The scientific and practical significance of this work lies in the devel-
opment of a comprehensive approach to balancing economic efficiency
with ethical standards in Al-based marketing practices. The results of this
study hold value for developers of marketing strategies in the digital age,
regulators of the digital economy, and researchers in the fields of busi-
ness ethics and digitalization.

Future research prospects are associated with examining the long-
term effects of Al on consumer behavior, regional characteristics of Al
technology adaptation in marketing, and the relationship between algo-
rithmic transparency and consumer loyalty.

Introduction

Artificial intelligence (Al) has emerged as a key factor in the trans-
formation of marketing processes, particularly in product promotion. In
marketing, Al encompasses a set of technologies, including machine
learning algorithms, natural language processing, and big data analytics,
which facilitate the analysis of consumer data, prediction of customer
behavior, and automation of marketing tasks. These technologies enable
the development of effective and personalized promotional strategies,
contributing to the growth of the Al market in marketing. By 2025, the
utilization of Al has become essential for the successful operation of
companies in the digital environment.

From an economic perspective, Al offers significant advantages, including
reduced operational costs, increased return on investment, and enhanced
competitiveness. The automation of tasks and precise targeting optimize
marketing budgets, allowing companies to achieve higher results at lower
costs. However, the implementation of Al is accompanied by challenges, such
as high initial investments, the need for workforce refraining, and ethical con-
cerns, including data privacy and consumer trust. These aspects necessitate a
balanced approach to maximize benefits while minimizing risks.

From a macroeconomic standpoint, Al contributes to global economic
growth by stimulating productivity and innovation. In marketing, microe-
conomic effects are manifested in improved process efficiency and en-
hanced customer experience, which strengthen the market positions of
companies. At the same time, the uneven distribution of access to tech-
nologies highlights the need for regulatory measures to ensure fairness.

The objective of this article is to analyze the use of Al in product promo-
tion. The first chapter examines the theoretical foundations of Al application,
including key technologies and their evolution. The second chapter analyz-
es practical examples of Al implementation in global and Russian markets
and their economic effects, addressing issues of trust, privacy, and technol-
ogy accessibility, along with recommendations for overcoming these chal-
lenges. The article aims to identify the optimal balance between economic
efficiency and ethical standards in the use of Al.

Economic and Ethical Aspects of Artificial Intelligence Applica-
tion in Product Promotion

Artificial intelligence (Al) has become a key factor in the transfor-
mation of marketing processes, especially in product promotion. In the
context of marketing, Al represents a set of technologies, including ma-
chine learning algorithms, natural language processing, and big data
analytics, which are used for analyzing consumer data, predicting cus-
tomer behavior, and automating marketing tasks [2]. These technologies
enable companies to develop more effective and personalized promo-
tional strategies, significantly contributing to the growth of the Al market in
marketing [15]. Research indicates that by 2025, the use of Al has
evolved from being merely a competitive advantage to a necessity for
successful operation in the digital environment [2].

Contemporary marketing strategies rely on several key Al technolo-
gies that ensure their effectiveness:

Machine Learning (ML): ML algorithms analyze large volumes of
data to identify patterns and predict consumer behavior. In marketing, ML
is applied for customer segmentation, churn prediction, and creating
recommendation systems, allowing for precise campaign adjustments.

Natural Language Processing (NLP): NLP is utilized for analyzing
textual data, such as customer reviews, and for creating chatbots that
facilitate real-time consumer interaction. This enhances customer experi-
ence and increases engagement [5].

Big Data Analytics: The ability to process and interpret vast amounts of da-
ta enables marketers to identify market trends, analyze consumer behavior, and
make informed decisions to optimize product promotion [15].

These technologies form the foundation for Al application in market-
ing processes, providing high accuracy and adaptability of strategies.

The evolution of Al application in marketing has gone through three
main stages: the initial adoption phase (2000-2010), mass implementation
(2010-2020), and integration with knowledge management systems
(2020 - present) [2]. At each stage, Al has increasingly integrated into mar-
keting processes, facilitating the transition from traditional mass marketing
to hyper-personalization, where each interaction with the customer is tai-
lored to their individual needs [10]. According to Marvi et al. (2025), the
integration of Al with knowledge management systems allows companies
not only to analyze data but also to create intelligent systems that anticipate
customer needs [2]. Modern marketing strategies utilizing Al encompass
four key areas: customer relationship management, advertising, pricing, and
product development. In particular, customer relationship management is
significantly enhanced through Al, leading to increased engagement and
customer retention [7]. This evolution underscores Al's ability to respond
promptly to changes in consumer behavior and market conditions [3].

From an economic perspective, the use of Al in product promotion
provides companies with significant advantages. Ding and Goldfarb
(2023) note that Al enhances the efficiency of advertising expenditures,
improves customer segmentation, and increases conversion rates by
optimizing targeting and reducing wastage in campaigns. For example,
the automation of routine tasks, such as content creation and data analy-
sis, lowers operational costs and allows marketers to focus on strategic
planning [15]. Additionally, Al provides a competitive advantage by ena-
bling companies to adapt more quickly to market changes and gain
deeper insights [15]. However, the implementation of Al is accompanied
by several limitations. High costs associated with the development, inte-
gration, and maintenance of Al systems can pose barriers for small and
medium-sized enterprises. Data privacy concerns and the risks of algo-
rithmic bias also present significant challenges, necessitating compliance
with regulatory requirements such as GDPR [11]. Research shows that
explicit mention of Al use in product descriptions can reduce consumer
purchase intentions, highlighting the need for a cautious approach to
communication [8]. Furthermore, the effectiveness of Al models depends
on data quality, and poor data quality can lead to inaccurate predictions
and decreased campaign efficiency [5].
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From a macroeconomic perspective, Al has a significant impact on
the global economy by fostering productivity and innovation. Acemoglu
(2025) estimates that Al could contribute approximately 1 % to global
GDP growth each decade, with substantial variations across sectors [12].
In the context of marketing, microeconomic benefits manifest in enhanced
productivity and optimized customer interaction processes [15]. However,
the implementation of Al may lead to an uneven distribution of economic
benefits, necessitating new regulatory approaches to ensure equitable
access to technologies [12]. These aspects underscore the importance of
integrating Al into marketing while considering both economic and social
consequences [16].

The theoretical foundations of Al application in marketing demonstrate
its potential to transform product promotion through personalization, target-
ing, and campaign optimization. Economic benefits, such as increased
efficiency and retum on investment, make Al an essential tool for compa-
nies seeking to strengthen their market positions. However, high costs,
privacy concerns, and risks of bias require a careful approach to Al imple-
mentation. Additionally, research points to future trends, such as further
integration of Al with other technologies and growing attention to the ethical
aspects of its use [14]. Thus, Al not only changes marketing strategies but
also demands that companies adapt to new challenges and opportunities.

Table 2 - Advantages and Limitations of Al in Product Promotion

Table 1 - Key Al technologies and their application in marketing

Al Technology e . Economic
Application in Marketing Effect

Machine Customer  segmentation, | Increased ROI

Learning churn prediction, recom- | through  precise
mendations targeting

Natural Chatbots, review analysis Reduced

Language ’ . ' | customer service

Processing content generation costs

Big Data Trend identification, con- | Improved strategic

Analytics sumer behavior analysis planning

Al technologies, including machine learning, natural language pro-
cessing, and big data analytics, provide personalization, automation, and
strategic planning in marketing, enhancing return on investment and
reducing costs. However, high implementation costs, risks of diminished
trust, ethical issues regarding data privacy, and dependence on data
quality present limitations. To maximize economic efficiency, it is essen-
tial to balance the advantages of Al with the mitigation of its limitations
through transparent and ethical approaches [17].

Aspect Advantages

Limitations

Economic Efficiency Cost reduction, increased ROI

High implementation costs

Personalization Customized campaigns

Risk of decreased trust when mentioning Al

Data Privacy In-depth consumer analysis

Ethical and legal issues

Data Quality Accurate predictions with high-quality data

Errors with low-quality data

Al technologies, including machine learning, natural language pro-
cessing, and big data analytics, provide personalization, automation, and
strategic planning in marketing, enhancing return on investment and
reducing costs. However, high implementation costs, risks of diminished
trust, ethical issues regarding data privacy, and dependence on data
quality present limitations. To maximize economic efficiency, it is essen-
tial to balance the advantages of Al with the mitigation of its limitations
through transparent and ethical approaches [17].

Al enhances marketing profitability, lowers campaign costs, and in-
creases consumer loyalty, thereby strengthening companies' competi-
tiveness in the digital economy.

Al transforms advertising by tailoring content to consumer prefer-
ences through user behavior analysis. For example, Spotify utilizes Al to
personalize playlists, thereby increasing retention and revenue. The Sill
personalizes subscriptions, reinforcing loyalty. The effect is that personal-
ization reduces costs associated with ineffective campaigns while boost-
ing conversion rates. More than 40 % of marketers reported an increase
in campaign success in 2021-2022 [4].

Al improves the customer experience through chatbots and recom-
mendations. For instance, Amazon offers personalized discounts, en-
hancing customer satisfaction. Woebot provides cost-effective mental
health support. The Pounce chatbot reduced student attrition by 22 %.
The effect is that automation lowers call center costs and increases re-
peat purchases.

Al optimizes marketing budgets by identifying effective channels. For
instance, Accenture increased sales by $ 300 million through budget
optimization. The Economist attracted 650,000 customers with a budget
of £ 1.2 million. The effect is that programmatic advertising reached $ 558
million in 2023, enhancing profitability [18].

Al increases productivity by forecasting demand and optimizing pro-
cesses. For example, P&G promotes eco-friendly campaigns, boosting
sales. Google and Amazon optimize inventory, reducing costs. The effect
is that early adopters of Al gain a competitive advantage.

In the Russian market, Al is actively being implemented. For exam-
ple, online retailers use recommendations to increase average order
value. Virtual fitting technologies reduce returns by 30 %. The effect is
revenue growth and a potential XR market worth $ 53.7 billion by 2027.

Al transforms product promotion by lowering costs and improving the
customer experience. Global cases (Spotify, Accenture, P&G) and the
Russian market demonstrate economic benefits. Companies must invest
in technologies and training to adapt their practices [7].

The online hypermarket 21vek.by, the largest e-commerce platform
in Belarus, has implemented Al to personalize product recommendations.
Using machine learning algorithms, the platform analyzes user behavior
data, purchase history, and preferences to suggest relevant products. For
example, when customers browse electronics, they are offered accesso-
ries or related items that match their interests.

Economic Impact:

A 10 % increase in the average order value due to precise targeting.

Improved customer loyalty thanks to an enhanced user experience.

Reduced marketing costs through the automation of recommendations.

Technologies:

Machine learning for data analysis and customer segmentation.

Recommendation systems integrated into the e-commerce platform.

TOPBRAND.MEDIA: "BE Ne1" Quiz for Lead Generation

Belarusian media company TOPBRAND.MEDIA used generative Al
(based on GPT) to create an interactive "BE Ne 1" quiz aimed at lead
generation. The quiz included Al-generated questions, logic, and person-
alized recommendations, which helped to increase audience engage-
ment. The campaign was implemented as part of the company's promo-
tion of its media services.

Economic Impact:

Generation of 55 leads and 55 new Telegram subscribers.

Doubling the number of leads compared to manual methods.

Reduced content creation costs through automation.

Technologies:

Generative Al (GPT) for content and quiz logic creation.

Data analysis to assess campaign effectiveness.

Based on the analysis of these cases, the following recommenda-
tions are proposed for Belarusian companies:

1. Investment in Al technologies: Implement personalization and au-
tomation systems, as in the case of 21vek.by, to enhance marketing
efficiency.

2. Development of expertise: Invest in staff training for working with
Al to overcome the barrier of knowledge shortage, noted in 70 % of cases
of Al rejection (belretail.by).

3. Ethical standards: Ensure transparency in Al use and data protec-
tion to maintain consumer trust, as emphasized in the article.

4. Government support: Utilize the resources of the High-Tech Park
for access to Al technologies and subsidies.

5. Study of successful practices: Adapt the experience of Russian
companies, such as online retailers using virtual fitting rooms, for the
local market.
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Table 3 — Examples of Al Applications in Product Promotion and Their Economic Effects

Al Application Case

Economic Effect

Personalized Advertising

Spotify (hyper-personalization of playlists), The Sill

Reduction in advertising costs, increase in conversion rates and

(lifestyle subscriptions) revenues
Customer Experience Amazon (recommendations), Woebot (support), Decrease in service costs, increase in loyalty and repeat pur-
Management Pounce (Georgia State University) chases
Marketing Budget Accenture ($ 300 million in sales), The Economist Increase in ROI, reduction in costs associated with ineffective
Optimization (650,000 customers) channels

. P&G ("Do It Every Night"), Google, Amazon (inven- Decrease in operational costs, increase in profitability and com-

Demand Forecasting I o

tory optimization) petitiveness

Russian Market

technologies

Online retailers (recommendations), virtual fitting

Increase in average order value, enhancement of loyalty, poten-
tial growth of the XR market to § 53.7 billion

Based on the conducted analysis, it can be asserted that the applica-
tion of Al in sales can be classified into three levels of integration: basic,
adaptive, and transformational. Each level is characterized by varying
degrees of technological complexity and economic impact. The basic
level ensures operational efficiency, the adaptive level focuses on cam-
paign optimization, while the transformational level provides strategic
advantage through innovative business models. For Russian companies,
such as online retailers, the priority is to transition from the basic to the
adaptive level, which will enable an increase in average order value and
customer loyalty with moderate investments. However, achieving the
transformational level requires overcoming barriers, including high costs
and the necessity of adhering to ethical standards, such as data trans-
parency and compliance with regulatory requirements, for instance,
GDPR. The proposed classification emphasizes the need for a strategic
approach to the implementation of Al that considers both economic bene-
fits and limitations to ensure the sustainable development of marketing
practices.

Ethical and Economic Aspects of Atrtificial Intelligence Applica-
tion in Marketing

The application of artificial intelligence (Al) in product promotion
transforms marketing processes, enhancing their effectiveness while
simultaneously presenting a range of challenges related to ethics and
economics. Based on the analysis of research from 2024 to 2025 and
practical examples, key issues can be identified and recommendations
proposed to address them, ensuring a balance between efficiency and
social responsibility. To structure the analysis, this section is divided into
three stages: identification of challenges, analysis of their impact, and
development of recommendations.

Stage 1: Identification of Key Challenges

The use of Al in marketing faces several obstacles that pertain to
both economic and ethical aspects. The main challenges include:

Decreased Consumer Trust: Research indicates that mentioning Al
in marketing materials can reduce customers' purchase intentions due to
the perception of technologies as opaque. This creates a necessity for
transparent communications.

Data Privacy: The analysis of consumer data raises questions about
consent and information security. Breaches of privacy threaten compa-
nies' reputations and require adherence to strict standards, such as
GDPR [19].

Risk of Manipulative Practices: Algorithms that utilize emotional data
can influence consumer behavior, leading to ethical dilemmas. The lack
of transparency in such practices exacerbates distrust.

High Implementation Costs: The development and integration of Al
require significant investments, limiting small and medium-sized enter-
prises' access to these technologies.

Changes in the Labor Market: Automation, which may encompass up
to 30 % of working hours by 2030, necessitates retraining employees to
adapt to new conditions.

Unequal Access to Technologies: Large corporations have an ad-
vantage in utilizing Al, which exacerbates economic inequality, especially
in resource-limited regions.

Stage 2: Analysis of the Impact of Challenges

Each of the aforementioned challenges impacts marketing effective-
ness and companies' reputations. For instance, decreased consumer
trust, as seen with explicit mentions of Al, can reduce conversion rates by

10-15 % [8]. Data privacy issues lead to legal risks and fines, as stipulat-
ed by GDPR, which increases operational costs. Manipulative practices,
while capable of temporarily boosting sales, undermine long-term cus-
tomer loyalty. High implementation costs of Al restrict the competitive-
ness of small enterprises, while automation requires investments in em-
ployee training to avoid social consequences, such as rising unemploy-
ment. Unequal access to technologies amplifies disparities, allowing
major players like Coca-Cola or Nike to dominate the market while small
businesses remain sidelined [20].

Practical examples corroborate these findings. For instance, Coca-
Cola, which implemented transparent Al practices, increased sales by
25 %, while Nike enhanced customer engagement by 30 % through ethi-
cal technology use. These cases demonstrate that overcoming challeng-
es is possible with a strategic approach.

Stage 3: Recommendations for Overcoming Challenges

To ensure the sustainable application of Al in marketing, the follow-
ing measures are proposed, based on an interdisciplinary approach and
aimed at balancing economic benefits with ethical standards:

Openness in Communication: Companies should inform customers
about the use of Al, clarifying how algorithms process data. Tools like the
Ethical Marketing Suite from SuperAGI enhance transparency and build
trust.

Data Protection Technologies: Utilizing federated learning and differ-
ential privacy minimizes leak risks, ensuring compliance with international
standards.

Ethical Standards: Developing regulations governing the use of Al
prevents manipulative practices. This requires the involvement of ethics
and legal experts.

Investment in Training: Employee retraining programs tailored to au-
tomation preserve employment and enhance productivity.

Support for Small Businesses: Government subsidies and grants for
small enterprises will ensure equal access to Al, reducing economic inequality.

Environmentally Sustainable Solutions: The application of energy-efficient
algorithms reduces costs and supports environmental responsibility.

Table 4 - Challenges of Al Implementation in Marketing

Challenge Characterization
Consumer Algorithmic opacity reduces purchasing activity [1,
Trust p. 15]

Data Privacy The risk of privacy breaches necessitates strict
compliance with regulatory standards (e. g.,

GDPR) [2]

Manipulative The analysis of emotional data can undermine

Practices trust in the absence of ethical guidelines [3]

Implementation | High initial investments limit accessibility for small

Costs and medium-sized enterprises (SMEs) [4]
Conclusions

The analysis demonstrates that the use of Al in marketing, while
enhancing efficiency, necessitates addressing complex ethical and
economic issues. Transparency in communication, data protection,
and personnel training are key measures for building trust and mini-
mizing risks. Supporting small businesses through government pro-
grams and implementing environmentally sustainable solutions will
help reduce inequality and ensure long-term benefits. These steps,
corroborated by the successes of Coca-Cola and Nike, form
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the foundation for the responsible application of Al, thereby promot-
ing the sustainable development of marketing strategies.

The application of artificial intelligence in product promotion is fun-
damentally transforming marketing approaches, ensuring cost-
effectiveness and creating new opportunities for customer engagement.
Technologies such as machine learning, natural language processing,
and big data analytics enable the development of personalized strategies,
cost reduction, and the strengthening of market positions. Global exam-
ples, including Spotify, Amazon, and Accenture, demonstrate increased
revenue, improved conversion rates, and process optimization. Mean-
while, Belarus cases, encompassing online retailers and virtual fitting
technologies, highlight the potential for the local market.

However, these economic benefits are accompanied by challenges that
require a comprehensive approach. Algorithmic opacity undermines con-
sumer trust, data privacy concerns generate legal risks, and manipulative
practices threaten brand reputation. High implementation costs limit access
for small and medium-sized enterprises (SMEs), exacerbating market ine-
quality, while automation necessitates workforce retraining. To systematize
Al application, a classification by integration level is proposed: basic (task
automation), adaptive (campaign optimization), and transformational (inno-
vative business models). For Belarus businesses, the adaptive level is a
priority, as it ensures growth in customer loyalty with moderate investment.

To address these challenges, several measures are proposed:
transparent communication, data protection technologies, ethical guide-
lines, personnel training, support for small businesses, and environmen-
tally sustainable solutions. These steps form the basis for the responsible
use of Al, ensuring a balance between economic benefit and social re-
sponsibility, thereby contributing to the sustainable development of mar-
keting strategies.

Table 5 — Measures for Addressing the Challenges
Measure Description
Transparent Informing customers about the principles of Al
Communication | operation to build and reinforce trust [7]
Data Protection | Implementing privacy-enhancing technologies
(PETSs) to ensure compliance with standards like
GDPR[8]

Ethical Establishing Al governance frameworks with

Guidelines multi-stakeholder expert involvement to prevent
manipulation [9, p. 8]

Workforce Implementing upskilling and reskilling programs to

Training facilitate employee adaptation to automation [10]

SME Support Providing subsidies and grants to ensure equita-

ble access to Al technologies for small business-
es [11]

Adopting energy-efficient algorithms to mitigate
the environmental footprint and operational costs
(12]

Environmental
Sustainability
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Abstract

With the rapid development of technology and the globalization of the economy, the transport and logistics sector is facing new challenges
and opportunities. Digitalization, covering all aspects of business, is becoming a key factor determining the effectiveness and competitiveness
of an organization in this area. The introduction of digital solutions will optimize supply chain management processes, improve interaction between
market participants, and enhance customer service.

The article presents an analysis of the processes of digitalization as a whole, as well as the existing methodological support in this field
for assessing digital transformation. Thus, the methods of digital development developed by JSC Giprosvyaz (Republic of Belarus), the Department
of Management of Perm State National Research University (Russian Federation), and the Analytical Agency Arthur D. Little (USA) are described.
All three techniques have both advantages and disadvantages. In this regard, there is a need to develop our own methodology that would take
into account all the nuances of existing assessment systems.

In addition, the article describes the methodology developed by the authors for assessing the level of digital transformation, which will allow taking
into account the opinions of various participants in transport and logistics activities, thanks to the developed expert indicators and the weight indicators
assigned to them.

Thus, the article examines the key aspects of digitalization of transport and logistics activities, analyzes existing methods for assessing digital
transformation, and develops an author's methodology for assessing the level of digitalization of transport and logistics activities.

Keywords: transport and logistics activities, development, digital transformation, methodological support.

METOJNYECKOE OBECMNEYEHWUE OLIEHKWU U PA3BUTUA LIMoPOBOW TPAHCOOPMALIMW TPAHCMOPTHO-
NOrNMCTUYECKOW NEATENBHOCTU

M. U. Nankosckas, E. A. Cemaluko

Pechepar

B yCnoBusx CTPEMUTENBHOTO Pa3BUTHS TEXHOMOTMIA M rnobann3aLmnm 3KOHOMMKN TPAHCMOPTHO-NOMMCTUYECKas cepa CTanKUBaeTCs C HOBbIMM
BbI30BaMX 1 BO3MOXHOCTAMK. LiucppoBusaums, oxeaTbiBaiollas BCe acnekTbl Ou3Heca, CTAHOBMTCH KITHOYEBLIM (HAKTOPOM, OMPEeLensioLLMM
9 PEKTUBHOCTL 1 KOHKYPEHTOCMOCOOHOCTb OpraHuW3auumM B AaHHOW obnacti. BHeapeHue UMEPOBbIX PELLEHUA OMTUMM3MPOBATb MPOLIECCH
ynpaBneHys Lensamu nocTaBok, ynyyliaTb B3anMOLENCTBIE MEXAY y4aCTHNKaMM PbiHKa W MOBbILLATH YPOBEHb 06CIYXUBAHMS KIMEHTOB.

B craTbe npeactaBneH aHanua NpoLeccoB LdpoBM3aLMM Kak B LiENoM, Tak W CYLLECTBYHOLLEro B AaHHO obnactu MeTogudeckoro obecneyeHns
ONs OLeHKW LmdpoBot TpaHcopmaumm. Tak, onucaHbl METOAMKN YPOBHS LidpoBoro passuTus, paspabotaHHbie OAO «npocesib» (Pecnybnuka
Benapych), kadenpoi meHemxMeHTa MepMCcKOro rocyAapCTBEHHOMO HaLMOHAMNbHOMO UCCeaoBaTeNnbCKkoro yHuBepcuteTa (Poccuiickas ®enepauus),
aHanutuyecknm areHtcteom — Arthur D. Little (CLUA). Bce Tpu METOAMKM MMEIOT Kak MpeuMyLLecTBa, Tak W He[oCTaTku. B CBA3W ¢ 3TMM BO3HWKaeT
HeobxoaMMOoCTb B pa3paboTke COGCTBEHHON METOANKM, KOTOPas y4na Obl BCE HI0AHChI CYLLECTBYIOLLMX CUCTEM OLIEHKM.

Kpome TOro, B ctatbe onucaHa pa3paboTaHHas aBTOpaMu METOAMKA OLEHKW YPOBHS LMPOBON TpaHcdopmaLmuu, KOTopas Mo3BOMUT Y4YeCTb
MHEHMS Pa3NUYHBIX Y4ACTHUKOB TPAHCMOPTHO-MOTMCTUYECKON AesTenbHOCTH, Bnarogaps paspaboTaHHbIM SKCMEPTHBIM NOKA3aTENSAM W MPUCBOEHHBIM
1M BECOBbIM NOKa3aTensm.

Takum 06pasom, B CTaTbe WUCCMEeAOBaHb! KNYeBble acnekTbl LvpoBMU3aLMM TPaHCTMOPTHO-NOTMCTUYECKON AeATeNbHOCTH, NpoaHanuanpoBaHbl
CYLLECTBYIOLLME METOAMKW OLIEHKM LMpOBOIA TpaHcdopmaumy, a Takke paspaboTaHa aBTopckas MeToduka AMnst OLEHKW YPOBHS LiUcppoBM3aLmu
TPaAHCNOPTHO-NOMUCTUYECKON AEATENBHOCTH.

KnroyeBble cnoBa: TPaHCMOPTHO-TOMCTYECKas AESTENBHOCTb, pasBuUTMe, LidpoBast TpaHchopMaLlysi, MeToamyeckoe obecrevyeHme.

Introduction

At the current stage of economic development, digitalization plays an
important role. The processes of digital transformation are developing
very rapidly, as evidenced by its penetration into all types of economic
activity without exception. If we turn to the transport and logistics field of
activity, the use of the latest inventions and the latest digital achieve-
ments in it helps to increase the effectiveness of relationships between
participants, as well as guarantees competitive advantages, which makes
the presented topic relevant. The development of informatization and
digitalization sets a peculiar rhythm for the development of the economy,
logistics and the public as a whole. The instantaneous penetration of
digitalization into everyday life is an unambiguous and distinctive feature
of the process under consideration.

Analysis of the existing methodological support for digital
transformation assessment

It is worth noting that the concept and essence of the digitaliza-
tion process, as well as a detailed description of the tools of digital
transformation of transport and logistics activities, have been stud-
ied in detail in previous articles [1, 2]. Thus, digitalization of
transport and logistics flows makes it possible to optimize the
transport and logistics process. Digital technologies guarantee an
increase in the economic efficiency of business processes in logis-
tics, increase the safety and quality of transport and logistics ser-
vices, and provide a significant competitive advantage [3, 4].

Today, there are already some examples of models that systematize
the process of digital transformation of an organization.
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The first model to start researching any techniques in the field of digi-
talization is presented by the Center for Digital Business at the Massa-
chusetts Institute of Technology. This center was established in 1999 and
is currently the most advanced in the industry. As a result of the analysis
and synthesis of the digital development of more than 400 organizations
over the course of more than one year, experts have identified the main
blocks in the development of their own model. The essence of this model
is that all its blocks, namely customer service, the production process and
the provision itself, are interdependent. By working with these elements of
the system, it is possible to achieve the desired level of digital develop-
ment. However, it is impossible to achieve total digitalization in each
individual block, since each organization only works on a specific block
that it wants to bring to a new level for itself.

The first block is a block consisting of elements specific to working
with clients, i.e. the relationship with the external environment. This block
has three components inside itself:

— understanding of the clientele (working with the client through
social networks, etc.);

— increase in income (revenue);

— finding points of intersection with clients.

The second block characterizes the production process itself. Namely:

— the very process of digitalization of a certain business process;

— the discovery of new employee opportunities during the produc-
tion process, since with the increase in digitalization of a particular pro-
cess, the employee has a new production reserve that can be directed in
the right direction;

— the ability to manage and control the output and labor intensity
of production.

The third block is the model itself, which must be achieved using the
best practices of the first and second blocks. The third block is the goal to
be achieved [5]:

— the introduction of digitalization in the organization;

— creating a new digital product or company as a whole;

—  creating a global digital community.

However, it should be borne in mind that the necessary result can be
achieved only if there is a leader who can organize the well-coordinated
work of the entire team and who clearly understands what needs to be
achieved in the final result.

The second model is Deloitte's Digital Maturity Model (DMF). This
model evaluates the level of digital transformation using the following
indicators:

—  customer;

—  the production process;

— the organization 's strategy;

—  production technology;

—  structure;

—  the culture of the organization.

At the initial stage, the organization's strategy is being investigated.
According to the results of her research, further directions of the organi-
zation's development in the field of digital transformation are visible [6].

Such a task as the digital transformation of a process or business as
awhole, and in this case, flow management, is in service with the vast majority of
organizations among various types of economic activity. Being a fairly new direc-
tion that has replaced partial computerization and informatization of business
processes, digitalization creates conditions for the growth of the number of com-
panies that need to develop and implement their own digital software products.
Thus, there is an increase in the innovative component of the business, which in
turn contributes to the effective development of the economy and logistics.

It is important to note the opinion of T.G. Shulzhenko, which states that digi-
talization of transport and logistics flow management contributes to the emer-
gence and further development of innovative production, increasing competitive-
ness in conditions where the role of individualization of consumer requirements
for goods and services increases [7]. However, based on the above, logistics at
the current stage of development is somewhat lagging behind such types of
economic activities as banking, trade, telecommunications and communications,
efc. In the vast majority of transport and logistics organizations, there are many
manual operations involved in organizing the workflow, and the organization's
assets are not fully used effectively, which slows down the process of digital
business transformation. It is important to note that many scientific papers on
digitalization have been written today that define its conceptual framework,

scope, technological component of digital transformation, etc., but it is difficult to
find any recommendations that should be followed by transport and logistics
organizations implementing digitalization tools, which is associated with some
complexity of the process of perceiving such an abstract at the moment phe-
nomena.

Today, there are various methods for assessing the level of digital
development of organizations among various types of economic activity.
In this article, we will compare some of them.

The methodology for assessing the level of digital development of
organizations, industries and functional areas developed by JSC
Giprosvyaz (Republic of Belarus) in its approach is based on a set of data
from individual business processes and their contribution to the overall
result, as well as summarizing information about the level of computeriza-
tion, automation and informatization. The relationship between computer-
ization, automation, informatization and digitalization is shown in Figure 1.

digitalization

|

automation

Figure 1 - The relationship of the methodology elements

informatization

The approach to assessing the level of digitalization of an organiza-
tion is presented in formula (1):

Sa-ClK = K.
c=T |4 > A, ()
;ai Ei 2 Etr

where C - an indicator of the level of digitalization of an organization;

Ci—an indicator of the level of digitalization of the first business process;

ai— the weight of the I-th business process in the organization's activities;

Ki, A, Ei — levels of computerization, automation and informatization
of the I-th business process;

K, Aw, Err — required levels of computerization, automation and in-
formatization.

In cases where it is difficult to obtain information about the impact of
individual factors on the digitalization process, you can use a simplified
version of formula (2):

2 2 2
C=§/C0+C3B+ny (2)

where Cy- an indicator of the level of digitalization of business manage-
ment processes;

Co - an indicator of the level of digitalization of the main business
processes;

Cs - an indicator of the level of digitalization of auxiliary business
processes;

n— the number of private indicators of automation and informatiza-
tion related to a specific type of business processes.

The value of the indicator of the level of digitalization is determined based
on expert estimates in accordance with the developed assessment scale:

0 - there is no digitalization;

1 — computerization of the enterprise (organization) and automatic
digital data collection is carried out in real time, without human involve-
ment (your business, suppliers, consumers, competitors, market condi-
tions, logistics, preferences of a higher-level system, market trends);
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2 - the informatization of the enterprise (organization) is carried out,
automatic digital data collection in real time, without human intervention,
and subsequent dynamic analysis of this data in real time (a digital asset
has been created);

3 — an intelligent decision support system has been implemented, in-
cluding automatic digital data collection and subsequent dynamic analyt-
ics, the results (digital asset) are used by the company's management to
make operational and optimal decisions;

4 — an enterprise ecosystem has been created in which all business
processes are digitized, management decisions are formed and imple-
mented automatically (if necessary, some of them are approved or ad-
justed by the company's management, who is responsible for the conse-
quences of the management decision made and implemented). The role
of managers is to determine the goals (sub-goals) of the functioning of
the enterprise management system, the system of constraints and per-
formance criteria, development directions and areas of activity [8—12].

This method of assessing the level of digitalization based on data on
the levels of computerization, automation and informatization allows you
to obtain general information about the company, monitor changes in the
field of digitalization and identify growth points.

The Department of Management of Perm State National Research Univer-
sity (Russian Federation) has developed a methodology that allows assessing
the degree of use of modem information and communication technologies for the
implementation of various business processes of the organization.

The essence of this methodology is to identify six large business processes
(personnel management, service provision (production), marketing, logistics,
finance and accounting, general business activities) and divide them into subpro-
cesses. The assessment process itself consists of three stages: mailing, filing
out and processing questionnaires. As a result, you can get an accurate level of
digital development. A distinctive feature of the method under study is the sim-
plicity of working with the questionnaire, minimal time, but accurate and reliable
results [13]. A fragment of the questionnaire is shown in Figure 2.

IV, Logistics
4.1 Procurement management yes no -
4.2 Sales management no no no

4.3 Managing the movement of inventory
within the company

yes no no

4 4 Transportation of inventory (to/from the
company)

yes yes Beltransputnik,

Resurscontrol

4.5 Warehousing

no no -

|5 at least one of the software you specified in

unified company management system (for
example, ERP systems)?

paragraphs 4.1 - 4.5 an integrated module of a

no

Does at least one of the software/cloud
services you specified in paragraphs 4.1 -45
provide interaction with at least one external
counterparty?

no

Figure 2 - Fragment of a questionnaire for assessing the level of digitalization according to the methodology of Perm State National Research University

The Arthur D. Little analytical agency has developed the Digital
Transformation Index (USA), which evaluates the level of digitalization in
the following sectors: strategy and leadership, products and services,
customer management, operations and supply chains, corporate services
and control, information technology, workplace and culture. This is
acumulative indicator based on comparative expert estimates [14].
The essence of the methodology is to compile a radar with industry aver-
ages and indicators of companies that have achieved significant success
in digitalization. Such a system makes it possible for an organization to
understand its level in comparison with other enterprises. However, the
negative side of this technique is that it is difficult to find the necessary
statistical information, and you also need to have certain skills to build
a radar, and then process the results from the radar.

Thus, after conducting a comparative analysis of three methods for
assessing the level of digital development of transport and logistics en-
terprises, it can be concluded that a distinctive feature of all methods is
the interpretation of the final evaluation results, while the indicators them-
selves for assessing the level of digitalization are generally similar. In
addition, a consistent process of processing results is not indicated either
in the methodology of the Perm Institute or in the index of the Arthur D.
Little agency, therefore, further improvement of the methods under con-
sideration is necessary.

Methodology for assessing the digital transformation of
transport and logistics activities

Based on the analysis of various methods for assessing the level of
digital transformation of a transport and logistics organization, it is con-
cluded that all approaches are based on similar aspects. However, the
author suggests another method that takes into account the opinion about
the level of digital development of a transport and logistics organization
from various sides.

The essence of the proposed methodology is that it is necessary to
develop a specific list of indicators characterizing the digital transfor-
mation of the transport and logistics business and assign weight to each
of the presented indicators (criteria). This weight will reflect the im-
portance of a criterion for the digitalization process. It is worth noting that

the technique is quite flexible and both the indicators and their weight can
be adjusted depending on the case and need. The only distinguishing
feature is that the sum of the weights of all criteria should give 1 or 100 %
if the weight is presented in relative terms. In addition, the developed
methodology is applied twice, namely, at the first level, the weights are
set by a trained group of experts, and at the second by the organization's
staff. The average is derived from the two values obtained. This allows for
a more comprehensive assessment of the degree of digitalization, as the
assessment takes into account the opinions of different parties. It is im-
portant to note that the number of such assessments can be increased,
which will allow for an even more accurate assessment of the level of
digital transformation of transport and logistics activities.

The result of assessing the level of digital transformation of
a transport and logistics organization can be presented graphically.

Table 1 shows the indicators for assessing the digital transformation
of transport and logistics activities.

After summing up the weights of those indicators that can be attribut-
ed to the organization under study, it is possible to assess the degree of
digital development of the transport and logistics organization.

If the sum of all indicators is up to 30 %, then we can talk about the
digitalization of several business processes.

If the sum of all indicators is up to 85 %, then the main business pro-
cesses of the organization are being digitized.

If the sum of all indicators is over 85 %, then all business processes
of the organization are fully digitized.

Thus, this methodology is simple enough to evaluate any organiza-
tion and shows accurate end results.

It is important to note that the assessment of the digital transfor-
mation of an organization using this methodology should be carried out
over a certain period of time in order to monitor the "digital" situation.
This will make it possible to quickly make attempts to improve the com-
pany's development in the field of business digitalization, if there is an
emphasis on this. For greater clarity, it is possible to depict the results of
the assessments in the form of a graph, where there will be a clear trend
of development or, conversely, decline. An example graph is shown
in Figure 3.
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The trend in the level of digitalization of the organization
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69,0%
68.5%
68.0%
67.5%
67.0%
66.5%

66,0%

the level of digitalization

65,5%
65,0% 65%

64.5%

68%

03.04.2025 23.05.2025 12.07.2025 31.08.2025 20.10.2025 09.12.2025 28012026 1%.03.2026 08.05.2026 27.06.2026
the date of the assessment

Figure 3 — The trend in the level of digitalization of a transport and logistics organization

Table 1 - Indicators for the methodology of assessing the digital
transformation of a transport and logistics organization

Experts
Indicator . Weight
number Indlcator (fracgon)
1 2 3
1 Costs of innovation in digitalization 0,07
2 Own digital developments (patents) 0,25
3 Using electronic document management 01
4 Availability of digital systems (e. g. ERP) 0,15
5 Working with Artificial Intelligence (Al) 0,08
6 Updating data online 0,09
7 Working on an electronic platform 0,06
8 The ratio of workers to machinery (computer) 0,05
9 The organization's prominence through the 0.05
use of digital transformation achievements ’
10 Working with clients online 0,1
Employees of the organization
Indicator . Weight
number Indicator (fract?on)
1 Costs of innovation in digitalization 0,07
2 Own digital developments (patents) 0,25
3 Using electronic document management 01
4 Availability of digital systems (e. g. ERP) 0,15
5 Working with Artificial Intelligence (Al) 0,08
6 Updating data online 0,09
7 Working on an electronic platform 0,06
8 The ratio of workers to machinery (computer) 0,05
9 The organization's prominence through the 0.05
use of digital transformation achievements ’
10 Working with clients online 0,1
Conclusion

Thus, the developed methodology for assessing the level of digital
transformation of a transport and logistics organization differs from other
existing methods due to the simplicity of obtaining results and the low time
required for its implementation. However, the accuracy of the obtained
results remains at a high level and with minimal error. This methodology will
allow, using real data, to analyze your position in the field of business digi-
talization, compare yourself with other organizations engaged in the same
type of economic activity, and, consequently, identify possible growth
points. Obviously, the digitalization of an organization is a rather lengthy
and complex process that requires a certain level of attention. In addition,
the digital transformation of a business at its various stages should have a
positive impact on the company's performance indicators. In this regard, a
model of digital transformation of transport and logistics activities has been
developed in previously published articles [15-20].
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Abstract

The scientific research is devoted to the application of the utility approach to the study of socio-economic processes occurring in the scientific
and technical sphere. It is shown that one of the reasons for the inconsistency of scientific and technical progress is the cost (cost) method of assessing
its effectiveness, which consists in identifying costs with results and ignoring the usefulness of its achievements. The target (useful) result
of the functioning of the scientific and technical sphere should be considered not the maximization of R & D costs and not even the scientific
and technical information obtained as a result of them, but a change (improvement) in the structure (quality) of GDP. At the same time,
for the quantitative assessment of the GDP structure, the indicator of the level of technological effectiveness of the economic system is proposed
foruse, and as another useful criterion for the efficiency of the above-mentioned sphere — an increase in the utility coefficient of R & D costs
and the procedure for its calculation is determined. The dynamics of the utility coefficient of R & D costs is also shown both in the Republic of Belarus
and in the Russian Federation. Based on the analysis of statistical information available in the public domain on the development of the scientific
and technical sphere in a number of technologically advanced European countries, it was proven that the useful characteristics of its functioning are
as significant as traditional cost indicators, such as the science intensity of GDP and others. Based on this, appropriate recommendations were given
on the development and implementation of a strategy for technological catch-up as a tool not only for strengthening the technological security
of the state, but also for overcoming global contradictions generated by scientific and technical progress.

Keywords: scientific and technique progress, scientific and technical sphere, scientific and technical activity, scientific and technical information,
level of processability, R & D costs, utility, R & D costs utility ratio, technological safety.

MONE3HOCTHbIA MOAXOA K AHANU3Y U OLIEHKE HAYYHO-TEXHUYECKOW AEATENBLHOCTU

C. B. MakapeBuu

Pedepar

HayyHoe wnccnegoBaHne MOCBSALLEHO MPUMEHEHMIO MOME3HOCTHOrO MOAXO4A K WCCNefOBaHWMI0  COLMAanbHO-9KOHOMUYECKUX MPOLIECCOB,
MPOMCXOAALLMX B Hay4HO-TeXHM4ecKoi ccepe. okazaHo, YTO OAHOW M3 MPUYMH MPOTMBOPEUMBOCTM Hay4YHO-TEXHUYECKOrO Mporpecca ABMSETCs
3aTpaTHbI (CTOMMOCTHON) METO, OLEeHKM ero 3thdeKTUBHOCTM, 3aKMIOYalOLLMIACA B OTOXAECTBAEHUN 3aTpaT C pesynbTaTamu M MUrHOpUpOBaHWUM
rMonesHocTM ero AOCTWXEHWNA. LleneBbiM (MOMe3HbIM) pesynbTaToM  (DYHKLMOHMPOBAHWS HaY4HO-TEXHUYECKON C(epbl [OIMKHA CYMTaTbCs
He makcummuaaums 3atpat Ha HUOKP u pgaxe He nomyyeHHas B MX pe3yrnbTaTe Hay4HO-TEXHMYEckas WH(OpMaLus, a M3MEHeHue (ynydlleHue)
CTPyKTYpbl (kayectBa) BBIM. Mpu 3TOM ANs KONMWUYECTBEHHOM OLEHKM CTpykTypbl BBI npeanoxeH K MCNonb3oBaHWK NOKa3aTeNb YpOBHS
TEXHOMOTMYHOCTH  SKOHOMMYECKOA CMCTEMbI, @ B KayecTBe elje OFHOrO0 MONME3HOCTHOTO KpuTepus 3tdEKTMBHOCTU  (YHKLMOHMPOBAHMS
BbILLEYKa3aHHOW ccepbl — yBenuyeHne koadduumerTta nonesHoctn 3atpat Ha HWOKP u onpegeneH nopspok ero pacdeta. A Takke nokasaHa
AuHamuka koadbdvumenTa nonesHoctn 3atpat Ha HWMOKP kak B Pecnybnuke Benapyck, Tak u B Poccuiickonn ®epepaunn. Ha ocHoBe aHanmsa
CTATUCTMYECKO WH(OPMaLK, pa3MEeLLEHHON B OTKPLITOM [OCTYNe, O PasBUTAM HayYHO-TEXHUYECKOW Cdepbl psga TEXHOMOTNYECKN PasBUTLIX
eBponeiick1X CTpaH BbINo AoKa3aHo, YTO NONE3HOCTHbIE XapaKTEPUCTUKM €€ (YHKLIMOHMPOBAHWS CTOMb e 3HAYNUMbI, YTO W TPAAMLMOHHbIE 3aTpaTHble
rnokasatenu, Takve kak Haykoemkoctb BBI1 w gpyrve. Wcxoas w3 atoro, aaHbl COOTBETCTBYIOWME pekOMeHAauun no paspabotke v peanusavmm
CTpaTernm TEXHOMOTMYECKOr0 HABEPCTbIBAHWA B KauyecTBE MHCTPYMEHTA He TONMbKO YKPEenmneHus TexHomoruyeckoid 6es3onacHoCTM rocyaapcTea,
HO 1 NPEOAOIIEHNS NOPOXAEHHBIX HAYYHO-TEXHUYECKM NPOrPECCOM rnobanbHbIX MPOTUBOPEYNA.

KnioueBble CnoBa: Hay4HO-TEXHWYECKUA MPOFPECC, HAy4YHO-TEXHWYECKas Cdhepa, HayYHO-TEXHUYECKAs [eATENbHOCTb,  Hay4HO-TEXHUYECKas
MHhOpMALWs, YPOBEHb TEXHOMOMMYHOCTY, 3aTpaTsl Ha HUOKP, nonesHocTs, koadhdmumeHT nonesHocTv 3atpat Ha HAOKP, TexHonomyeckas 6e30nacHoCTb.

Introduction

Modern global economic processes have a specific impact on scien-
tific and technological progress in different countries of the world, includ-
ing Belarus and friendly countries, which is significantly different from
what it was 2-3 years ago. Among the main features of the current stage
of development of the earth's civilization, the following should be men-
tioned first of all:

1) digital transformation of the economy and society as a modern
phase of industrialization — a permanent process of equipping them with
modern technical devices (in this case, with digital software control) [1, 2, 3];

2) an unprecedented aggravation of global contradictions in the devel-
opment of the earth's civilization caused by scientific and technological
progress, including raw materials, energy, environmental, food, demograph-
ic, migration, military and other similar problems in their scale [4, 5, 6];

3) a sharp complication of the geopolitical situation on the planet,
including the introduction of political and economic sanctions by some
countries against others, including the unleashing of a technological

war by Western countries against Belarus, Russia and other powers
defending their sovereignty as a process of excommunicating them
from access to Western high-tech products and technologies for their
production [7, 8, 9];

4) an objective need to modemize the domestic economy and implement
an active industrial policy in Belarus and other friendly states [10, 11, 12].

The above and some other circumstances dictate the need to accel-
erate the technological development of the Belarusian and Union (mean-
ing the Union State of Belarus and Russia) economy. Unfortunately, there
are a number of serious obstacles along this path, the main one of which
is, perhaps, the cost-based, inherently expensive approach to assessing
socio-economic processes, including the analysis of the functioning of the
scientific and technical sphere [13].

In the most general sense, the term "cost approach” implies the fact,
which generally lies on the surface, that due to the insufficient theoretical
development of the category of "utility" and, most importantly, the objec-
tive difficulties of its quantitative measurement, economists prefer to
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focus their attention on the cost characteristics of economic goods asso-
ciated with cost analysis. At the same time, their utility parameters are not
considered in detail, since it is believed that this function is carried out in
practice by free markets instead of economists, "trained" to deprive those
who produce less useful goods of profit and to reward those whose prod-
ucts better satisfy consumer demands [13]. At the same time, however, it
should be understood that even profit, which the absolute majority of
modern economists perceive as a result exceeding costs, from the stand-
point of classical political economy represents only a part of the costs of
surplus labor of hired workers. Thus, it turns out that the competitive-
market capitalist doctrine of development, which places the maximization
of profit and its derivatives at the forefront, in reality orients the economy
and society as a whole toward an endless increase in costs, which in fact
leads humanity to a global conflict with nature and a general environmen-
tal catastrophe.

The above circumstances at the planetary level make it urgent to
search for (develop) a new anti-crisis (anti-cost, useful in its meaning)
economic scientific and educational paradigm capable of leveling and
even overcoming the complex of the above-mentioned global contradic-
tions of human development caused by the conflict of its insatiable needs
and the possibility of their satisfaction by nature. Since many researchers,
not without reason, believe that the complex of the above problems is
caused by scientific and technological progress, it seems that the use of
a useful approach to assessing the functioning of the scientific and tech-
nical sphere is the path that can finally lead humanity to a trajectory of
truly sustainable development. In this regard, we are deeply convinced
that a useful, anti-cost in its essence approach to the analysis of socio-
economic processes and, above all, the scientific and technical sphere
should become the main direction of further development of economic
theory in the 21st century and the third millennium.

Results and their discussion

One of the areas of implementation of the research work at BSU
"Development of the high-tech sector of the economy as a factor in en-
suring scientific and technological security of the Republic of Belarus”
(task of the State Program of Scientific Research "Economy and Humani-
tarian Security of the Belarusian State" for 2021-2025) is the develop-
ment of a utility method for studying scientific and technological progress.
Unfortunately, it must be admitted that the analysis and assessment of its

Costs of acquisition
of useful

11 the research sector

achievements is still dominated by the cost approach characteristic of
economists, which boils down to identifying the costs and results of eco-
nomic (in this case, scientific and technical) activities. A typical example
of the manifestation of the cost approach to the study of the scientific and
technical sphere is, for example, the tradition that has developed among
economists and officials to consider (define, assign) the science intensity
of gross output (GDP, GRP, etc.) as the main integral criterion for its
development [14]. For example, in the Program of Socioeconomic Devel-
opment of the Republic of Belarus for 2021-2025, one of the most press-
ing tasks is identified as "achieving the level of innovative development of
the leading countries of Eastern Europe based on the implementation of
the intellectual potential of the Belarusian nation by improving the condi-
tions for the implementation and stimulation of scientific, technical and
innovative activities, and the accelerated development of innovative infra-
structure. This task involves increasing the science intensity of GDP to
a level of at least 1 percent" [15].

The results of our studies show that the GDP science intensity indi-
cator, being a typical cost parameter of the scientific and technical
sphere, does not always adequately reflect the actual level of its devel-
opment. The fact is that in practice, costs are never fully transformed into
the final useful result, for example, due to their excessively large useless
losses. It is no coincidence that in engineering sciences, the criteria for
the efficiency of technical systems are the efficiency coefficients (EC) and
useful use coefficients (UUC), since with low values of these clearly use-
ful characteristics, any increase in the consumption of energy consumed
by equipment will be equivalent to its banal waste. In order to exclude
similar "waste" in the scientific and technical sphere, we propose to re-
place (or even better in addition to) the traditional cost criteria for its as-
sessment using utility parameters that focus attention not on costs, but on
the final useful result. Of course, the most difficult scientific problem is the
definition and quantitative measurement of this very useful result, which
was already discussed above.

In the process of solving the set tasks, we managed to develop
a methodology and technique for quantitative determination of the final
result of scientific and technical activity. In our opinion, its final useful
result is not the costs of R & D or even the scientific and technical (includ-
ing useful) information obtained in the process of their implementation,
but a change (improvement) in the structure of gross output in favor of the
products of more high-tech types of economic activity (Figure 1).

The final useful result of scientific research,
scientific and technical, and innovative activities
is a change (improvement) in the structure of
gross output in favor of more high-tech types of

R&D costs R&D costs Tmpact on the . .
structure of gross economic activity
tput '
@ Ué%i;ul @ ou.-pu 30%
Research and — S > Commercial \";‘
Development Sector K manufacturing sector [ ¥ H W
10%

Costs of acquiring useful STI 15%

Useful
Useless STI from other from other sources Gross Gross output
79T » sources output in in the
v the base planning
period period
Designations:

STI - scientific and technical information; SSTI — (national, state) system of scientific and technical information; R & D — research and development
work; I, 11, 1II, IV, V, VI - contributions to gross output of types of economic activity related to the first through sixth technological waves, respectively

Figure 1 - lllustration for determining the final useful result of scientific and technical activity
Source: own development of S. V. Makarevich under the scientific supervision of Professor V. F. Bainev

For an objective quantitative measurement of this improvement,
we proposed a special indicator of the level of technological readi-
ness of an economic system (enterprise, industry, region, country)
TL (*technological level”), which characterizes the average weighted
contribution of specific types of economic activity to its gross output,
taking into account their typification by the level of applied technolo-
gies based on the European Classification of Types of Economic

Activity. This indicator is a real number from the range from 1 to 6
(distinguished technological structures), reflecting the average
weighted technological structure of the economic system. The meth-
odology and techniques for determining this indicator are described
in detail in [16, p. 213-226], and the results of his calculations for
Belarus, Russia, China and the assessment for the G7 countries are
presented in Figure 2.
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Figure 2 — Dynamics of the level of technological development of the national economy of some countries of the world [16, p. 221, 225-226]

Using and developing the utility method of assessing scientific and
technical activity and, in particular, relying on its central position that its
final useful result is manifested in the form of an improvement in the
structure of gross output, we came to some important conclusions. First
of all, we had to admit that only that part of scientific and technical infor-
mation that has been tested (verified) by commercial interest should be
considered useful (see Figure 1). The fact is that, firstly, it is the commer-
cial (private and public) sector that produces material goods, provides
services, performs work and thereby directly influences the structure of
gross output of the national (industry, regional) economy, directly setting
the level of its technology. And secondly, only commercial interest can, in
our opinion, be considered a more or less reliable filter that cuts off use-
less expenses from useful expenditures on R & D [17, p. 30].

Analyzing the information presented in Figure 1, it is necessary to
specifically characterize the role assigned to the national (state) system
of scientific and technical information (SSTI). This role, in our opinion,
consists of reducing transaction costs (expenses) in the transfer of scien-
tific and technical information from generators to its consumers and, ac-
cordingly, facilitating access to it by commercial production organizations,
which contributes to improving the parameters of the functioning of the
scientific and technical sphere and increasing the quality of GDP as a
whole.

Taking into account the above, we proposed to use several useful in-
dicators characterizing scientific and technical activity, among which the
most significant are:

— useful R & D costs, which are the sum of commercially verified
(implemented in the commercial private and public sector) R & D costs
and similar costs that led to a change in the structure of fixed assets in
the non-profit sectors of the national economy — in the non-profit public
sector, the higher education sector and the non-profit organizations sec-
tor. In our opinion, the composition of useful R & D costs should include
costs for special equipment and capital costs arising in the specified non-
profit sectors, since these costs also directly affect the structure of fixed
assets of the national economy and its gross output [18, p. 45];

— the R & D cost utility coefficient, calculated as the ratio of useful
R & D costs to the total volume of R & D costs. This coefficient, being
close in its essence to the technical efficiency indicators Efficiency (KPI),
reflects the share of expenditure on research and development, which
contributed to the change in the structure of gross output, in their total
volume [18, p. 46].

Based on the relevant statistical information for Belarus and Russia,
it was possible to analyze the dynamics of the R & D cost efficiency coef-
ficient in comparison with the science intensity of GDP for the period from
2017 to 2023 (Table 1).

Table 1 - Dynamics of some utility and cost indicators reflecting the efficiency of the scientific and technical sphere in Belarus and Russia

Indicator Years

2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023

Republic of Belarus
R & D Cost Utility Ratio 0,730 0,728 0,713 0,696 0,681 0,668 0,713
Science intensity of GDP, % 0,58 0,61 0,58 0,54 0,46 0,47 0,58

Russian Federation
R & D Cost Utility Ratio 0,913 0,884 0,899 0,888 0,366 0,803 0,627
Science intensity of GDP, % 1,10 0,99 1,04 1,10 0,99 0,94 1,00

Source: authors’ own development based on data from [19, 20].

The data in the table show that in the last years under study, a sys-
tematic increase in R & D costs in monetary terms has been noted for
both analyzed countries, but the share of useful costs in their scientific
and technical sphere was shown only by the Republic of Belarus. And in
the Russian Federation, a strong decrease in useful costs in the scientific
and technical sphere is observed, which indicates a decreasing efficiency
of using the expended resources.

Proposing the R & D expenditure utility coefficient for use as an al-
ternative (supplement) to the traditional indicator of GDP science intensi-
ty, we carried out a correlation and regression analysis of the impact of
these two significant parameters on GDP and investment activity based
on statistical data from seventeen Western technologically advanced
countries whose share in the global economy is relatively comparable to

Belarus. Thus, the sample included Hungary, Germany, Denmark, Latvia,
Lithuania, the Netherlands, Poland, Romania, Serbia, Slovakia, Slovenia,
Finland, France, Croatia, the Czech Republic, Sweden and Estonia. The
time range of the analysis extended from 2010 to 2021. The GDP indica-
tor, which quantitatively characterizes gross output, and the volume of
investment in fixed capital, a parameter that has a direct impact on
changes in the structure (quality) of GDP, were selected as dependent
parameters (regressors). Let us recall that within the framework of the
utility method of research into scientific and technical activity that we are
developing, it is the change in the structure of gross output that is its final
useful result.

As a result of this part of the study, a system of regression equations
was obtained [21, p. 23]:

BBIT = 6 097 324,1KM3kuoke + 847 081,2:Haen — 4 036 471,6; Re=0,98; (1)
(b)) (0,0004398) (0,0057439)  (0,0000021)
WMHEOK = 15 789,0-KM3kuoke + 1676,1-Heen — 11 168,7; Re=0,97, @)
(0) (0,00059) (0,02581)  (0,0000018)
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where BBI - gross domestic product, million euros; KM3kuoke — R & D
cost efficiency ratio; Hessr — science intensity of GDP, %; MHeOK — vol-
ume of investments in fixed assets, million euros.

It is obvious that the regression equations (1) and (2) obtained by us
characterize the impact of the regressors — cost (science intensity of
GDP) and utility (utility coefficient of R & D expenditures) characteristics
of scientific and technical activities on the quantitative and qualitative
parameters of GDP of the countries we analyzed. Comparison of the
values of the coefficients for the regressors allows us to conclude that
both science intensity of GDP and the utility coefficient of R & D expendi-
tures affect the qualitative and quantitative parameters of gross output.
At the same time, the specified impact from the utility coefficient of R & D
expenditures is quite comparable with a similar impact exerted on de-
pendent variables by science intensity of GDP. Consequently, when ana-
lyzing and planning scientific and technical activities, it is important to
take into account (increase) not only the indicator of science intensity of
GDP traditionally used for these purposes, but also the utility coefficient
of R & D expenditures. We are convinced that the use of the new useful
criteria and indicators for assessing the scientific and technical sphere
that we have proposed will increase the efficiency of the resources it uses
and will serve as a stimulating factor for the scientific, technical and tech-
nological development of Belarus and other friendly countries.

Conclusion

The unprecedented aggravation of global problems of civilization, the
associated sharp complication of the geopolitical situation on the planet
and, finally, the need to form a technetronic economy, urgently dictate the
search for (development) of a fundamentally new socio-economic scien-
tific and educational paradigm. It seems that the solution to this problem
is possible through a wider use of useful criteria for assessing the
achievements of scientific, technical and socio-economic progress in-
stead of traditional cost indicators, which, alas, are oriented towards in-
creasing costs. For Belarus and Russia, for a number of reasons, this is
of vital importance. The fact is that the technological lag between our
countries and their strategic competitors, against the background of tough
technological and other sanctions applied to them, has designated a clear
threat to their economic and national security.

To overcome this threat, we consider it necessary:

— o officially designate the strategy of accelerated technological
development (strategy of technological catch-up) as the main state stra-
tegic priority of Belarus and Russia, subordinating its implementation to
the monetary, budgetary, tax, scientific and educational, etc. policies of
both countries;

— within the framework of the implementation of this strategy, the
indicator of the level of technological development of the national econo-
my of both our countries should be made not just statistically taken into
account, but a strategically priority target parameter of their development,
and we should also move to planning and strict control over the growth of
this indicator in order to systematically reduce and eliminate the techno-
logical lag we have allowed. In particular, we consider it necessary to set
the governments of Belarus, Russia and their Union State the task of
ensuring a systematic increase in the indicator of the level of technologi-
cal development of the union economy from its current value of 3.5-3.7
(see Figure 2) to, say, 4.5 by 2030 and 5.0 by 2035;

— the increase in the indicator of science intensity of GDP must be
necessarily linked to the increase in the coefficient of utility of R & D ex-
penditures, giving the utility parameter of development of the scientific
and technical sphere significant importance.

It seems that a wider use of the utility approach to the study of
socio-economic processes opens up great prospects not only for
increasing the efficiency of the scientific and technical sphere, but
also for solving global problems of earthly civilization generated by
scientific and technical progress.
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Abstract

The article considers aspects of potential development of the socio-economic space of small and medium entrepreneurship. Particular attention is paid
to the consideration of issues of roadmap formation, digital transformation and standardization. The roadmap for various entrepreneurial initiatives
is amodem way to activate the development of small and medium entrepreneurship based on long-term planning for the development of this sector
of the economy. The use of such practices in our country will solve a range of socio-economic problems in the development of small and medium
entrepreneurship. The use of the Roadmap will synchronize the processes of development and support of small and medium entrepreneurship at three
levels: republican, regional and local. In connection with the processes of digitalization and digital transformation of small and medium entrepreneurship,
the issue of using digital platforms to support small and medium entrepreneurship arises to ensure targeting, measurability, validity, unambiguity,
sustainability, achievability and attachment to a specific reporting period at various levels of government. This type of platform refers to digital government
services. Options for digital transformation of state support for small and medium entrepreneurship should include the introduction of digital platforms
to support small and medium-sized businesses, taking into account usability and a customer-oriented model. The model of the regional standard for state
support for small and medium entrepreneurship is associated with the concept of «reputation economy» and is based on the principles and standards
of customer centricity, customization based on the concepts of «quality» and «quality of public service». Customization should play a decisive role
in the standard, based on the degree of budgetary provision of the regions and the development of the entrepreneurial community.

Keywords: small and medium entrepreneurship, space, digital transformation, roadmap, standardization.

COLMANBHO-3KOHOMUYECKOE NMPOCTPAHCTBO MAIOIO U CPEQHEIO NPEANPUHUMATENBLCTBA:
OCHOBHbBIE ACIMEKTbI MOTEHLIMANBHOI O PA3BUTUA

W. B. ManbruHa

Pechepar

B cratbe paccMaTpuBalOTC acnekTbl NMOTEHUMANbHOTO  PasBUTUS  COLMArbHO-I9KOHOMMYECKOTO MPOCTPAHCTBA Mamoro M CpeaHero
npeanpuHumatensctea. Ocoboe BHUMaHWE YAENseTcs pacCMOTPEHMIO BOMPOCOB (DOPMMPOBAHWS [OPOXHOI KapTbl, LMdPOBON TpaHcdhopmaLmu
¥ cTanaapTuaumn. [lopoxHas kapta NSt pasnuuHbiX NPeanpUHUMATENbCKUX MHWLMATUB SBRSETC COBPEMEHHbIM CrnocoboM aKTMBM3MpOBaTh
pasBuTE MANOTO W CPEAHEro NpeanpYHUMATENbCTBA HA OCHOBE [ONTOCPOYHOTO NNaHMPOBaHWUS Pa3BUTUS JAHHOMO CEKTOpa 3KOHOMMKN. [MpuMeHeHre
nofobHOM MpaKTVKM B Halleir CTpaHe NO3BOMUT PELWMTb KOMMEKC COLMarnbHO-3KOHOMMYECKUX npobrnem B pasBUTAM Mamoro W CpeaHero
npeanpuHuMaTenscTea. lNpumeHeHne [JOpoXHOM KapTbl MO3BOMMT CWMHXPOHU3WPOBATb MPOLECCHI Pa3BUTUS W NOAAEPXKKM Manoro W CpegHero
NPeLnpUHUMATENbCTBA HA TPEX YPOBHSX: PecrnyOnmMKaHCKOM, PErvoHanbHOM M MeCTHOM. B ¢Bs3u ¢ mpoueccamu UmdpoBu3aumn 1 LUgpoBoN
TpaHcopMaLMM Maroro U CpeaHero npeanpuHUMaTensCTBa BCTAeT BOMPOC MCMOMb30BaHWS LWPOBLIX Nnatopm Ans NOAAEPXKKW Manoro
11 CpeaHero npeanpuHuMaTenscTBa Ansg obecneyeHns agpecHocTyi, U3MepumMocTi, 060CHOBAHHOCTH, OfHO3HAYHOCTH, YCTONYNBOCTM, JOCTUKUMOCTY
1 NPUBSI3AHHOCTM K OMpeseneHHoOMY OTYETHOMY NEepUoAY Ha PasnuyHbIX YPOBHSX FOCYAapPCTBEHHOMO ynpasneHus. [aHHbIi Bug nnatchopm OTHOCUTCS
K LUnppoBbIM  rOCYAAPCTBEHHbIM — ycnyram. BapuaHtbl  LUudpoBO  TpaHC(OpMaLyM  roCcy[apCTBEHHON NOAAEPXKKA Manoro M CpegHero
npeanpuHUMaTenLCTBa AOMKHbI BKNKOYATh BHEAPeHWe LudpoBbIX NnatdopM s NOAAEPXKA Manoro 1 CpeaHero npeanpuHUMaTenscTea ¢ y4eToMm
103a6UNMNTM N MOAENN  KNNEHTOOPUEHTUPOBAHHOCTM. Mopgenb pervoHamnbHOro CTaHAapTa roCyAapCTBEHHOW NOAAEPXKKM Manoro M CpeaHero
npeanpuHUMaTensCcTBa CBfi3aHa C  MOHATMEM  «pEMyTalUMOHHAs 9SKOHOMWKA» W OCHOBBLIBAETCS C  Y4eTOM MPUHLMMNOB W CTAHAApTOB
KIMEHTOLEHTPUYHOCTH, KaCTOMM3ALMM Ha OCHOBE MOHSITUIA «KAYECTBO» M «KayecTBO roCy[apCTBEHHOM ycryry». Kactomusauwsi [OmkHa urpatb
peLLatoLLyo ponb B CTaHA4apTe, OCHOBbIBAsCh HA CTENEHN BrogKeTHOI 06ecneYeHHOCTH PETVOHOB 1 Pa3BUTHS NPEANPUHUMATENLCKOro CoobLLecTBa.

KnioueBble crioBa: Manoe 1 cpeaHee npeanpuHuMaTensCTeo, MPOCTPAHCTBO, LiMdpoBas TpaHC(hopMaLMs, AOPOXHas kapTa, CTaHaapTU3aLms.

Introduction on April 19, 2019: «The conditions for the development of business initia-

The President of the Republic of Belarus A. G. Lukashenko in his
Address to the Belarusian People and the National Assembly on April 21,
2017 noted: «The priority is to create a strong, competitive economy.
The economy of tomorrow. It is the basis of our sovereignty...».

Small and medium entrepreneurship (SME) play a significant role in
the development of the economy of any country in the world. The feasibil-
ity of its development is enshrined in state economic policy and programs
for the socio-economic development of many countries. When developing
country and regional strategies for socio-economic development, an im-
portant element inherent in these two processes is the combination of the
entrepreneurial spirit and culture with the need to ensure the competitive-
ness of the national economy.

Entrepreneurs and their new enterprises should be the key to the ef-
fective growth and competitiveness of the economy of the Republic of
Belarus. As the President of the Republic of Belarus A. G. Lukashenko
said in his Address to the Belarusian People and the National Assembly

tive and labor activity have been created. But, as the people say, the Lord
gives food to the birds, but does not throw this food into the nest. Those
who make their own efforts are successful, first in their studies, then in
finding a job, professional realization anywhere in our country».

Main aspects of potential development

The processes of transformation of the SME organizational boundaries
due to the change in the landscape of state economic policy in the sphere
of small and medium-sized businesses have led to the expansion of the
concepts of external and internal environment of entrepreneurship. Based
on the understanding of the economic space, which is also closest to the
socio-economic space of small and medium entrepreneurship (SESSME),
as a set of production factors, economic agents and their community, eco-
nomic and social institutions, in a broad sense SESSME can be understood
as a set of market, economic and social institutions, entrepreneurial pro-
cesses, external and internal environment of entrepreneurship.
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SME support plays an important role in economic growth and devel-
opment. In connection with the processes of SME digitalization and digital
transformation, the issue of using digital platforms to support SME arises.
In our opinion, in order to ensure the targeting, measurability, validity,
unambiguity, sustainability, achievability and attachment to a specific
reporting period of the processes of formation of the SESSME, it is nec-
essary to develop digital platforms for SME state support (DPSMESS) at
various levels of government. In essence, the proposed DPSMESS can
be a round-the-clock state service for supporting SME and be considered
as a new element of the SME support infrastructure. In our opinion, this
type of platform refers to digital government services. At the same time,
a potential risk of the platform in question may be the inadequacy of the
content and the lack of cybersecurity of both the platform and the person-
al accounts of SMEs.

In our opinion, public services play an important role in the formation
of the SESSME, since it is such an element of the SESSME as the SME

support infrastructure that provides various services to SMEs (consulting,
information, marketing, etc.). At the same time, the state, as an element
of the SESSME, also provides various services to SMEs (registration,
liquidation, registration of intellectual property rights, etc.). In this regard,
it is advisable to consider the definitions of «public service» and «busi-
ness service». Various authors identify the concepts of «public» and
«state» services. In our opinion, in the context under consideration, it is
necessary to distinguish between state and business services. At the
same time, the issue of providing business services by the SME support
infrastructure is quite controversial, since it also performs the function of
the state — it promotes the development of SME. In addition, the subjects
of the SME support infrastructure receive status in the Ministry of Econo-
my of the Republic of Belarus, which essentially brings their business
services closer to state services. An analysis of individual types of defini-
tions of «state service» and «business service» that are closest to the
SESSME showed their similarity (Table 1, Table 2).

Table 1 - Certain types of definitions of «public service» that are closest to the socio-economic space of small and medium entrepreneurship

[4,p. 178]
provide it

Author Year Definition

Falina A. S.[1, p. 138] 2012 an action by an executive authority carried out in contact with a specific citizen, legal entity, or organiza-
tion, who most often themselves contact the relevant authority regarding the implementation of their legal
rights and obligations

Rudenko I. A. [2] 2014 activities of executive authorities, state extra-budgetary funds, carried out at the request of applicants
and aimed at obtaining benefits within the limits established by regulatory legal acts of the state

Kandrina N. A. [3] 2018 public goods intended for the entire population and provided to an individually defined person (natural or
legal) at his request in the manner prescribed by law

Alizade oglu M. G. 2019 a function of an executive authority established by a legal act of management, performed by it free of

charge or for a fee, at the request of an individual or organization that has voluntarily declared a desire to

Note: The author's own development based on [1-4].

Table 2 - Individual types of definitions of «business service» that are closest to the socio-economic space of small and medium entrepreneurship

Author Year Definition

Oganisyan N. A. 2012 services provided by one party to another with the aim of enhancing the latter's competitiveness or effec-
[5,p. 2] tively promoting professional activities

Tyukavkin N. M. 2015 a set of economic relations between the producer of a given service and its consumer regarding a specif-
Nadein N. V. ic production of some economic good in an intangible form, necessary to satisfy the material and intangi-
[6, p. 117] ble needs of the customer to ensure the functioning of the organization or business as a whole, as well

as to develop the efficiency of activities
Nadein N. V. [7] 2015 are intended as services for business and not as services for personal consumption

Note: The author's own development based on [5-7].

Noting the difference and identity of public and state services,
R. V. Doronkin points out that «public services are state services within
the concept of a service state» [8]. From our point of view, it is the service
state based on new state management that relates to the activities of
state administration bodies (SAB) within the framework of building the
SESSME.

In our opinion, the DPSMESS is part of the platform economy.
An analysis of public service platforms showed that only the State Ser-
vices Internet portal of Russia and Uzbekistan have a separate SME
section. Only the Russian Internet portal has links to the SME Digital
Platform and the «My Export» Digital Platform. The rest function without
additional Internet links [9]. In Russia, the creation of the DPSMESS is
part of the National Project «Small And Medium Entrepreneurship and
Support for Individual Entrepreneurial Initiatives». An analysis of the web-
sites of governments of individual foreign countries showed that infor-
mation on state economic policy and the activities arising from it is pre-
sent in almost all countries. Joint-stock company «The Federal Corpora-
tion for the Development of Small And Medium Entrepreneurship» of
Russia oversees the development of the SME business navigator, which
is an information resource (system) developed to ensure the organization
of marketing and information support to SME. A detailed analysis showed
that the information resource under consideration has all the features of
a digital platform for supporting SME. In our opinion, it seems appropriate
to create a single digital gateway of the Union State of Russia and Bela-
rus for SME. A detailed analysis showed that today in Belarus there are
several types of Internet resources related to the formation of the
SESSME. Of the total number of analyzed Internet resources, only

53.84 % have a special SME section. Only 40.38 % of analyzed Internet
resources have Internet links to SME support organizations. In our opin-
ion, the creation of the DPSMESS is a continuation of the formation of
a single gateway and is based on the concept of «the state as a platform»
and at the national level should become an online connection of entre-
preneurs to the SAB. The DPSMESS should also provide entrepreneurs
with reliable information from the SAB of Belarus, approved by law, cov-
ering the entire range of issues related to doing business. The implemen-
tation of the DPSSSME and the digital twin of the regional entrepreneurial
potential will reduce the «digital divide» and its consequence — the gap in
the level of well-being of people living in one country.

The second main area of potential development of the SESSME is
the Roadmap (RM). The role of SME in forecasting the long-term develop-
ment of the country is given a fairly large place. According to the character-
istics of the RM developed by M. P. Loginov, the Roadmap for the SME
Development and Support (RMSMEDS) refers to the territorial, sectoral,
and social types of roadmaps [10, p. 6-7]. A comparative analysis of man-
agement decision-making tools conducted by M. A. Cherepanov shows that
«building a roadmap ... provides a graphic plan-scenario for dynamic de-
velopment...» [11, p. 56].

As noted by D. R. Belousov, I. O. Sukhareva and A. S. Frolov,
«... road maps perform two interrelated functions: forecasting and plan-
ning» [12, p. 7]. For a more complete understanding of the role of the RM
in the development of the SESSME, it is advisable to consider various
definitions of «roadmap». A detailed analysis of various definitions of
«road map», the closest to the SEPMSP, showed the closeness of these
concepts (table 3).
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Table 3 — Various definitions of the «road map» that are closest to the socio-economic space of small and medium entrepreneurship

Author Year Definition
Krylova Yu. 2007 | a comprehensive plan for the development of an organization or industry in the medium or long term, based on
[13, p. 15] the integration of product, technological and strategic planning
Belousov D. R. 2012 | a tool for developing long-term strategies that determines optimal ways to achieve a goal, used in exploratory
Sukhareva I. O. research that does not have set benchmarks and evaluates potential directions for the development of the area
Frolov A. S. under study
[12, p. 6]
Kotov A. V. [14] 2013 | institutional mechanism, ... a means of supporting decision-making in a complex and uncertain environment
Mukhametova L. R. 2014 | a strategic plan that describes the steps an organization must take to achieve its stated results and goals
Akhmetova |. G.
Zatsarinnaya Yu. N. [15]
Karasev O. I. 2015 | a document developed on the basis of the generalized opinion of the expert community and containing
Doroshenko M. E. a description and visual representation of global and national challenges, as well as the most important events
[16.p. 76-771 that can have a significant impact on the development of the subject area under consideration
Yakimets V. N. 2020 | the selected option for the development (or improvement) of the project activities ..., corresponding to the
Kurochkin I. 1. group opinion of the representatives of the distributed team of project participants, containing a description and
[17,p.2] visual representation of the desired state of the project ... taking into account the capabilities and resource

availability of the team

Note: The author's own development based on [12, p. 6; 13, p. 15; 14; 15; 16, p. 76-77; 17, p. 2].

From our point of view, based on the data in Table 3, the purpose of
the RMSMEDS s a development option that meets the group opinion of
representatives of the state and SMEs in the medium or long term, de-
termining the optimal ways to achieve the state’s goal in the area of SME
development. At the same time, a potential risk of the considered RMS-
MEDS may be the lack of competent experts both on the part of the state
and on the part of SME.

From our point of view, the development of the RMSMEDS for vari-
ous entrepreneurial initiatives is a modern way to activate the develop-
ment of SME based on long-term planning for the development of this
sector of the economy. The use of such practices in our country will help
solve a range of socio-economic problems in the development of SME.
The tasks of its formation and development necessitate the development
of approaches to solving the issues of optimizing the system of SME state
support as a key direction to a market economy based on the develop-
ment of the DC in all SME areas development and support.

In our opinion, the RMSMEDS will synchronize the processes of
SME development and support at three levels: national, regional and
local. The creation of effective RM requires an understanding of the ap-
propriate time horizon. If the planning horizon is too short, the RMSMEDS

Table 4 — Individual t

may jeopardize the consistency and ability to communicate new future
functions and opportunities. The algorithm for developing the RMSMEDS
should have several stages, including regional champions; a culture of
entrepreneurship and innovation, etc.

When developing the RMSMEDS, it is advisable to use various types
of state economic policy related to the SESSME and the SESSME can-
vas. At the same time, planning for the development of the SESSME
should be comprehensive, functional, and long-term.

The third main direction of the formation of the SESSME should be
the regional standard of SME state support (RSSMESS) based on the
principles and standards of client-centricity, taking into account the cus-
tomization of the state program of SME support. At the same time, it is
customization that ensures the individualization of services of the SME
support infrastructure and other organizations that support SMEs and are
elements of the SESSME. At the same time, a potential risk of the
RSSMESS under consideration may be excessive enthusiasm on the part
of the state for satisfying the desires of the business community. Custom-
ization should play a decisive role in the standard, based on the degree of
budgetary provision of the regions and the development of the entrepre-
neurial community (Table 4).

pes of definitions of «customization» that are closest to the socio-economic space of small and medium entrepreneurship

Author Year Definition
Vedernikova A. A. [18] | 2007 | individualization of relations between producer and consumer
Dyachkova M. S.[19] | 2020 | the process of delivering to a broad marketplace goods and services that are modified to meet the needs of a
specific customer
Lopanova E. V. 2021 | individualization of services and goods in order to achieve maximum satisfaction of the end customer
Savina N. V. [20]

Note: The author's own development based on [18-20].

It also plays an important role in the development of the priority of
the Social and Economic Development Program of the Republic of
Belarus for 2021-2025 and subsequent programs in the «partner
state» section, since the psychological property of customization «im-
plies not only an individual approach to satisfying the needs of custom-
ers, but also a psychological technique, since while the client selects
the configuration of the product «for himself», he begins to feel like the
owner of this thing» [21].

When considering the standards of public services, it is necessary
to turn to the concepts of «quality», «quality of service», «quality of
public service», which are very important in the context of the
RSSMESS. We agree with the opinion of A. S. Fraiman that «the cate-
gory «quality» characterizes not so much the internal properties of an
object as its external properties, the features of its interaction with other
objects» [22, p. 47]. From our point of view, the development of the
RSSMESS is part of the formation of the reputation of the region and
the government. It is necessary to develop a matrix of competencies
required by client-centric entities of the entrepreneurship support infra-
structure based on their human resources and the needs of SME.
In our opinion, the client-centricity of the RSSMESS should be based
on the classical new public administration, but not the new public and
social administration, including civil-centric and human-centric ap-
proaches. In order to form a client-centric approach to the RSSMESS, it

is necessary to use such tools as feedback, research, training, entre-
preneurial thinking, etc. Mandatory digitalization of the results of client-
centric actions within the RSSMESS is necessary.

Conclusion

Taking into account the above, the following conclusions can be drawn:

— options for SME digital transformation state support should in-
clude the introduction of the DPSMESS taking into account usability
and a customer-oriented model. The implementation of the DPSMESS
will essentially allow the organization of a round-the-clock state service
for supporting SMEs to ensure the targeting, measurability, validity,
unambiguity, sustainability, achievability and attachment to a specific
reporting period of the processes of forming the SESSME;

— RMSMEDS will allow synchronizing the processes of SME de-
velopment and support at three levels: republican, regional and local.
In essence, the RMSMEDS for various entrepreneurial initiatives is
amodern way to activate the development of SME based on long-term
planning for the development of this sector of the economy;

— the RSSMESS model is associated with the concept of «reputa-
tion economy» and is based on the principles and standards of customer
centricity, customization based on the concepts of «quality» and «quality
of public service». At the same time, customization should ensure indi-
vidualization of services for SMEs from the state and the SME support
infrastructure.
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Abstract

The need to increase investment activity in the regions, which is a factor in their socio-economic development, is one of the strategic guidelines
for medium-term planning of the regions of the Republic of Belarus and requires a revision of approaches to its management at the regional level from
the perspective of the dynamics of modern economic conditions. The deficit in investments increases the relevance of revising the methods of investment
activity management and finding tools for stimulating investment processes adapted to modem economic conditions, contributing to the accumulation
of investment resources in the region. The purpose of the research article is to formulate practical recommendations for refining the management methods
of investment activity at the regional level in the Republic of Belarus by advancing their regulatory and stimulating tools. The theoretical basis
for the research is the works of domestic and foreign authors, the legislative framework, as well as scientific and practical literature devoted to the issues
of investment activity management, methods and tools for its regulation, stimulation of investment processes and investment activities at the regional level.
The study applied a systems approach, general logical (analysis, synthesis, comparison, generalization, analogy), and special (monographic) methods
of cognition. The article examines the specifics of regional management practices in the Republic of Belarus and makes proposals for improving the tools
for managing regional investment activity across four groups of methods: administrative (methodological apparatus for forming a list of priority activities
(economic sectors) for implementing investments at the regional level), economic (measures stimulating the practical implementation of the public-private
partnership mechanism, with the formalization of the organizational and economic mechanism for influencing public-private partnership on the investment
activity of the region), institutional (creation of a specialized organization at the regional level to work with investors in the "single-window" mode),
and organizational and managerial (creation of a regional web platform for working with investors). The article reveals the content and practical aspects
of implementing the tools. The results obtained can be used by meso-level government bodies in developing and implementing regional investment policy.

Keywords: region, investment activity, management methods, tools, regulation, stimulation areas, regional investment policy.

COBEPLUEHCTBOBAHWE METOA0B 1 MUHCTPYMEHTOB YNPABNEHWUSA UHBECTULIMOHHON AKTUBHOCTbIO
HA PETMOHANNBHOM YPOBHE B PECMNYBJIMKE BENAPYCb

H. A. MauykeBuy

Pechepar

HeobxoanMOoCTb MOBBILLEHNS VMHBECTULMOHHOW aKTWBHOCTW PErMOHOB, SBMANOLLEACS (haKTOpoM WX COLMAnbHO-3KOHOMUYECKOTO PasBUTHS,
BbICTYNAET OAHUM M3 CTPATEMNYECKNX OPUEHTUPOB CPEAHECPOYHOIO NaHMPOBaHMA peroHoB Pecnybnuku Benapych u, TpebyeT peBusnn NoLxoaoB
K yNpaBfieHWio €10 Ha Per1oHanbHOM YPOBHE C MO3NLMW AMHAMUKI COBPEMEHHBIX YCIOBMIA XO3ANCTBOBaHMS. [leduuuT B MHBECTULMSAX NOBbILLAET
aKTyanbHOCTb MepecMoTpa METOAOB YMPaBneHWs MHBECTWULIMOHHOW aKTUBHOCTBIO M W3bICKAHWS a4anTMPOBaHHbIX K COBPEMEHHBIM YCOBMAM
XO3CTBOBAHNSA MHCTPYMEHTOB CTUMYNMPOBAHUS MHBECTULIMOHHBIX MPOLIECCOB, CNOCOBCTBYIOLMX aKKyMyMPOBaHNIO MHBECTULIMOHHBIX PECYPCOB
B pervoHe. Llenbio nccnegoBaHus ctatbu SBNSETCS BbIpaboTka MpakTUYECKWX PEKOMEHAALWA MO COBEPLUEHCTBOBAHWIO METOAOB YNpaBreHus
WHBECTULMOHHO aKTVBHOCTbIO HA PervoHanbHOM ypoBHe B Pecnybnvke benapycb nocpencTBOM passuTis MX PErynMpYOLLMX U CTUMYTMPYIOLLNX
WHCTPYMEHTOB. TEOpeTUYECKOi OCHOBOW WCCMEAOBaHWI MOCAYXMNW TPyObl OTEYECTBEHHbIX 1 3apybexHbix aBTOpOB, 3akoHopaTenbHas 6asa,
aTaKkKke HayyHO-NpaKTUyeckas nuTepatypa, NOCBSALIEHHbIE BOMPOCAM YNPaBMEHWS MHBECTWLMOHHOM aKTUBHOCTLIO, METOAaM W MHCTPYMEHTam
€€e PerynupoBaHuns,  CTUMYNMPOBaHUS MHBECTULMOHHBIX MPOLECCOB W WHBECTULMOHHON AESTENBbHOCTU Ha PervoHanbHOM ypoBHe. B xope
“ccneoBaHNs MPUMEHEHbI CUCTEMHBIM Nogxod, oblienornyeckue (aHanmws, CUHTE3, CpaBHeHue, 0000LieHne, aHamnorvs), cneumanbHbli
(MoHorpadhmyeckmit) MeTogbl NO3HaHMs. B cTaTtbe M3yyeHbl 0COBEHHOCTW ynpaBneHYeCKoW MPaKTMKW Ha pervoHanbHOM ypoBHe B Pecnybnvke
Benapycb 1 BHECEHbl MpeanoXeHWs Mo COBEPLUEHCTBOBAHWIO MHCTPYMEHTOB YMPaBNEHUS MHBECTWULIMOHHOW aKTMBHOCTBbIO PErvoHa B paspese
yeTbIpex rpynn MeTof0B: aAMWHUCTPATMBHbIX (METOAMYECKMA annapaT no (hOPMUPOBAHMIO NEPEYHS NMPUOPUTETHBIX BULOB AEATENBHOCTY (CEKTOPOB
9KOHOMWKM) ANS OCYLLECTBNEHWNS WHBECTULWIA HA PErMOHANbHOM YPOBHE), SKOHOMUYECKUX (Mepbl, CTUMYNUPYIOLME NPaKTUYECKOe BHEAPEHWe
MexaHn3ma rocyAapCTBEHHO-YaCTHOTO NApTHEPCTBa, C hopManuaaumen OpraHM3aLMoHHOT0-3KOHOMUYECKOr0 MeXaHn3ma BIMSHUS TOCYAapCTBEHHO-
YaCTHOro NapTHEPCTBA Ha MHBECTULMOHHYH0 aKTUBHOCTb PETMOHA), MHCTUTYLIMOHANbBHBIX (CO3AaHME Ha PErMoHarnbHOM YPOBHE CeLManv3npoBaHHoOM
opraHusauum no paboTe C MHBECTOPOM B PEXVME «O[HO OKHO®), OpraHW3aLMOHHO-YMpaBneHYeckux (Co3naHne pervoHanbHoi web-nnatdopmbl
Ans paboTbl C MHBECTOPOM). PackpbITbl COAEpXaHNe W NPaKTUYECKVE acnekTbl peanuaauyun HCTPYMEHTOB. onyyeHHble pesynbTaTbl MOryT ObiTh
MCMONb30BaHbI OpraHamu rocyAapCTBEHHOrO YNpaBeHs Me30yPOBHS NPy paspaboTke 1 peanu3aLum pervoHanbHOWM MHBECTULIYIOHHO MOMUTHKA.

KnioueBble cnoga: PervoH, WHBECTULIMOHHAA aKTUBHOCTb,
CTUMYNMPOBaHU4A, permoHanbHas UHBECTULMOHHAA NONUTUKA.

METOAbl  YNPaBNEHUs, WHCTPYMEHTbI, PEryNUpOBaHWE, —HampaBneHus

Introduction High investment activity in a region predetermines the potential for its

Regional investment activity is a property of the regional economic
system that dynamically reflects the intensity of investment activity in the
region, taking into account the scale, focus, and effectiveness of invest-
ment within it [1]. Its level is determined by the participation of the region
(its constituent entities) in the investment process through available
internal investment resources (funds of business entities, borrowed
funds, local budgets, and others), attracted funds (foreign, national
budgets, and others), and the achievement of investment goals through
existing opportunities and potential with maximum economic, budgetary,
environmental, and social impact [2].

investment-based socioeconomic development and is a key factor in the
region's long-term economic growth [3], which is especially significant in
the context of modern challenges associated with limited resource flows
and the need to improve the efficiency of investment activities.

Despite the measures taken in recent years to improve legislation
regarding investment implementation, the provision of benefits and pref-
erences, and the expansion of the range of investment management
tools, the problem of increasing investment activity remains highly rele-
vant for regional government bodies and requires further refinement of
management methods and tools, taking into account current economic
conditions and environmental dynamics.
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As part of a comprehensive analysis of foreign [4, 5] and domestic
experience in stimulating investment processes at the regional level [4,
6-11], a gap in the practice of regulating regional investment activity
was identified and areas for improving investment regulation tools in the
regions of the republic were identified, requiring further development and
detailing in terms of practical implementation.

The purpose of this article is to develop practical recommendations
for improving investment management methods at the regional level in
the Republic of Belarus through the development of regulatory tools
aimed at creating conditions conducive to increasing investment poten-
tial and accumulating investment resources in the region.

Proposals for Improving Investment Activity Management
Methods at the Regional Level

An analysis of domestic practice in managing investment activity at
the regional level has shown that the investment activity management
mechanism presented in [1] is functioning in the regions of the Republic
of Belarus.

In terms of the composition of the entities, regional investment activ-
ity management is characterized as multi-level: government bodies,
economic entities and public organizations of the region, and local gov-
ernments.

In general, at the regional level, the powers to formulate and imple-
ment regional investment policy and the main functions for regulating
investment activity and investment activities are accumulated in the
economics committees of the regional executive committees (meso-
level) and in the economics departments and divisions of the city and
district executive committees (micro-level).

Regional investment activity management in the republic is carried
out within the framework of: a) state regulation and internal management
across 5 modules (institutional, economic, personnel, marketing, and
information support) [2]; b) 4 groups of management methods: adminis-
trative, institutional, organizational and managerial influence, economic
[1]; c) strategic, tactical, and operational planning of socio-economic
development;

d) implementation of regional investment policy.

The main elements of regional investment policy are:

— adoption, within the limits of legal authority, of its own legislation
(decisions of the regional and Minsk city executive committee, regional and
Minsk city Council of Deputies), regulating the investment process [12];

— development of medium- and short-term strategic planning
documents for the development of investment activities and socio-
economic development, including investment components (strategies,
programs, plans);

— regional investment budgeting;

— provision (within the limits of authority) of various financial and
non-financial benefits and stimuli to investors [7-11];

— creation of organizational structures in the field of entrepreneur-
ship to promote investment at the regional level (entrepreneurship sup-
port centers, incubators, science and technology parks, etc.) and in the
field of innovation;

— development and evaluation of investment projects financed by
public sources [13];

— assisting investors in obtaining (providing) tax and customs
benefits [13];

— providing guarantees and sureties to banks for funds allocated
by them for the implementation of investment projects selected on a
competitive basis;

— ensuring the functioning of stock market and securities market
institutions in the region;

— increasing investment attractiveness and attracting investors to
create new production facilities and develop the service sector in the
administrative-territorial units of the region (microregions), etc.

In the course of a comprehensive analysis, the feasibility of improv-
ing the tools used to regulate and stimulate regional investment activity
in domestic practice was revealed in the direction of creating conditions
conducive to inducing investment activity in the regions of the republic.
Given the specifics of regulating investment activity and implementing
investment processes at the regional level, it is proposed to develop
organizational and economic tools for managing investment activity at
the regional level by improving management tools across four groups of
management methods.

Administrative Methods

A distinctive feature of foreign investment activity stimulation prac-
tices within this group of methods is the support of enterprises and in-
dustries, key (priority) economic sectors and areas of activity [4], and the
differentiation of key (priority) areas and industries to stimulate and at-
tract investment, including foreign investment. A study of foreign and
domestic experience in managing regional investment activity revealed
the feasibility of forming key investment sectors taking into account the
specifics of a region's production and investment specializations, the
level of development of investment potential, and the institutional struc-
ture of the region's economy.

In domestic practice, the list of priority activities (economic sectors) for
investment and the minimum investment volume for the implementation of
investment agreements are defined by legislation at the national level [14],
granting regional authorities (regional executive committees) the right and
authority to regulate the regional list at the regional level [13] for the imple-
mentation of preferential investment projects. It would be appropriate to regu-
late priority activities (economic sectors) for investment at the regional level
with a broad scope of application, including for the implementation of prefer-
ential projects. The methodological approach and results of assessing the
current and prospective investment specialization of a region, as outlined in
[15], are proposed as a methodological tool for developing such a list. Priority
activities should be considered in sectors (types of economic activity) with
current and prospective investment specialization and sectors with potential
for investment specialization [15].

Developing this list at the regional level using methodologically
sound methods for assessing the priority of financing sectors (sections
of the economy) will allow for focusing investments on the types of eco-
nomic activity that yield the greatest return in the form of a multiplier
effect from investments and growth in regional investment activity.

Institutional Methods

International experience shows that the effectiveness of gov-
ernment stimuli for investment activity depends on both the set of
tools and the economic situation, as well as the investment attrac-
tiveness of the region. Therefore, to ensure a stable influx of in-
vestment into economic entities, it is necessary to consolidate the
efforts of regional authorities in this area and create a developed,
functional investment infrastructure. The analysis of regional in-
vestment infrastructure in the Republic of Belarus has established
the feasibility of its development.

As a tool for developing the investment infrastructure of the re-
public's regions, it is proposed to establish a specialized organiza-
tion at the mesoregional level — a regional state institution, the In-
vestment Development Agency (hereinafter referred to as the Agen-
cy) — to attract investment and work with investors, ensure interac-
tion between state/local authorities and investors, and support in-
vestment projects using the "one-stop-shop" principle. At the initial
stage of its operation, partial funding of the organization from the
local budget and extra-budgetary activities is advisable.

The Agency's main activities include: supporting the development
and implementation of regional investment policy; providing information
and consulting support to investors; Interacting with investors to support
investment projects; promoting the region's investment attractiveness.

The agency's overall objectives will be:

— analyzing and regulating investment activity and investment po-
tential in the region;

— attracting investment to the region's economy, creating a favor-
able investment climate, and enhancing its investment attractiveness;

— providing customized support for investment projects at all
stages of implementation;

— providing information and consulting support to investors and
investment project initiators;

— creating, maintaining, and updating a regional web-platform and
reference and information databases on the website of the Regional
Executive Committee (Minsk City Executive Committee) regarding the
region's investment opportunities;

— organizing and holding events;

— developing and promoting public-private partnerships (hereinaf-
ter referred to as PPP);

— conducting training courses (seminars) in investment implemen-
tation;
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— ensuring the development of professional competencies in in-
vestment;

— outsourcing the functions of the Economics Committee of the
Regional Executive Committee (Minsk City Executive Committee), etc.

The target audience is consumers of the agency's services (start-up
and existing entrepreneurs, organizations/enterprises, domestic inves-
tors, foreign investors, and local governments).

The creation of an investment institute will shorten the investor's
customer journey, improve the quality of forecasting and development of
investment projects, and the formation of a regional investment portfolio.
It will also ensure growth in investment activity and the investment at-
tractiveness of the region, as well as provide methodological support to
executive authorities in implementing the region's investment policy and
investment strategy.

As demonstrated by the practice of the Russian Federation in establish-
ing regional development agencies [16], the Federal Republic of Germany in
establishing state economic development agencies and district economic
development agencies [17], and Japan in establishing Single Contact Points
for Foreign Investors in ministries and departments, including major embas-
sies and consulates general [18], this institution is successfully functioning,
creating the conditions for increased investment activity in the regions.

Methods of organizational and managerial influence

The analysis conducted in [4] revealed the need to streamline in-
formation support for investment activities at the regional level in the
Republic of Belarus and predetermined the development of investment
activity management tools using this method through the creation of a
regional web-platform for working with investors. This platform repre-
sents a digital complex of systematized information for investors, includ-
ing the ability to interactively consult with potential investors in real time.
The feasibility of its implementation is determined by the interregional
fragmentation of information regarding investment activities [19, 20],
presented on a variety of information resources, which creates difficul-
ties for investors in analyzing, systematizing, and formulating investment
decisions applicable to the region. Furthermore, this tool is aimed at
increasing investment activity, taking into account the regional specifics
of investment processes and the socio-economic development of the
region in contrast to the Investment Portal of the Republic of Belarus,
which operates at the national level [21].

The following services are proposed for creation on the regional
web platform:

"Benefits and Preferences", which displays in tabs current ben-
efits and preferences provided at the regional level by preferential re-
gimes: FEZ (tabs: preferential regime; available space and land plots;
available production sites within the FEZ; FEZ website), science and
technology parks (benefits provided taking into account decisions of
local authorities), the State Innovation Program, in the sector of small
and medium-sized businesses (hereinafter referred to as SMEs), in-
vestment agreement, preferential project, PPP, territories of medium-
sized and small urban settlements, rural areas, and others, taking into
account regional specifics;

"Priority sectors (foreign economic activity) for investment fi-
nancing";

"Regional investment specialization";

"Regulatory Framework" — a list of regulatory acts in the field of
investment activity at the state and regional level, state support, busi-
ness implementation in the SME sector, implementation of innovative
projects, and others with a link to the current web resource of the regula-
tory framework (ilex.by or pravo.by);

"Offers" — constantly updated information with a breakdown by
proposal and tabs: investment proposals; investment ideas; vacant pro-
duction sites; vacant land plots; regional initiative; list of unused equip-
ment offered for sale; property (list of property offered for sale), list of
concession objects, etc.;

— "Investment infrastructure" — up-to-date information on services
and contacts broken down by tabs of institutions: participants in the
investment process with information or a link to a website or resource
(structural divisions of the regional executive committee; the Belarusian
Fund for Financial Support of Entrepreneurs; commercial banks located
in the region; JSC "Development Bank of the Republic of Belarus", etc.);

"Investment resources” tabs broken down by sources — "Credit
resources": information on credit resources provided by commercial banks

and JSC "Development Bank of the Republic of Belarus" and the terms of
their provision (link to credit projects and programs) or tabs broken down
by banks; "Innovation Fund": up-to-date information on the competition for
resources from the regional or national innovation fund, and the terms and
conditions; "Budget Subsidies": updated information on the terms, compe-
titions, competition results, and subsidy provision; "Subsidies for SMEs,"
and more.

"Microregions/ATE" — up-to-date information by microregion —
current investment passports reflecting the investment potential and
attractiveness of the microregion; investment proposals (ideas); regional
initiatives, available land plots; production sites; benefits and prefer-
ences taking into account microregional characteristics; property,
equipment, list of concession objects;

"Implemented Projects"- up-to-date information on investment
projects implemented in the region this year and in previous periods
(landmark projects);

— "Investment Development Agency" — About Us tab; services;
cost of services; contacts; news (information on projects implemented
with the Agency's assistance; past events, etc.);

"Training/Courses" — a list of educational programs and terms;

"Ask a Question" — interactive online consultation via a chatbot;

"News" — key developments in investment implementation in
the region, including legislative updates, etc.

Implementing the platform at the regional level will shorten the in-
vestor's journey to implementing an investment project and making an
investment decision by providing systematized, up-to-date information,
and will create a comprehensive investment image for the region.

Economic Methods

Given the persistent shortage of investment resources (budgetary
r