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Prediction of Thermal Stress in Hardening Mass Concrete
Structures Using Temperature Monitoring Data

Vasilina S. Tyurina", Anton S. Chepurnenko™", Batyr M. Yazyev

Don State Technical University, Rostov-on-Don, Russian Federation
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Received: January 30, 2026
Revised: March 13, 2026
Accepted: March 20, 2026

Abstract. Thermal stress during the hardening of mass concrete structures is a significant risk factor for early cracking, which
directly impacts the durability and load-bearing capacity of buildings and structures. Simplified calculation methods based on
hypotheses about the pattern of temperature and stress distributions often demonstrate low accuracy, necessitating the search for
more advanced approaches to stress state prediction. This paper proposes a method for predicting the thermal stress in mass
concrete foundation slabs based on artificial neural networks (ANNSs) using real-time temperature monitoring data. Three ANN
architectures were investigated: recurrent, feedforward, and cascade. A comprehensive dataset, including 499,800 records obtained
from parametric finite element calculations, was compiled for training. The models demonstrated high prediction accuracy, with
the feedforward neural network achieving the best result, with a mean-square error of 0.025 MPa2. Verification using experimental
data confirmed the practical applicability of the approach, including the ability to predict the timing of crack formation. The
developed method enables efficient and less computationally expensive analysis of temperature monitoring data in real time
compared to traditional modeling, thereby improving the reliability of building structures.

Keywords: mass concrete structures, foundation slab, thermal stresses, machine learning, monitoring, early crack formation
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IIporno3upoBanue TeMnepaTypHbIX HANPSKEHUI B TBEPACIOIIMX MAaCCHBHBIX
MOHOJIMTHBIX KOHCTPYKIHUAX 10 JAHHBIM MOHMTOPHHIA TeMIIepaTyp

B.C. Tiopuna”, A.C. Uenypuenko™", 5.M. fI3bieB
JloHCKOH rOCYaapCTBEHHBIH TEXHUIECKUN YHUBEPCUTET, Pocmos-na-/Jony, Poccuiickaa Dedepayus
P4 anton_chepurnenk@mail.ru

INoctynuia B pepakuuto: 30 ssupaps 2026 .
Jopaborana: 13 mapra 2026 r.
[punsra k nyonukamuu: 20 mapra 2026 1.

AnHoTanus. TemneparypHble HalIPsKEHUS. B IIPOLIECCE TBEPACHUS MACCUBHBIX MOHOIUTHBIX KOHCTPYKLUH SBJISIOTCS 3HAYMMbIM
(haxTOpOM PUCKA PAaHHETO TPEIIMHOOOPA30BAHMUS, YTO HANPIMYIO BIUSIET HA JOJTOBEYHOCTHh M HECYIIYIO CHOCOOHOCTh 3JaHUH U
COOpY>KCHUI. YIIPOILECHHBIE METOAbI pacyeTa, OCHOBAHHbIE HAa TMIOTE3aX O XapaKTepe paclpeseNieHUus] TeMIepaTyp U HarpsxKe-
HUM, 4aCTO JEMOHCTPHUPYIOT HEBBICOKYIO TOYHOCTB, YTO aKTYaJIH3HPYET IMOUCK Ooiee COBEPIICHHBIX MOIXOMOB K MPOTHO3UPOBa-
HUIO HampsHKEHHOTO COCTOSHHSA. ABTOpaMM HPEIUIOKEH METOJ NMPOTHO3UPOBAHMS TEMIIEPATypPHBIX HANPSDKCHHH B MAacCHUBHBIX
MOHOJIUTHBIX (DyHJAMEHTHBIX IUIUTAaX HAa OCHOBE UCKYCCTBEHHBIX HelpoHHBIX cereil (MHC) ¢ ucnonb3oBaHueM JaHHBIX MOHUTO-
pHUHra Temreparyp B peXume peanbHoro BpemeHu. J[is atoro Obuin ucciemoBanbl Tpu apxurektypbl MHC — pexyppeHTHas,
IIPSMOTO PaclpoCTpaHeHUs U KackanHas. B nemsx oOyueHus copmupoBaH oOMIUpHBIN naracet, BKirodaromuil 499 800 3anu-
Ceif, MOMy4YEeHHBIX HAa OCHOBE MTapaMETPUIECKUX KOHEUHO-DIEMEHTHBIX pacyéToB. Moaeny mpoAeMOHCTPUPOBAIN BEICOKYIO TOU-
HOCTb IPEACKa3aHus, IpU 3TOM HaWIy4IIHH pe3yabraT [oKas3ajaa HeHpOCeTh MPIMOro PacIpOCTPAHEHUS CO CPEJHEKBaApaTHye-
ckoii omuOkoii 0,025 MITa%. Bepudukanus Ha SKCIEPUMEHTAIBHBIX TaHHBIX MOATBEP/IHIIA MPAKTHYCCKYO MPUMEHUMOCTD MOIXO0-
Jla, BKJIIOYasi CIIOCOOHOCTh MPOTHO3UPOBaTh MOMEHT 00pa3oBaHus TpeuuH. Pa3pabGoTraHHblil MeToA M03BOSAET 3(QPEKTUBHO U C
MEHBIIUMH BEYHMCIUTENbHBIME 3aTpaTaMy, 10 CPaBHEHHIO C TPAJAUIMOHHBIM MOAEIHPOBAHIEM, aHATM3UPOBATh JaHHBIE MOHHTO-
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1. Introduction

A widespread problem for mass concrete and reinforced concrete structures is the formation of
temperature cracks during the early stages of hardening. During cement hydration, a large amount of heat is
released, causing uneven temperature rise: the core of the structure develops much more heat than the
surface. During subsequent cooling, tensile stress that exceeds the strength of early age concrete arises,
leading to cracking [1; 2]. This reduces the strength, durability, and aesthetics of structures and increases the
risk of corrosion [3].

The most common tool for assessing the risk of early cracking is finite element modeling. It allows to
analyse the evolution of temperature distributions and stresses, taking into account changes in the key
properties of concrete over time. It is critical to account for the dependence of concrete strength and
deformation characteristics on time and hardening conditions, since ignoring this factor leads to an incorrect
evaluation of the stress state [4—6].

A limitation of finite element modeling is the inability to account for uncertainties in input data,
including ambient and foundation temperatures, wind speed, variations in concrete heat release when using
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cements from different manufacturers, etc. Variability in input data can lead to significant deviations of
the actual temperature and stress values in the structure from the expected. In existing monitoring systems
for mass structures (Maturix'!, Giatec SmartRock?), only temperature measurements are typically taken,
not stress [7]. Stress can be determined indirectly from strain; however, sensors for measuring strain are
highly complex and expensive, as they must be capable of compensating their readings with respect to
temperature [8]. Therefore, the problem of quickly assessing the actual stress in the structure based on real-
time temperature monitoring data is of great relevance. Such an assessment allows for timely measures to
be taken to prevent early cracking, including additional thermal insulation of surfaces to reduce temperature
gradients when the stress approaches a dangerous level [9].

In [10], a simplified method for estimating thermal stress in mass concrete foundation slabs was
proposed. Instead of the traditional approach based on the temperature difference between the center and the
surface [11-14], the proposed method uses temperature data at three characteristic points along the slab
thickness (bottom, middle, and top). The formulas were verified using numerical simulation and
demonstrated high accuracy for slabs up to 2 meters thick. Significant errors for slab thickness values of
2 meters and greater are associated with the assumption of a parabolic distribution of temperature and stress
along the slab thickness. This article aims to overcome this limitation using machine learning methods.
It should be noted that previously, machine learning methods were used only to predict the heat release of
concrete [15], its thermal conductivity coefficient [16], and strength characteristics [17—18], estimating the
temperature difference between the center and the surface of the structure [19], determining the maximum
stress level for fixed input data [20], and designing an optimal concrete mix composition [21-24].

Unlike previous studies, the aim of this article is to develop and validate a method for predicting
thermal stress in mass concrete foundation slabs based on limited temperature monitoring data collected at
characteristic points along the slab thickness, using artificial neural networks. To achieve this objective, the
following tasks were addressed:

1.Create a representative training dataset based on parametric finite element calculations, covering
variations in geometric, strength, and thermophysical parameters.

2.Develop and train three artificial neural network architectures (recurrent, feedforward, and cascade)
for stress prediction based on temperature monitoring data.

3.Evaluate the accuracy and comparative performance of the proposed models based on training
quality metrics and regression curve analysis.

4. Verify the developed models using experimental data for a real foundation slab.

2. Methods

MATLAB R2021a (Neural Network Toolbox) serves as the environment for implementing machine
learning models. Seven variables were selected as input parameters for the machine learning models:
temperatures at three points along the slab thickness (7ot at the bottom surface, 7Tmid in the middle of the
slab, and Tup at the top surface), time ¢ in days, concrete compressive strength class B according to the
Russian Federal Standard GOST 18105-20183, slab thickness 4, and hardening rate (rate). The output
parameters of the models are three values: stress oot at the bottom surface, omid in the middle surface, and
oup at the top surface (MPa). Three artificial neural network (ANN) architectures are considered:

1. Layer recurrent neural network (Figure 1);

2.Feedforward neural network (Figure 2);

3.Cascade forward neural network (Figure 3).

! Maturix — Concrete temperature, strength and maturity monitoring. Available from: https://maturix.com/ (accessed:
27.01.2026).

2 Giatec Scientific Inc — Smart Construction Testing Technologies. Available from: https://www.giatecscientific.com/
(accessed: 27.01.2026).

3 GOST 18105-2018. Concretes. Rules for control and assessment of strength. 2019. Available from: https://www.mos.ru/
upload/documents/files/2071/GOST18105-2018.pdf (accessed: 27.01.2026)
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Figure 1. Recurrent neural network (screenshot from MATLAB)
Source: made by V.S. Tyurina.
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Figure 2. Feedforward neural network (screenshot from MATLAB)
Source: made by V.S. Tyurina.
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Figure 3. Cascade forward neural network (screenshot from MATLAB)
S ource: made by V.S. Tyurina.

For all ANN architectures, a single hidden layer with sixteen neurons was used. When forming the
training dataset, the slab thickness varied from 1 to 3 m in 0.5 m increments, the heat transfer coefficient on
the upper surface ranged from 2 to 30 W/(m?-°C) in 4 W/(m*°C) increments, and the concrete class ranged
from B25 to B45 in 5 MPa increments. The ambient temperature varied from 5 to 35 °C in 5 °C increments.
Three integer values were introduced for the hardening rate: 1, 2, and 3, corresponding to high-early-
strength, regular, and low-early-strength concrete. The selected ranges of input parameter variations cover
the most common parameters for concrete placement and the geometry of mass concrete foundation slabs.
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The heat release function was defined by equation [25]:

0(1) = Osg expl & 1—[%) , (1)

where Q:s is the total heat release per 1 m® of concrete at 28 days, k and x are coefficients determining the
kinetics of heat release, and b is the induction period.

The heat release parameters are listed in Table 1.

For each set of values [B h huw Tw» rate], the temperature distribution and stress state were
calculated, with temperature and stress values determined at three characteristic points (bottom, middle, top)
for 119 time points ranging from 0.5 to 30 days, with a step size of 0.25 days. The temperature distribution
was calculated using the finite element method (FEM) in a simplified one-dimensional formulation according
to the method described in [26]. The stress state was calculated using the method presented in [27].

Table 1. Parameters in the heat release equation

Parameter k X 023, MJ/m? b, days
High-early-strength (1) 0.14 0.4
Regular (2) 0.19 0.51 130 + 3-(B —25) 0.167
Low-early-strength (3) 0.24 0.62

S ource: made by V.S. Tyurina.

The thermophysical properties of the soil were assumed to be constant and equal to: thermal conductivity
coefficient A;=0.9 W/(m-°C), specific heat capacity c,=750 J/(kg:-°C), and density pg= 1800 kg/m>.
The following values of thermophysical properties of concrete were assumed: A =2.67 W/(m-°C),
¢ =1000 J/(kg-°C), p = 2400 kg/m?. The function describing the change in concrete compressive strength
was defined by equation [28]:

28
-b

R:R28 eXp| § 1- 5 (2)

leq
where R2s = B + 12 is the compressive strength of concrete at 28 days, s is a coefficient dependent on the
hardening kinetics of concrete, 7., = DM /20 is the equivalent age of concrete, expressed in terms of its

degree of maturity DM:
t
DM = J.T(r)dr, 3)
0

where T'(t) is the temperature at a point at age T .

Coefficient s was taken to be 0.2 for high-early-strength concrete, 0.35 for regular concrete, and 0.5
for low-early-strength concrete. The modulus of elasticity of concrete was determined as a function of
compressive strength using formula [28]:

R 0.28
E(R)=22265(Ej , MPa. &)

The value of R in Equation (4) should be substituted in MPa. Poisson’s ratio of concrete was assumed
to be independent of time and hardening temperature (v = 0.2). Up to an equivalent age of 12 hours, the
modulus of elasticity of concrete was assumed to be zero (it was assumed that the concrete was not yet
a solid and contained no stress). The layering of the concrete mix was not taken into account in the
calculation. The initial soil temperature was assumed to be equal to the ambient temperature.
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The calculated temperature values Tbot, Tmid, Tup Were placed in the input parameter array along with
the values [B, h, rate] and time ¢. Stress values Gbot, Omid, Oup Were placed in the target values array of
the output variables. The total volume of the training dataset consisted of 4200 numerical experiments
(4200 x 119 = 499800 rows). A sample of the generated training dataset is presented in Table 2.

Table 2. A fragment of the training dataset

Input parameters Output parameters
No- Thot, °C Thig, °C T, °C t, days B,MPa | h,m | rate Gbot, MPa omid, MPa oup, MPa
1 23.97 31.98 29.18 0.5 25 1 1 0.000 0.000 0.000
2 27.31 35.90 32.27 0.75 25 1 1 —0.002 —0.088 0.094
3 29.31 37.68 33.69 1 25 1 1 —0.095 —0.116 0.178
4 30.67 38.54 34.33 1.25 25 1 1 —0.248 —0.108 0.256
5 31.63 38.91 34.53 1.5 25 1 1 —0.424 —0.087 0.335
6 32.33 39.01 34.46 1.75 25 1 1 —0.606 —0.062 0.415
7 32.84 38.93 34.24 2 25 1 1 —0.784 —0.036 0.492
8 33.20 38.73 33.91 2.25 25 1 1 —0.954 —0.010 0.565
9 33.44 38.46 33.52 2.5 25 1 1 —-1.114 0.014 0.631
10 33.58 38.14 33.10 2.75 25 1 1 —1.262 0.037 0.691
11 33.66 37.77 32.65 3 25 1 1 —-1.399 0.059 0.743
12 33.67 37.39 32.20 3.25 25 1 1 —1.525 0.080 0.789
13 33.62 36.98 31.74 3.5 25 1 1 —-1.640 0.100 0.828
14 33.54 36.56 31.28 3.75 25 1 1 —1.745 0.118 0.861
15 33.42 36.14 30.83 4 25 1 1 —1.842 0.136 0.889
499786 76.22 70.58 37.56 26.5 45 3 3 —-5.600 —1.337 8.696
499787 76.08 70.38 37.54 26.75 45 3 3 —5.609 -1.317 8.631
499788 75.94 70.18 37.52 27 45 3 3 —5.617 —-1.297 8.566
499789 75.80 69.99 37.50 27.25 45 3 3 —5.624 —1.278 8.501
499790 75.66 69.79 37.49 27.5 45 3 3 -5.630 —1.258 8.436
499791 75.51 69.60 37.47 27.75 45 3 3 —5.636 -1.239 8.372
499792 75.37 69.41 37.45 28 45 3 3 —5.642 —1.220 8.307
499793 75.23 69.22 37.44 28.25 45 3 3 —5.647 -1.202 8.243
499794 75.09 69.03 37.42 28.5 45 3 3 -5.651 —1.184 8.179
499795 74.94 68.84 37.40 28.75 45 3 3 —5.654 —1.166 8.116
499796 74.80 68.65 37.39 29 45 3 3 —5.657 —1.148 8.053
499797 74.65 68.46 37.37 29.25 45 3 3 —5.660 -1.130 7.990
499798 74.51 68.28 37.36 29.5 45 3 3 —5.662 -1.113 7.927
499799 74.37 68.10 37.34 29.75 45 3 3 —5.663 —1.095 7.864
499800 74.22 67.91 37.32 30 45 3 3 —5.664 —-1.078 7.802

S ource: made by V.S. Tyurina.

The artificial neural network models were trained using the Levenberg — Marquardt algorithm. The
training dataset was randomly divided into three parts: “Training,” “Validation” and “Test,” which were
used for training, validation, and testing, respectively. The split ratio was 75:15:15%. The mean squared
error (MSE) was used as the training quality metric:

1 & 2
MSE=;Z(TZ-—&> ,
/=l (5)

where # is the training sample size, Y; are the stress values predicted by the neural network, 7; are the target
stress values.
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3. Results and Discussion

The statistical characteristics of the generated dataset are presented in Table 3. The model operates
reliably only within the ranges between min and max for the input parameters, since using artificial neural
networks for extrapolation can lead to unpredictable results.

Table 3. Statistical characteristics of the training dataset

Input variables Output variables
Characteristic
Thot Tmia Tup t B h rate Gbot Gmid Gup
mean 46.35 46.16 27.78 15.25 35 2 2 -2.98 -0.52 2.42
std. dev. 15.08 16.77 12.71 8.59 7.07 0.71 0.82 2.10 0.97 3.36
min 6.21 6.32 5.23 0.50 25 1 1 -9.21 —4.53 -9.95
25% 35.96 34.20 17.64 7.75 30 1.5 1 —4.41 -1.12 0.27
50% 46.57 45.92 27.39 15.25 35 2 2 -2.94 -0.39 2.45
75% 57.40 58.05 36.59 22.75 40 2.5 3 -1.51 0.18 4.71
max 85.57 99.69 79.89 30.00 45 3 3 3.11 2.27 12.55

S ource: made by V.S. Tyurina.

The correlation coefficient matrix is shown in Table 4. Table 4 indicates that a very strong positive
correlation (correlation coefficient Rxr greater than 0.9) is observed between parameters 7Thot and Tmid.
A strong positive correlation (0.7 < Rxyr < 0.9) is also observed between parameters 7up and 7bot, Gup and
Thot, Omid and Tbot, omid and Tmid. Correlation between the temperatures at the bottom surface, in the middle
of the slab, and at the top surface is explained by the fact that the heating of the structure due to hydration is
accompanied by the rise in temperature at all points. Strong correlation between the temperature and stress
parameters also fully corresponds to the physics of the process.

A strong negative correlation is observed between parameters 6up and omid. This is consistent with the
results of [29], where it was shown that, assuming a parabolic temperature distribution along the thickness
and symmetric heat transfer conditions, the following relationship holds between the increments of stresses
Gup and Gmid:

200 pig = —AGy. (6)

Under asymmetric heat exchange conditions (heat exchange with the ground and the atmosphere), this
relationship is disrupted, but a strong negative correlation between Gup and omid persists.

Moderate positive correlation (0.5 < Rxy < 0.7) is observed between parameters 4 and Toot, # and Tmid,
h and oup. It is evident that as the slab thickness increases, the maximum temperature at the center of the
structure also increases. Since most of the heat is dissipated through the top surface of the slab, the
temperature at the bottom surface also increases as the thickness increases.

Moderate positive correlation (0.3 < Rxr < 0.49) is observed between parameters 7w and Gup, ¢ and
omid, the hardening rate and the value of ovot. Parameters /# and ¢, B and ¢, in the training dataset are
completely independent.

The training process for the recurrent neural network, feedforward neural network, and cascade neural
network is shown in Figures 4—6, respectively. The training process was limited to 1000 iterations. The best
mean square error value at the 1000th iteration was achieved for the feedforward neural network and
amounted to 0.025 MPa?.

Figures 7-9 show the regression plots for the three machine learning models. The x-axis plots the
target stress values 7, and the y-axis plots the values Y predicted by the neural networks. The shape of the
graphs for the models under consideration is similar; all points lie a short distance from the line ¥ = 7. The
correlation coefficients between the target and predicted values are close to one.
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Table 4. Correlation coefficient matrix

Parameter Toot Tia Twp t B h rate Gbot Gmid Gup
Thor 1.00 0.96 0.73 -0.18 | 0.23 0.53 -0.06 | -0.21 | -0.72 | 0.79
Tnid 0.96 1.00 0.76 -0.36 | 0.21 0.55 -0.04 | 0.02 -0.83 | 0.84
Twp 0.73 0.76 1.00 -0.20 | 0.08 0.10 -0.01 | 0.26 -0.36 | 0.44

t -0.18 | —0.36 | —0.20 | 1.00 0.00 0.00 0.00 -0.46 | 0.48 -0.34

B 0.23 0.21 0.08 0.00 1.00 0.00 0.00 -0.25 | -0.11 | 0.15

h 0.53 0.55 0.10 0.00 0.00 1.00 0.00 -0.24 | -0.68 | 0.63
rate -0.06 | —0.04 | —-0.01 | 0.00 0.00 0.00 1.00 0.47 -0.09 | 0.26
Ghot -0.21 | 0.02 0.26 -0.46 | —0.25 | -0.24 | 047 1.00 -0.10 | 0.02
Omid -0.72 | —0.83 | -0.36 | 0.48 -0.11 | -0.68 | —0.09 | —-0.10 | 1.00 -0.91
Oup 0.79 0.84 0.44 -0.34 | 0.15 0.63 0.26 0.02 -0.91 | 1.00

Best Validation Performance is 0.033262 at epoch 1000
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Figure 4. The training process for the recurrent neural network.
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Figure 5. The training process for the feedforward neural network
Source: made by V.S. Tyurina.

predicted values Y

15 F

5k

o Prediction

—Y=T

-10

10%
10’
[sa]
73] (]
2 10
107"
10'2 L L L L i
0 200 400 600 800 1000
Epoch

Figure 6. The training process for the cascade neural network.

Source: made by V.S. Tyurina.
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Figure 7. Regression plot for the recurrent neural network
Source: made by V.S. Tyurina.
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Figure 8. Regression plot for the feedforward neural network
S ource: made by V.S. Tyurina.

The trained models were also validated using
experimental data for a mass concrete foundation
slab 2 m thick, as reported in [30]. Stress pre-
dictions were performed based on experimental
temperature values. The prediction results were
then compared with the field measurements. Since
the temperature on the top surface exhibited
significant daily fluctuations, preliminary smoothing
of the experimental data was applied (Figure 10).
For the bottom surface and the middle of the slab,
the experimental temperature values are given in
Table 5.

According to the classification used in this
study, the concrete used in the slab is a high-early-
strength concrete with a strength class of approxi-
mately B22.5. Figure 11 shows a comparison of
the predictions made by the artificial neural net-
works with experimental data for the center of the
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Figure 9. Regression plot for the cascade neural network
S ource: made by V.S. Tyurina.
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Figure 10. Graph of temperature changeon the upper surface
of the slab before and after smoothing
S ource: made by V.S. Tyurina.

foundation slab. For comparison, the results of finite element modeling using relationships (2)—(4) are also
presented. The heat release function in the finite element calculation was selected to ensure the best possible
agreement between the calculated and experimental temperatures.

Table 5. Experimental temperature values in the middle of the thickness and at the lower surface

t, days 0.5 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Tmia, °C | 23.1 | 28.8 | 41.8 | 443 | 42.6 40 373 | 353 | 333 | 31.5 | 302 | 292 | 283 | 274 | 269
Toot, °C 23 25.7 32 35 363 | 364 | 359 | 35.1 | 342 | 333 | 324 | 31.5 | 30.7 | 299 | 29.2
t, days 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Tmia, °C | 26.1 | 25.8 | 25.7 | 25.8 | 25.9 | 25.8 | 25.7 | 25.5 | 253 | 244 | 235 | 23.1 23 23 23.1
Thot, °C 28.6 | 28.1 | 27.6 | 27.2 | 26.8 | 26.6 | 263 | 26.1 26 25.7 | 254 | 25.1 | 247 | 244 | 242

S ource: made by V.S. Tyurina.

AHAIUTUYECKVE W YMCHEHHBIE METOZbI PACYETA KOHCTPYKLIIA

101



Tyurina V.S., Chepurnenko A.S., Yazyev B.M. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(2):93-104

The graphs show that the three machine learning models and the FEM produce roughly the same
results, with the exception of the initial time point. The feedforward neural network provides a more
accurate prediction at the initial time point, exhibiting the lowest mean square error among all the models
considered. At the 16-day mark during the experiment, a crack was observed in the slab, corresponding to a
spike in the experimental graph. At this point in time, the neural networks predict the tensile stress value
with sufficient accuracy. Deviations of the experimental results from the finite element analysis and the
neural network predictions are observed in the time interval from 3 to 11 days. These can be explained by
deviation of the actual time-dependent elastic modulus of concrete from that assumed in the model.
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Figure 11. Comparison of neural network predictions with experimental data and finite element analysis results:
1 — recurrent neural network; 2 — feedforward neural network; 3 — cascade neural network

S ource: made by V.S. Tyurina.

4. Conclusion

As part of this study, an approach for predicting thermal stress in mass concrete foundation slabs
based on temperature monitoring data using machine learning methods was developed and validated. Three
artificial neural network architectures were considered as models: a recurrent neural network, a feedforward
neural network, and a cascade neural network. Training was conducted using a dataset of 499,800 rows,
generated from 4200 numerical experiments and covering a wide range of variations in geometric, strength,
and thermophysical parameters.

The feedforward neural network model yielded the best results, achieving a mean square error in the
stress prediction of 0.025 MPa?. All three models demonstrated high prediction accuracy, as confirmed by
regression plots with correlation coefficients between the target and predicted values close to one.
Verification of the developed ANN models using experimental data for a 2-m-thick slab demonstrated their
adequacy and practical applicability. With particular accuracy, the models predicted the emergence of
tensile stress corresponding to the crack formation observed in the experiment on the 16th day.

The proposed approach overcomes the limitations of existing methods based on the assumption of a
parabolic distribution of temperature and stress, and provides accurate predictions for structures thicker than
2 m. The use of ANN significantly reduces computational costs compared to direct finite element modeling,
making the method an effective tool for quick analysis of monitoring data in real-time.
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Thus, the application of machine learning methods to predict thermal stress in hardening mass
concrete structures is a promising area of research that helps to improve the accuracy of stress state
evaluation and prevent early cracking.
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Annortauus. [TpoBeneHo MonenupoBaHUe HaANPSHKEHHO-1e(OPMHUPOBAHHOTO COCTOSHUS OOCTOHHMPOBAHHOTO TPYOONPOBONIA MPH
YKIIaJKe ¢ TPYyOOYKIIaJOYHBIX 0ap>K B BOJOEM. YIIIMHEHHE TPyOOIIpOBOIa MO/ ASHCTBUEM PACTATUBAIOIICH CHJIBI HE YIUTHIBAETCS.
VYuutbiBaeTCcsl AEWCTBHE HOPMAIBbHOM pPACIpelleNeHHOM CHJIbL, KOTOpasi BO3HUKAET BCJIEICTBUE M3MEHEHMS KPHUBU3HBI CpeaHEil
JIUHUU TPYyOONPOBOJA M 3aBUCHUT OT JIAaBJICHHS BHYTPU U BHE TPyOONpOBOo/a. YCIOBHS paBHOBECHS TPYOOIPOBO/IA OMUCAHBI ypaB-
HEHHUSMHU B MPOEKIMIX HAa KacaTeJIbHYI0 U HOPMallb M 3aBHCHMOCTBIO Nepepe3bIBaOIIei CHlbl OT u3rudaromero MomeHra. Ero
CTaTHYECKOE PaBHOBECHE OMPEAEISETCS NeiCTBIEM COOCTBEHHOTO Beca TpyOOompoBoaa, MOXBEMHON CHITBI ApXUMea U HOpMailb-
HOU pacnpenenieHHO# cuibl. C yueToM OOJNBIIOro OTHOIIEHHS JJIHHBI TPyOOIIpOBOAa K €ro JHaMeTpy UCIONb3YeTCsl HeTMHEHOe
ypaBHeHHe nu3ruba. Mccneayercs reoMeTpuyecKy HeJTMHeHHast 3a/1aua paBHOBecHs TpyOonpoBoa. 3anada Ko i cucTeMsl U3
cemu U depeHanbHbIX ypaBHEHUH c(OpMYINpOBaHa B Pa3MEpHOM U Oe3pa3MepHOM BHJE U 3alMCaHa B KOHEUHO-PA3HOCTHOM
dhopme. [TpoBeaeHbI YHUCIICHHBIC pacueThl 0e3 yueTa U ¢ y4eTOM HOPMaJIbHO# pacnpeeneHHo# cuibl. Onpenenstorces popMa, yCH-
JIMe HaTsDKSHUs, TIepepe3bIBatoIIas Cuila M U3rHOAI0IMi MOMEHT B TPYOOIIPOBO/IE, & TAKXKE HAIPSHKEHHO-Ie(OPMUPOBAHHOE COCTOSI-
HUE 00ETOHUPOBAHHOTO TPYOOMPOBO/IA MPU YKIIAAKE ¢ TPYOOYKIIaA0uHbIX Oapx. Pe3yasrarsl MOIETUPOBAHUS, TIOTyUYCHHBIC HHTE-
rpupoBanuem 3ana4u Komm merogom PyHre — KyTTa, MOJTHOCTBIO COBIAAIOT C pacyeTaMH 10 KOHEUHO-PAa3HOCTHBIM (POPMYJIaM.

3asBiieHNe 0 KOHGUIMKTE HHTEepPecoB. ABTOD 3asBIsIeT 00 OTCYTCTBHU KOH(IMKTA HHTEPECOB.
KitioueBble cjioBa: TpyOOIIpOBOA, YCHIINE HATSXKEHUS, IepPepe3bIBaroIas Cruila, M3rudarommid MoMeHT, ¢popma, 3aaqya Komn
Baarogapuoctu. Pabora BbITNOIHEHA B COOTBETCTBUU € rocyaapcTBeHHbIM 3ananueM (FMRS-2023-0015).
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Abstract. The stress-strain state of a concrete coated pipeline during laying from pipelaying barges into a reservoir is modeled.
Pipeline elongation under tensile force is ignored. The action of the normal distributed force, which arises due to the change in the
curvature of the pipeline centerline and depends on the pressure inside and outside the pipeline, is taken into account. The pipeline
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equilibrium conditions are described by equations in projections onto the tangent and normal lines and by the dependence of the
shear force on the bending moment. Its static equilibrium is determined by the action of the pipeline self-weight, the Archimedes
buoyant force, and the action of the normal distributed force. Given the large ratio of the pipeline length to its diameter, a
nonlinear bending equation is used. A geometrically nonlinear pipeline equilibrium problem is investigated. The Cauchy problem
for a system of seven differential equations is formulated in dimensional and dimensionless form and is written in finite difference
form. Numerical calculations are performed with and without the normal distributed force. The shape, tensile force, shear force,
and bending moment in the pipeline are determined. The stress-strain state of a concrete coated pipeline during installation from
pipelaying barges is determined. The modeling results obtained by integrating the Cauchy problem using the Runge-Kutta method
are completely consistent with calculations using finite-difference formulas.

Keywords: pipeline, tensile force, shear force, bending moment, shape, Cauchy problem
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1. BBenenue

OOm1ast TeopHsi CTaTHYECKOTO M TUHAMUYECKOTO MOBEACHUS TPyO, IIIAHTOB, KalOelel ComepKuTCs B
moHorpaduu [1]. O630p uccienoBaHUi MO HANPSHKEHHO-ASPOPMUPOBAHHOMY COCTOSIHHIO TPYO Jaercs B
[2]. U3rub, BcruibiTHE, MOAETUPOBAHUE TOABEMAa TIIYOOKOBOIHOTO TPYOONpOBOAa OONBIION JTMHBI pac-
cmarpuBaetcs B [3-21], rme maercs 0030p uccienoBaHuid mo naHHoW teme. B [3] mpuBeneHn anroputm
HaxoXAeHUs (opMbI paBHOBECHUS Kabesst U TPyOOIpOBOIa, HAXOASAILETOC MEXy THOM BOoJ0eMa U Oapkei-
TPYOOYKJIaJUUKOM. YUUTHIBAIOTCS M3MEHEHUS M3TMOHOM KECTKOCTH, BECa M IUIaByYeCTH, a TAKXKE CHJIBL,
BBI3BAaHHBIC OKEAHCKHM TeueHueM. HenmHeliHas kpaeBas 3amada mpeoOpasyercs B Oe3pazMepHyo Gopmy
TakuM 00pa3oM, YTO HEM3BECTHAS JUIMHA TIO/IBEIICHHOTO TPyOOIpoBoaa MM Kadesst BBICTYHaeT B Ka4eCTBE
MacmTaOHOro mapamerpa. UnciaeHHOe pelIeHre 3aTeM OCHOBBIBAECTCS Ha MOCIIEeI0BATeIbHOM HHTEIPHPOBaA-
Hun. [IprMeHeHne MeTo1a WILTIOCTPUPYETCSl aHAJIM30M KPUBBIX PAaBHOBECHS U HANPSOKEHUI B TPyOOIpoOBO-
Jlax, MPOJIOKEHHBIX C UCIIOJIb30BaHNEM Oapik Wiu 0e3 HuX, a TaKkKe BO BpeMs olepanuii o CIycKy U MOIb-
emy. B [6] uccnenyercs nuHelHbIN U3rud TpyOOoNIpoBoa, A1 NoAbeMa KOTOPOro MPUIIOKEHA COCPENoTOo-
YeHHas CUJia, a B [7] mpeacTaBieH JMHEHHBIH U HEMTMHEHHBIA M3rud MOABOAHOIO TpyOompoBoaa. 3agauu
pEIIeHBI ¢ YYeTOM Beca TpyOOoIpoBoJa BMECTE CO Cpeol B TPyOOIPOBO/IE, BHITAIKUBAIOMICH CHIIBI ApXH-
MeJia, HOpMaJIbHBIX OOKOBBIX pacIipeelIeHHBIX CHJI, 3aBUCSIINX OT JIaBICHUI Ha BHYTPEHHIOIO U BHEITHIOO
noBepxHocTH. B [8] nan aHanmm3 mogbeMHO-CITyCKOBBIX OTeparuii TpyOoIpoBo/a B 3aBHCUMOCTH OT 3 dek-
TUBHOTO BECa U M3TMOHOM *KEeCTKOCTU TPYyOBl, JaBIEHUH Ha €e CTEHKHU, INIyOMHBI BOJOEMA, COCPEIOTOYEH-
HOU moxbeMHOM cuitbl. B [9] paccmarpuBaeTcs n3rué 06eTOHMPOBAHHOTO TPYOOIPOBO/A OOJIBIION ATHHBI
IpU TOABEME €r0 y4acTKa 10 CBOOOIHOM MOBEPXHOCTH Bojoema. [IpoBesieH aHanu3 moabeMa JAByXCIOHHO-
ro JJIMHHOTO TpyOompoBoza co cBoOoaHbIM KoHIIOM B [10]. KoHlleBoe ceueHMe 3aKphITO 3amIyLIKOM, YTO
NPeAOTBpAIAeT MPOHUKHOBEHHE BOABI BO BHYTPEHHIOIO MOJIOCTh TPYOBbl. M3rub nByxcioitHOTO TpyOompo-
BOJIa B MpOIIECCe €ro YKIAAKU ¢ OopTa cyaHa paccMOTpeH B crarbe [11]. YuuTsiBaeTcs BiIusHUE yHpyroi
HEJIMHEHHOCTH. | paHWYHbIE YCIOBHS 3alIMCAHBI IS 3aKPETUICHHOM rpaHuIlbl 1 cBoOoaHOTO Kpas. CoznaHne
OOKOBBIX M3rMOOB B MOABOIHBIX TPYOOIIPOBOAAX JUIsl 0OeceueH sl paclpeiesieHHsl TeIUIOBOIO pacIiupeHuUs
M0 HECKOJIBKUM M3rudam paccmarpuBaetcs B [12]. s KoHTposisi G0KOBOTO M3ruda MCHOIb3YIOTCS METOIbI
MHUIIMUPOBaHMS U3rnda, Takue Kak paclpe/ielieHHbIE IIaByYhe CEKIHMH, KOTOPhIe BBI3bIBAIOT OOKOBOW U3-
ru6d B 3aruiaHupoBaHHBIX Mectax [13]. B [14] paccmoTpensl monBoiHble TpyOONIpoBOIbl, paboTaronye B
YCIIOBHSAX BBICOKOTO JIaBJICHUS U BBICOKHUX TEMIIEPATYP, YTO MOXKET MPHBECTH K HAKOTUICHUIO OCEBOU CHIIBI
B/IOJIb TPyOONIPOBOJA MO CPAaBHEHHIO C YCIOBHAMHU yKiIanku. CTaTHueckas yCTOHYHMBOCTh M OTpeE/eIeHUe
nmapaMeTpoB TpyOOTpoBoa Ipu 00pa30BaHUU apKU BEIOpOCa paccMoTpeHsl B [15; 16]. Pabora [17] mocss-
II€HA HKCIIEPUMEHTAIBHOMY HCClIeloBaHUI0. VHMIIMMpOBaHHE KOHTPOJIUPYEMOTO OOKOBOTO BBIITYYMBAHUS
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pacnpeneeHHbIM IUIaBYYUM y4acTKOM B 3apaHee 3aJaHHBIX MECTax I CHATHUS OCEBOW CHJIBI, BBI3BAHHOM
BBICOKOM TeMIepaTypoil ¥ BHICOKMM JaBJICHHEM B MOJBOJHBIX TpyOompoBogax paccMorpeHo B [18]. Obna-
pYXEHHE U OHJIAWH-MOHUTOPHHT HANpsHKEHW B TPyOONpPOBOAax Ha HE(PTSIHBIX U Ta30BBIX CTAHIMAX pac-
cmarpuBaetcs B [19]. MoaenupoBanue HanpsikKeHHO-1e(hOpPMUPOBAHHOTO COCTOSHUS TTOABOAHOTO MOPCKOTO
ra3onpoBojia C yYETOM pPa3KMKEHUs I'pPyHTAa U MapaMeTpoB SKCIUTyaTaluuu paccMarpuaercs B [20; 21].
[Togbem TpyOONPOBOIOB SIBISETCS Ba)KHBIM ITAllOM B MPOEKTHPOBAHMHM MOPCKUX TPyOOmpoBomoB [22].
Pazpaboran 3¢ eKTHBHBI aHATUTHYECKUI METOI MCCIEIOBAaHHMS MEXaHHMYECKUX CBOWCTB TPyOOmpoBoIa
Ha OCHOBE MEXaHWYECKHUX, PU3NUECKUX U TEOMETPUIECKUX COOTHOMEHNUH. C ITOMOIIIBIO METO/IOB CTPEBObI
U CeKyIIHX, IpeoOpa3yroIuX KpaeByo 3a/iady B 33/1a4y ¢ Ha4aJbHBIMH YCIOBUSIMH U PEIIAIOLINX €€ MEeTO-
noMm Pynre — KyTThbl, paccunthiBarotcest Aedopmanys U MEXaHHYeCKHe CBOWCTBa TpyOonposona. B3aumo-
JIeHCTBHE HEyCTOMYMBOCTEH TPyOOINpoOBOJa MO JCHCTBHEM BHYTPEHHETO M BHEIIHETO JABJICHHUS, CHJIbI
CKaTusl U SKUIKOCTH, MpOTEKaroule Baonb TpyOompoBoaa, paccmarpuBaercs B [23]. Henunelnslii u3rud
JUTMHHOTO TPYyOOIIPOBO/IA IOJ JCHCTBHEM COCPEIOTOYCHHON CHIIBI paccMoTpeH B [24]. B [25] u3naraercs
HEeJIMHEWHas TeopHsl OOJBIMX TIEPEMENICHUH TTPH IFIOCKOM M3TH0E TOHKUX YIIPYTUX CTepKHEH. BBomuTcs B
paccMOTpEHNE TpHU Kilacca 3a/1a4:

1) ocHOBHOI1 Ki1acc;

2) KJ1acc 3a/1a4, CBOJUMBIX K OCHOBHOMY;

3) kJacc 3a/1a4, He CBOIMMBIX K OCHOBHOMY.

K nociegnemy kimaccy OTHOCATCS 3aJa4M C pacHpelesICHHbIMU HAarpy3kaMmu. B BhIIENpUBEICHHBIX
paboTax HCIIOIB3YIOTCS JOMYIICHUS: MOEPEYHOE CEUEHHE OCTACTCS KPYTOBBIM, IJIOCKOCTh CEUEHUS MpHU
JnedopMaliy MaocKas U NepHeHIuKyIsipHa K 0CeBOW JIMHUHU, TpyOonpoBoa HepacTsxuMm. Hanbonee 6mu3-
KUMH BIIsitOTCSL pabotel [11; 22], rme paccMmarpuBaroTcs HEIMHEHHO-yIpyras nedopMaiusi moABOIHOTO
TpyOOmpoBosa B IMpoIecce YKIaakd U moabeMa. B 3Tux paborax He y4YHTBHIBAeTCS BIUSHHE HOPMabHON
pacnpeneneHHON CUIIBI.

Llenv uccnedosanus — MOJETUPOBAHNE HAINPSHKEHHO-/1€(OPMUPOBAHHOIO COCTOSTHUSI TPYOOIpoBO/a
IpU yKJIAAKe ¢ TpyOOyKJIaZOuHBIX Oap’K B BOJOEM; HCCIEJOBaHHE I€OMETPHUYECKH HEIMHEHHOW 3a1adu
paBHOBECHS TPYOOIPOBO/IA; MOCTAHOBKA U pemieHne 3aaa4u Komm amst cuctemMsl U3 ceMu TudQepeHnnatb-
HBIX YPaBHEHUU B pa3MepHOM, Oe3pa3MepHOM BHJIE, a TAK)Ke B KOHEYHO-PAa3HOCTHOM (opMme; onpeseseHne
(bopMBI, YCHITUS HATSHKEHUSI, Tepepe3bIBAIOIIeH CHITBI M M3THOAIOIET0 MOMEHTa B TPyOOIIPOBOIE; HCCIIEN0-
BaHUE BIMSHMS HOPMAJILHOM pactpeeIeHHON CUJIbl, YUUThIBAIOIIEH JeHCTBUE BHEIIHEro naBienus. Cpas-
HEHHUE DPEe3yJIbTaTOB MOJECIUPOBAHUS, MOJYyUYEHHBIX MHTErpupoBaHueM 3aaaun Komm meromom Pynre —
KyTTa ¢ pacuetamu 1o KOHEUHO-Pa3HOCTHBIM (hopmynam. Pabora MOXET NMpeaCcTaBiIsATh UHTEPEC JUIsl KOH-
CTPYKTOPOB, HHKEHEPOB, TEXHOJIOTOB TPYOOIIPOBOIHOTO TPAHCIIOPTA.

2. ITocTaHOBKA 3aa4H

PaccmarpuBaeTcs reoMeTpuUecKH HeTMHEWHas 3a/a4a paBHOBECHsI y4acTKa TPyOOIpOBOAa IIPU MOH-
Taxe ¢ TpyOOyKIagouHbIX Oapxk (puc. 1, a, 6). 3amaya COCTOUT B OIpeeIeHUH (POPMBI, CHJI 1 MOMEHTOB B
TpyOompoBone. [IpunsTo, uro mpu u3rube momepeyHoe ceueHrne TpyoorpoBoia OCTAETCs KPYTroBbIM, TJIOC-
KOCTb CeYeHHs IpH ie(hopMaIvu TII0CKas U MePIeHINKYIIIPHA K OCEBOI TMHUU. YIJIMHEHUE TPyOOmnpoBoIa
NOJ| ICMCTBUEM pacTATUBaIOLIEH CUIIbI HE yuuThiBaeTcsa. M3rub TpyObonpoBoa ONMKUCHIBACTCS ypaBHEHUSIMU
paBHOBecus [26]:

dT O
e +E+qz cos0=0; (1
do T .
—=—— 0—g, =0; 2
o g 4:sm0-dqy (2)
dM
=, 3
Q ds (3)
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rne 7, O, M — cuna HaTsOKSHMs, CHJIa CIBUTA M U3rHOAoMuii MOMEHT; R, § — paJnyC KpUBU3HBI U JUTHHA
YT CpeHel JMHUM U30THYTOro TpyOONpOBOJa; g- — paclpeieieHHas CUia, YUUTHIBAIOIIAs CUITy TsDKe-
CTH Y BBITAJIKMBAIOILYIO CUIIy ApPXHMeEA; ¢g» — HOPMajbHAasl PaCIpeleIcHHasl CUjla, YYUThIBAIOLIas Aeh-
CTBHE BHEIIIHETO JAAaBJICHUS, KOTOPBIE OIPEIEIAIOTCS 1Mo (hopMmynam

]
4, =(P1F +PaFy + 03B +piF; —poF,) &5 4y =(peFe —piF; )gZE’ 4)

I71€ ¢ — BEC eIMHUIIBI JJIMHBI TPYOOIPOBO/IA, COCTOSIIETO U3 TPEX KOHIIEHTPUUYECKUX CJI0EB C IUIOUIAIIMU
MOTIEPEYHBIX CEUEHUH [k U MIOTHOCTIMM MaTrepuaioB pk, k = 1, 2, 3, ¢ IIIOTHOCTSAMU Cpell BHYTPU U BHE
TPYOOIIpOBONA Pi, Pe U TIOMIAISIMU TIOTIEPEYHBIX CEUCHUM Fi, Fle:

F,=nR?, F,=nR2.

3nech Ri, Re — paanychl BHYTPEHHEH M BHEIIHEH OKPYKHOCTEH MONEPEeYyHOro CeYeHus: TpyOoIrpoBoa, X;
Z — MPSAMOYTOJIbHbIE KOOPJNHATHI, g — YCKOPEHHE CBOOOIHOTO MaJICHHS.

T+dT
0 /\

P o X

a 9]

Puc. 1. Yuactok TpyOGOonpoBoa mpyu MOHTaXe ¢ TPYyOOyKIIaAOUHBIX OapxK:
a — CWJIBL, ACHCTBYIONINE 110 CPEAHEH JIMHUN; O — pacueTHas cXxema

W ctouHuK: BemonHeHO A.I'. XakuMOBBIM.

Figure 1. Pipeline section during installation from pipe-laying barges:
a — forces acting along the centerline; 6 — calculation model
S ource: made by A.G. Khakimov.

N3rubnas xkecTkocTh TpyOOTIpoBOIa paBHa [9]:
D=EuJ,+EyJy+EyJ;, 4 =F ((R,. +hy) +R? )
47, = F, ((R,. why iy ) (R i) ) 47, = Fy (Re2 +(R,—hy )’ ) )

[IprueM HOpMasbHas pacrnpeneieHHasl CUila BO3HUKACT BCJIEICTBUE M3MEHEHUS KPUBHU3HBI CpeAHEH
JUHUM TpyOorpoBoa. [lmomaay nonepevHbiX ceueHui ciioeB TpyOonpoBoaa paBHbI

A 2“((Ri +hy) _Riz)’ 18 :“((Ri i+ ) (R +h1)2),

2
F3=n(R§+(Re—h3) ) (6)
rae hx — TONIIMHEI cjioeB, k=1, 2, 3.
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N3rubarommii MOMEHT OIpeesieTcs Kak

11
ool ?

rne R, — paanyc KpUBU3HBI CpeHEl JTMHUH TPpyOOmpoBoaa B HEAE(HOPMUPOBAHHOM HCXOIHOM COCTOSTHHH.
s py6omnpoBoga Ry, — . U3 (7) ¢ yuerom (3) cnemyet

D

BeipaxkeHust 47151 KpUBU3HBI CpeIHEN JIMHUU TPYOOIPOBO/A U M3THOAIOIET0 MOMEHTA 3alIUCHIBAIOTCS KaK

0 1 d1_Q

9_1 d1_0 9)
d R dsR D

rae 0 — yron Mex 1y KacareabHOU K CPEeIHEH JTUHUH U30THYTOTO TPyOOIPOBOA U OCHIO Z.
®dopMa U30rHYTOTO TPyOOIIPOBOAA ONIPEIEsETCS U3 YpaBHEHUH
dx . d.
— =sin0, —Z:cose. (10)
ds ds

I'opuzoHTanbHas P1 U BepTUKaiIbHAs P2 COCTaBISIONINE YCUJIMs HATSHXKEHUs Tpoca P, ¢ MOMOIIbIO
KOTOPOTO TPOU3BOAUTCS MOABEM ydacTKa TpyOompoBoja B Hayase KOOpAMHAT B Touke O, ONPEeIsioTCs
UHTETPUPOBaHUEM

L L
B = [ g, cosbds = (p,F, _piﬂ)gjzlcoseds’
0 o R
L L
P2 :qu— an sin Ods quL—(PeFe _piF})gJ.ZESinedS, (11)
0 0

e L — nivHa MOAHUMAaeMOM YacTH TpyOoIpoBoa.
Yeunue narsxenus To, nepepesbiBaromias cuiia Jo, CcyMMa MOMEHTOB BCEX CHJI OTHOCUTENBHO Havyana
KoopauHaT Mo OTHOCUTENHHO Havasia KOOPAUHAT TOUKK O OMPEeIsIIOTCS

L L
Tp = [ 4, cosOds =(p F,, — PiFi)g_[Z%Coseds,
0 0

L L
. |
%0 :qZL_.[qn sin Ods :qu_(peFe —p,-F,-)gszsmeds,
0 0

L L L
Mo =(p.F, —p;F;)g| z? %cos 0ds —(p F, —p;F;)g| xz%sin Ods — [ q,xds. (12)
0 0 0
VYenoBus B Touke O B Hauase koopauHat ciaenytomme: s =0,x=0,z=0,0 =7/2, T=To, Q = Qo, M =
Mo, 1/R = 1/Ro.
Ucnonb3ys cooTHOLIEHUS

L S _ X _ z T 0 M
u:—,é:—,x:—’zz—’ = 4= s = P
R L L L q,L q,L q,L
R P P (peFy —piF) r
1 _ _ _\Pel'e =Pili )8 4q;
p1= P2 = > P B_ s [ = >
L L q.L q; D
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ypaBaenus (1), (2), (3), (9), (10) u coornomenus (11), (12) mpumyT Bua (4epTOUYKH Haa 0003HAYCHUSIMU
KOOPJIMHAT OIYIICHBI):

5—;+uq+0056=0, (13)

Z—Z—tqusinO—Bzu:O, (14)

dm_ o 49 (15)

dg d§ d§

Z—zzsinﬁ, Z—zzcose, (16)
1 1

plzﬁ.fzucosedﬁ, pzzl—szusinedé, (17)
0 0

1 1
to =B[ zucosBds, g =1—P| zusin Ods,
0 0

1 1 1
mg =B z2ucos0dE — [ xd& + B[ xzusin 0dE = 0. (18)
0 0 0

VYenoBust B Touke O B Hadaje KoopauHaT B Oe3pasmepHoM Buje ciemytommme: =0, x=0, z=0,
0=mn/2,t=to, q =qo, m=mo, u = uo.
VYpasuenus (13) — (16) 3anumieM B KOHEYHO-PA3HOCTHOM BHUJIE:

ti+1 :tl — (qlul + COS@I- )AE_,,(]H_I =q; + (l‘lul —sin el + BZM)A&,
m g =m; + q;AL, w1 =u; +vq;AL, 6, =6; +u;AE,
X;1=X; +sin(0;) A&, z;,1=z; +cos(6;)AE,

_ - __ L
G +AL i=LN, AL=——. (19)

Jn1sl 9MCICHHOTO HHTETPUPOBAHHS HEOOXOAMMO HCIIOIB30BaHNE KOHEYHO-PA3HOCTHBIX COOTHOIICHHH,
kotopsle cienytot u3 (17), (18):

. 1
PLi+17P1i + BZiui Ccos GiAE;, 1= 1N, A& = m,

P2.i1=P2 +(1—Puz; sin6; ) AE,
1041710, +Bziut; COSO;AE, 4o ;11=q0,; +(1—Pzu; sinB; ) AL,
mo’l'+1 =mO’l- + (Bzizul- COS 91- — xl- + Bxiziui Sin 9,- )Aé (20)

VYenosust B Touke O B Hadaje KOOPAWHAT B KOHEYHO-PA3HOCTHOM Buje cienyromue: &1 = 0, 11 = to,
q1=qo, mi =mo, ur=uo, 01 =m/2,x1=0,z1=0.
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3. Pe3yabTarsl U 00CyxK/AeHNE

PaccmarpuBaemblii ydyacTok TpyOOMpoBOAa BBHIMOIHEH U3 CTAIbHBIX TpyO pasmepom 620 x 10 mwm,
¢ MoxysieM ynpyroctu E1 = 2,07-10° MIla, mwiotHoctsio 7850 kg/m®, BHyTpennum paguycom R; = 300 mm,
BHEITHUM paguycoM R; + A1 = 310 mm, TommuHoN creHku /41 = 10 mm, cpeHero 6ETOHHOTO CJI0S TOJIIIIH-
HOIt /2= 40 mm, mMoxynem ynpyroctu E2= 0,3 x 10° MPa, nnotHocTbio 3044 kg/m?, BHELIHEro 3aiuTHOro
ciost MoxysieM ynpyroctu Ez = 0,1-10* MITa, mnotaoctsio 800 kg/m®, Tonmunoit 43 = 10 mm, mI0THOCTBIO
OKpy’Karomieif Mopckoii Bomel pe = 1025 kg/m®, minoTHOCTBIO BO3MyXa B Tpybomposoae pi = 1,25 kg/m®,
JUTHHA y4JacTka Tpyoomposoma L = 150 m, y = 10,31.

3.1. Hopmanshnas 60xosas pacnpedeieHHasn cuia pagua Hyio

B stom ciyuae =0 u BTOpoe KOHEUHO-pa3HOCTHOE cooTHouieHue u3 (19) m coorHomenus (20)
OPUMYT B

qi+1=4; +(t;u; —sin6; ) AE;

PLi1=Dli> P2iv1= P2, T AL

10,i+1=10,i> 40,i11=90, + A&

mo i1 =mo; —XAE, i=1.N, A& =1/(N -1).

VYenoBus B Hauasie koopauHat B Touke O: xo = 0, zo = 0, 60 = n/2, to = 0,1, go = 0,5, mo= —0,12,
uo= —1,245. Cuna HaTsHKEHUS TPOCA, C IOMOLIBIO KOTOPOTO TMPOU3BOAUTCS yIEpKUBaHUE TPyOOIpoBoIa
P = 14,75 xH. Pe3ynsrarsl BEIMUCIICHUH, TOTyYeHHBIE YMCICHHBIM UHTErpupoBanueM 3anaun Komm (13)—(16)
10 KOHEYHO-Pa3HOCTHHIM (hopmyiiam (19), HONMHOCTBIO COBMAAOT C pacyeTaMu MetoaoM Pynre — Kyrra.

Ha puc. 2, a npuBoOASTCS 3aBUCUMOCTH YCWIJIMS HaTsDKEHUS f, Iepepe3bIBAIONICH CHIIBI ¢, N3rH0aro-
IIeT0 MOMEHTa m OT koopauHatsl &. Ha puc. 2, 6 npuBoautcs Gpopma u3orayToro tpyodomnposona. BuaHo,
YTO ynpyrasi JUHHUS TpyOOIIpoBOa NMEET TOUKY Ieperuoa.

R T

flpesemamnenisn Sl

a o

Puc. 2. 3aBUCUMOCTH yCUIINS HATSDKEHUS ¢, Iepepe3bIBAIOLICH CHIIBI ¢, M3TMOAIOIEro MOMEHTA /71 OT KOOPJIUHATHI &
(crunomHas, MITPUXOBasi, MyHKTUPHAs TMHUU COOTBETCTBEHHO) (a); Gpopma TpyOonposoaa (6)
W c 1o uHuk: BemonHeHo A.I'. XakuMOBBIM.

Figure 2. Tensile force ¢, shear force g, and bending moment m as functions of coordinate &
(solid, dashed, and dotted lines, respectively) (a); pipeline shape (6)
S ource: made by A.G. Khakimov.
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3.2. Yuem nopmanvhoii 60K06011 pacnpeodesieHHOl CUibl

B atom cityuae B = 4,15. Yenosus B Hauase koopauHar B Touke O: xo =0, zo = 0, 00 = /2, to = 0,109,
qgo=0,5, mo=-0,1178, uo=-1,23. Cuna HaTsDKeHHS Tpoca, C IOMONIHI0O KOTOPOTO MPOU3BOAUTCS
yaepkuBanue tpyoonposoaa, P = 16,08 kH. Pe3ynbrarsl BEIYUCICHUH, MMOTy4YeHHbIE YUCICHHBIM HHTETPH-
poBanueM 3amadn Komm (13)—(16) mo koHeuHO-pa3HOCTHBIM (opmyinaM (19), MOIHOCTHIO COBMANAIOT C
pacueramu meTogioM Pynre — Kyrra.

Ha puc. 3, a, npuBoasATCS 3aBUCUMOCTH YCHIINS HATSKEHUS £, IEpEpe3bIBAIOLIEH CHITBI ¢, U3rubatolie-
TO MOMeHTa m OT KoopauHatsl &. Ha puc. 3, 6, mpuBoguTcst popma U30rHyTOro TpyOOImpoBoa.

0=
N
AN
™
LY
: \\ :
C!.C!SE . |
Nk
N\
\
: PN
: .
Dikffsss s e e
; : \
N
N
N
= ~
= f
0 0.5 S
a o

Puc. 3. 3aBucuMocTH yCHIUS HATSDKEHHUS £, TIepepe3bIBAOIIeH CHITBI ¢, H3THOAI0IET0 MOMEHTA /11 OT KOOPJHHATHI &
(crunomHas, MITPUXOBast, IyHKTUPHAs JIMHUU COOTBETCTBEHHO) (a); hopmMa Tpybomposoaa (6)
W ¢ 1o uHwuK: BemonHeHo A.I'. XakuMOBBIM.

Figure 3. Tensile force 7, shear force g, and bending moment m as functions of coordinate &
(solid, dashed, and dotted lines, respectively) ) (a); pipeline shape (6)
S ource: made by A.G. Khakimov.

Gy e Ha puc. 4 npusonsrcs gopmsl Tpybonposoga 6e3 yueTra u ¢ yde-
: : TOM JEHCTBHUSI HOPMaJbHON pachpeeNIeHHON CHbI (IITPUXOBasi, ITyHK-
TUpPHAsI JIMHUU COOTBETCTBEHHO). YUET NEHCTBUS HOPMAIBbHOUN pacrpe-
JENIEHHOHN CHJIBI TPUBOAUT K HE3HAYUTEIHLHOMY W3MEHEHUIO (POPMBI TPY-

6ompoBoza.
i SR B — 4. 3axi04enne
: 1. [Tony4yeH 4McIEHHBIM METOH pEUIeHUs 3a/laud C YYeTOM pac-
o \"\v.____ NPEIEIEHHON CHJIBl TSKECTH, BBITAJIKUBAIOIICH CHIIBI ApXHMena u
: ; “\;— HOpPMaJIbHOW pacipeesIeHHON CUJIbl BHELIHETO JIaBICHMS P MOJEIH-
. &= POBAaHUU HANPSKEHHO-AE(POPMUPOBAHHOTO COCTOSIHHSI OOETOHUPOBaH-
Puc. 4. ©opmbi TpyGonposoaa HOTO TPYOOIIPOBO/IA TP YKIIAJKE C TPYOOYKIAIOYHBIX OapxK.

W cTouHuK: BeimonHeHo A.I'. XaKuMOBBIM.

2. [IpuBenens! Gopmysbl Ajst onpeneneHust GOpMbl, yCUIUs HaTA-
JKEHUs], NIepepe3bIBatoILeil CUIbl U U3rH0aroIIero MOMEHTa B TPyOOIpo-
BOJIE. YUeT IeHCTBUS HOPMAJIILHOM PaclpeNeIeHHON CUIIbl IPUBOAUT K
HE3HAUYUTEIbHOMY U3MEHEHHUIO (OpMBI TPYOOIIpOBO/A.

3. Pe3ynbrarhl BEIUMCIICHUH, [TOJIyY€HHbIE YHCIEHHBIM UHTETPUPOBaHUEM 3aha4u Kol no koHeuHo-
pa3sHOCTHBIM (hopMynam, MOJHOCTHIO COBIAJNAIOT ¢ pacueTamu mMetonoM Pynre — Kytra. Pabora mMoxker
HPEACTaBIATh HHTEPEC AJIsi KOHCTPYKTOPOB, MHKEHEPOB, TEXHOJIOIOB TPYOOIIPOBOAHOTO TPAHCIIOPTA.

Figure 4. Pipeline shapes
S ource: made by A.G. Khakimov.

112 ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS



Xakumog A.I". CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMiA 1 coopyxeHuit. 2026. T. 22. Ne 2. C. 105-114

CnHcok 1uTepaTypsl

1. Ceemnuyxuii B.A. Mexanuka TpyOonpoBo0B U UTaHroB. Mocksa : MammHocTpoenue, 1982. 280 c.

2. Li S, Karney B.W.,, Liu G. FSI research in pipeline systems — a review of the literature // J. Fluids and Structures.
2015. Vol. 57. P. 277-297. https://doi.org/10.1016/j.jfluidstructs.2015.06.020 EDN: VFWJWP

3. Pedersen R.T. Equilibrium of offshore cables and pipelines during laying // Int. Shipbuild Prog. 1975. Vol. 22.
P. 399-408. https://doi.org/10.3233/ISP-1975-2225601

4. Guarracino F.,, Mallardo V. A refined analytical analysis of submerged pipelines in seabed laying // Applied Ocean
Research. 1999. Vol. 21. Issue 6. P. 281-293. https://doi.org/10.1016/S0141-1187(99)00020-6 EDN: LNKCZN

5. GuH.L.,, Guo H.Y, Li X.M., Li F.H. Static behaviours and collision onset criterion of two adjacent vertical risers //
Ships Offshore Struct. 2023. Vol. 18. P. 263-271. https://doi.org/10.1080/17445302.2022.2035569 EDN: TFUYEC

6. Unveamos M.A. Mopnenp BCIUIBITHS 1TOABOIHOTO TpyOorposona // Jloknansl Poccuiickoit akagemun Hayk. Pusmka.
Texunueckue Hayku. 2022. T. 504. C. 12-16. https://doi.org/10.31857/S2686740022030087 EDN: SDVLSY

7. Unveamose M.A. BemmpiTie monBogHOTO ra3zoBoro Tpybomposona // M3Bectus PAH. Mexanuka TBepmoro Tena.
2023. Ne 2. C. 147-159. https://doi.org/10.31857/S0572329922600487 EDN: DGBKTM

8. Unveamos M.A. TlombeM MOABOAHOTO TPYOOIPOBOAA COCPENOTOUCHHO# cutol // Jloknaabl Poccuiickoii akaaemun
Hayk. ®Ou3mka, TtexHmdeckue Hayku. 2024. T.517. Ne 1. C. 65-70. https://doi.org/10.31857/S2686740024040108 EDN:
JONDQX

9. Unveamos M.A. N3rub moasogHoro tpybdomposoaa npu noabeme // M3sectuss PAH. Mexanuka TBepioro Teia.
2025. Ne 3. C. 23-37. https://doi.org/10.31857/S1026351925030023 EDN: EZHMCB

10. 10. Wang Z., Chen Y, Gao Q., Li F. An analytical method for mechanical analysis of offshore pipelines during
lifting operation // Materials. 2023. Vol. 16. No. 20. Article no. 6685. https://doi.org/10.3390/mal16206685 EDN: GWUAXF

11. Enucees B.B., 3unosvesa T.B. HenuneitHo-ynpyras nedopmaiusi moJBOIHOro TpyoOnpoBoa B Ipoliecce YKIaaKu
// Beramen. mex. cruromt. cpen. 2012. Ne 1. C. 70-78. https://doi.org/10.7242/1999-6691/2012.5.1.9 EDN: OWGKCF

12. Peek R., Yun H. Flotation to trigger lateral buckles in pipelines on a flat seabed // Journal of Engineering
Mechanics. 2007. Vol. 4. P. 442—-451. https://doi.org/10.1061/(ASCE)0733-9399(2007)133:4(442)

13. Wang Z., Tang Y. Study on symmetric buckling mode triggered by dual distributed buoyancy sections for subsea
pipelines // Ocean Engineering. 2020. Vol. 216. P. 105-110. https://doi.org/10.1016/j.oceaneng.2020.108019 EDN: KQPFAA

14. Chee J., Walker A., White D. Controlling lateral buckling of subsea pipeline with sinusoidal shape pre-deformation //
Ocean Engineering. 2018. Vol. 151. P. 170-190. https://doi.org/10.1016/j.oceaneng.2018.01.024

15. Xaxumos A.I" K crarnueckoii ycroitunBoctn Tpyborposona // XKypHaan texanueckoit ¢pusuxu. 2020. T. 90. Ne 4.
C. 612-617. https://doi.org/10.3103/s0025654423700188 EDN: AEKWDK

16. Khakimov A.G. Determining pipeline parameters during the formation of arched ejection // 15th International
Conference on Mechanics, Resource and Diagnostics of Materials and Structures, Procedia Structural Integrity. 2022. Vol.
40. P. 214-222. https://doi.org/10.1016/j.prostr.2022.04.029 EDN: WHHIYU

17. Liang Y., Zhao Y., Yue Q.J. Experimental study on dynamic interaction between pipe and rollers in deep S-lay //
Ocean Engineering. 2019. Vol. 175. P. 188—196. https://doi.org/10.1016/j.oceaneng.2019.01.030 EDN: TQGVIJA

18. Wang Z., Tang Y., Guedes S.C. Imperfection study on lateral thermal buckling of subsea pipeline triggered by a
distributed buoyancy sections // Marine Structures. 2021. Vol. 76. P. 10-29. https://doi.org/10.1016/j.marstruc. 2020.10291

19. Zhao J.H., Liao K.X., Li X X, He G.X., Xia F., Zeng Q. Collaborative detection and online monitoring of pipeline
stress in oil and gas stations // Meas. Sci. Technol. 2022. Vol. 33. Article no. 105001. https://doi.org/10.1088/1361-6501/
ac73dc EDN: AERAMF

20. 3apunose P.M., Macanumos P.F. UucieHHOE MOIENHPOBAaHIE HANPSHKCHHO-IC(POPMHUPOBAHHOTO COCTOSIHUS ITOJI-
BOJIHOTO MOPCKOTO T'a30MPOBOJAA C YYETOM Pa3KIKEHHS IPYHTa W MapaMeTpoB 3kcrutyaranuu // M3Bectust Poccuiickoit
akajieMuu Hayk. MexaHuka TBepnoro tena. 2023. Ne 4. C. 152-166. https://doi.org/10.31857/S0572329922600700 EDN:
QWSFJU

21. Zaripov R.M., Bakhtizin R.N., Masalimov R. B. Computer modeling of the stress-strain state of a concrete gas
pipeline in a swamp // SOCAR Proceedings. 2025. No. 3. P. 105-112. http://dx.doi.org/10.5510/0GP20250301103

22. Wang Z., Chen Y, Gao Q., Li F. An analytical method for mechanical analysis of offshore pipelines during lifting
operation // Materials. 2023. Vol. 16. Article no. 6685. https://doi.org/10.3390/mal16206685 EDN: GWUAXF

23. Khakimov A. G. Interaction of Pipeline Instabilities // Mechanics, Resource and Diagnostics of Materials and
Structures (MRDMS-2018). AIP Conf. Proc. 2018. Vol. 2053. Iss. 1. Article no. 030025. https://doi.org/10.1063/1.5084386
EDN: EVGOWQ

24. Unveamos M.A., Axynoe PI. CunbHbiil u3rub tpydomnposona // 3Bectust Akagemun Hayk. MexaHuKa TBEPIOTO
tena. 2003. Ne 6. C. 109-117. EDN: ONXFOF

25. Ilonos E.I1. Teopus u pacyeT THOKNX yHpyrux crepxxHeid. Mocksa : Hayxka. 1. pen. ¢us.-mar. mut. 1986. 296 c.
EDN: WIWUQV

26. Ozubanos I1.M., Konmynos M.A. O6onouku u miactuHsl. Mocksa, 1969. 695 c.

AHAIUTUYECKVE W YMCHEHHBIE METOZbI PACYETA KOHCTPYKLIIA 113


https://doi.org/10.1088/1361-6501/ac73dc

Khakimov A.G. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(2):105-114

References

Svetlitskii VA. Mechanics of pipelines and hoses. Moscow: Mashinostroenie Publ.; 1982. (In Russ.)
Li S, Karney BW, Liu G. FSI research in pipeline systems — a review of the literature. J. Fluids and
Structures. 2015;57:277-297. https://doi.org/10.1016/j.jfluidstructs.2015.06.020 EDN: VFWJWP

4. Pedersen RT. Equilibrium of offshore cables and pipelines during laying. Int. Shipbuild Prog. 1975;22:399-408.
https://doi.org/10.3233/ISP-1975-2225601

5. Guarracino F, Mallardo V. A refined analytical analysis of submerged pipelines in seabed laying. Applied Ocean
Research. 1999;21(6):281-293. https://doi.org/10.1016/S0141-1187(99)00020-6 EDN: LNKCZN

6. Gu HL, Guo HY, Li XM, Li FH. Static behaviours and collision onset criterion of two adjacent vertical risers.
Ships Offshore Struct. 2023;18:263-271. https://doi.org/10.1080/17445302.2022.2035569 EDN: TFUYEC

7. llgamov MA. Model of underwater pipeline flotation. Doklady Physics. 2022;67:123—127. (In Russ.) https://doi.org/
10.1134/S1028335822050020 EDN: SDVLSY

8. Ilgamov MA. Subsea gas pipeline floatation. Mechanics of Solids. 2023;58(2):501-510. (In Russ.) https://doi.org/
10.3103/s0025654422600842 EDN: DGBKTM

9. Ilgamov MA. Lifting an underwater pipeline by concentrated force. Reports of the Russian Academy of Sciences.
Physics, Technical Sciences. 2024;517(1):65-70. (In Russ.) https://doi.org/10.31857/S2686740024040108 EDN: JONDQX

10. Ilgamov MA. Bending of underwater pipeline during lifting. Mechanics of Solids. 2025;(3):23-37. (In Russ.)
https://doi.org/10.1134/S0025654424605950 EDN: AYZOUD

11. Wang Z, Chen Y, Gao Q, Li F. An analytical method for mechanical analysis of offshore pipelines during lifting
operation. Materials. 2023;16(20):6685. https://doi.org/10.3390/mal16206685 EDN: GWUAXF

12. Yeliseyev VV, Zinovieva TV. Nonlinear-elastic strain of underwater pipeline in laying process. Computational
Continuum Mechanics. 2012;5(1):70-78. (In Russ.) https://doi.org/10.7242/1999-6691/2012.5.1.9 EDN: OWGKCF

13. Peek R, Yun H. Flotation to trigger lateral buckles in pipelines on a flat seabed. Journal of Engineering Mechanics.
2007;4:442-451. https://doi.org/10.1061/(ASCE)0733-9399(2007)133:4(442)

14. Wang Z, Tang Y. Study on symmetric buckling mode triggered by dual distributed buoyancy sections for subsea
pipelines. Ocean Engineering. 2020;216:105-110. https://doi.org/10.1016/j.0ceaneng.2020.108019 EDN: KQPFAA

15. Chee J, Walker A, White D. Controlling lateral buckling of subsea pipeline with sinusoidal shape pre-deformation
. Ocean Engineering. 2018;151:170-190. https://doi.org/10.1016/j.oceaneng.2018.01.024

16. Khakimov AG. Static stability of a pipeline. Technical Physics. 2020;65(4):587-592. https://doi.org/10.1134/
S106378422004012X EDN: SIKFFG

17. Khakimov AG. Determining pipeline parameters during the formation of arched ejection. /5th International
Conference on Mechanics, Resource and Diagnostics of Materials and Structures, Procedia Structural Integrity.
2022;40:214-222. https://doi.org/10.1016/j.prostr.2022.04.029 EDN: WHHIYU

18. Liang Y, Zhao Y, Yue QJ. Experimental study on dynamic interaction between pipe and rollers in deep S-lay.
Ocean Engineering. 2019;175:188-196. https://doi.org/10.1016/j.oceaneng.2019.01.030 EDN: TQGVIJA

19. Wang Z, Tang Y, Guedes SC. Imperfection study on lateral thermal buckling of subsea pipeline triggered by a
distributed buoyancy sections. Marine Structures. 2021;76:10-29. https://doi.org/10.1016/j.marstruc. 2020.10291

20. Zhao JH, Liao KX, Li XX, He GX, Xia F, Zeng Q. Collaborative detection and online monitoring of pipeline
stress in oil and gas stations. Meas. Sci. Technol. 2022;33:105001. https://doi.org/10.1088/1361-6501/ac73dc EDN: AERAMF

21. Zaripov RM, Masalimov RB. Numerical modeling of the stress-strain state of an underwater gas pipeline taking
into account soil liquefaction and operating parameters. Mechanics of Solids. 2023;58(4):1171-1183. https://doi.org/10.3103/
$0025654423700188 EDN: QWSFJU

22. Zaripov RM, Bakhtizin RN, Masalimov RB. Computer modeling of the stress-strain state of a concrete gas
pipeline in a swamp. SOCAR Proceedings. 2025;(3):105-112. http://doi.org/10.5510/0GP20250301103

23. Wang Z, Chen Y, Gao Q, Li F. An analytical method for mechanical analysis of offshore pipelines during lifting
operation. Materials. 2023;16:6685. https://doi.org/10.3390/mal16206685 EDN: GWUAXF

24. Khakimov AG. Interaction of Pipeline Instabilities. Mechanics, Resource and Diagnostics of Materials and
Structures (MRDMS-2018). AIP Conf. Proc. 2018;2053(1):030025. https://doi.org/10.1063/1.5084386 EDN: EVGOWQ

25. llgamov MA, Yakubov RG. Strong bending of a pipeline. Bulletin of the Academy of Sciences. Solid Body
Mechanics. 2003;(6):109—117. (In Russ.) EDN: ONXFOF

26. Popov EP. Theory and calculation of flexible elastic rods. Moscow: Nauka Publ.; 1986. (In Russ.) EDN: WIWUQV

27. Ogibalov PM, Koltunov MA. Shells and plates. Moscow: Moscow University Publ.; 1969. (In Russ.)

hadi i


https://doi.org/10.1134/S1028335822050020
https://doi.org/10.3103/s002565442260084
https://doi.org/10.1134/S106378422004012X

CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA c ‘
STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS ‘

HCTPYKUT

2026. 22(2). 115-128

ISSN 1815-5235 (Print), 2587-8700 (Online)
HTTP:/JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS =

PACYET 1 MPOEKTUPOBAHWE CTPOUTESIbHbI X KOHCTPYKLINA
ANALYSIS AND DESIGN OF BUILDING STRUCTURES

DOI: 10.22363/1815-5235-2026-22-2-115-128
EDN: KAKRSK
HayuHas ctatbs / Research article

YucaeHHbIA aHAJIN3 HANIPAKEHHO-1e(POPMHUPOBAHHOTO COCTOSTHUSI
NMPOCTPAHCTBEHHOM CTEPKHEBOM KOHCTPYKUUHM € YUYETOM MOAATIMBOCTH
Y3JIOBBIX COCIUHEHUN

ILIL Daiimxypos'™", H.I". Ilaputosa?”, 3.P. Ucxakosa’"”, H.A. Kopuarun?

! JloHckoit rocy1apcTBEHHbIN TEXHUYECKUH yHUBEpCUTET, Pocmos-ua-Jlony, Poccuiickas dDedepayus
210su0-Poccuiickuii rocy1apcTBEHHBIN IonuTexuudeckuii yaupepeurer (HITA) um. M. Inarosa, Hosouepracck, Poccuiickas @edepayust

P4 gpp-161@yandex.ru

Ioctynuna B pepakuuio: 4 ¢pespans 2026 r.
Jlopabotana: 2 ampens 2026 r.
[punsra k nyonukamuu: 10 anpens 2026 r.
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KuioueBble cj10Ba: NpOCTpaHCTBEHHAs PETYSIpHAs CTEPXKHEBAs pelIeTKa, METOl KOHEUHBIX JIEMEHTOB, MOJAIbHBIH aHaIN3, Cel-
CMOTpaMMa, aHaJli3 HapsHKEHHO-Ie()OPMUPOBAHHOTO COCTOSHHUS

Tawoxcypos Ilémp Ilagnosuy, copetnuk PAACH, mokTop TeXHHYECKHMX Hayk, mpodeccop kadenpsl CTPOUTENIBHOH MEXaHWKH M TEOPHH COOPYKEHHH,
JIoHCKOH TOCYIapCTBEHHBIN TeXHUUeCKuil yHuBepcureT, Poccuiickas ®enepanus, 344010, r. PocroB-Ha-/lony, mi. 'arapuna, 1. 1; eLIBRARY SPIN-kox:
6812-9718, ORCID: 0000-0003-3913-9694; e-mail: gpp-161@yandex.ru

Hapumosa Haoexncoa I'ennadvesna, KaHIugaT TEXHUIECKUX HayK, JOIEHT KadeIpbl IPafoCTPOUTENLCTBA, IMPOCKTHPOBAHUS 3JAaHUH M COOPY'KCHHH,
1OxHO-Poccuiickuii rocynapcTBeHHbIi nonurexundecknii yausepcurer (HIINM) mmenn M.U. Ilnarosa, 346428, Pocrockas o6i., . HoBouepkacck, yir.
Ipoceewenns, a. 132; eLIBRARY SPIN-kox: 7374-9225, ORCID: 0000-0002-0923-5848; e-mail: ncaritova@yandex.ru

HUcxaxosa Inveupa Pawiudoena, KanguaaT TeXHHYECKHX HayK, CTapIINi IperoaaBaTelb Kadeapsl ITpaJ0oCTPOUTEIbCTBA, IPOSKTUPOBAHNS 30aHUH H CO-
opyxennii, FOxxuo-Poccuiickuii rocynapcTBeHHbli nonmutexaudeckuid yausepeuret (HITHM) umenn M.U. ITnatosa, 346428, PocroBckas 061, . HoBouep-
Kacck, yi. [Ipocsemenus, 1. 132; eLIBRARY SPIN-koxa: 3641-8092, ORCID: 0009-0006-3654-6728; e-mail: elvira.ishakova@yandex.ru

Kopuazun Huxuma Apkadveguy, aciupanT Kadeapbl rpagoCTPOUTENbCTBA, IPOSKTHPOBAHKS 3MaHHN U coopyxeHuii, FOxHo-Poccuiickuii rocyaapcTBeH-
HbIH nonuTexHudeckuil yausepcuret (HIT) nmenn M.U. Ilnatosa, 346428, PocToBckas o61., I. HoBouepxkacck, yi. IIpocsemenus, 1. 132; ORCID: 0009-
0005-0426-5748; e-mail: nik.korchagin@mail.ru

© Taiimpkypos I1.I1., LlapuroBa H.I'., cxakosa D.P., Kopuarun H.A., 2026

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License
A https://creativecommons.org/licenses/by-nc/4.0/legalcode

PACYET M NPOEKTVUPOBAHVE CTPOUTENBHBIX KOHCTPYKLM 115


https://orcid.org/0000-0003-3913-9694
https://orcid.org/0000-0003-3913-9694
https://orcid.org/0000-0002-0923-5848
https://orcid.org/0000-0002-0923-5848
https://orcid.org/0009-0006-3654-6728
https://orcid.org/0009-0006-3654-6728
https://orcid.org/0009-0005-0426-5748
https://orcid.org/0009-0005-0426-5748
https://orcid.org/0009-0005-0426-5748

Gaydzhurov P.P. et al. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(2):115-128

Bxianx aBTopoB: [ aiidoicypos I1.11. — HaydHOE PyKOBOACTBO, (POpMAITH3AIIHs MaTeMaTHIeCKOil MOJIENTH, HallMCaHHe UCXOTHOTO TEK-
cTa cTathi, (OPMYIUPOBKA BBIBOJOB; [Japumosa H.IT — 0030p nuTeparypsl 10 TEME HCCIeJ0BaHUs, PAKTUYECKHe peKOMEeH a-
UM 1o pacyeram; Mcxaxosa 3. P. — BBIINOJHEHHE BIYHMCIUTENbHBIX AKCIIEPUMEHTOB, HATYPHOE MAaKETUPOBAaHUE PELIETKH, 00CyXe-
HUe pe3ynsratoB; Kopuasun H.A. — 0030p nuTEpaTyphl, TOATOTOBKA UCXOIHBIX JTAHHBIX, 00pabOTKa pe3ynbTaToOB MOACIHUPOBAHHUS,
IIPOEKTHPOBaHHUE y311a, 0HOPMIIEHHE PUCYHKOB. ABTOPHI O3HAKOMJICHBI C OKOHYATEJIbHOI BEpCHEH CTaThH U OOOPHIIH €e.

3asiBiieHHe 0 KOH(IMKTE MHTEPECOB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(INKTA HHTEPECOB.

s wurupoBanusi: [ atidxcypos ILI1., Lapumosa H.I', Hcxakosa D.P., Kopuaeun H.A. UnucnenHslit aHanu3 HanpskeHHO-aehop-
MHPOBAHHOTO COCTOSIHUSI TIPOCTPAHCTBEHHOW CTEPKHEBOW KOHCTPYKIMH C YUETOM MOJIATIMBOCTH Y3JIOBBIX coenuHenuit // Crpou-
TeNIbHAs MEXaHWKA MHKECHEPHBIX KOHCTPYKIWI U coopyxenuid. 2026. T.22. Ne 2. C. 115-128. http://doi.org/10.22363/1815-5235-
2026-22-2-115-128 EDN:KAKRSK

Numerical Analysis of the Stress-Strain State of a Spatial Core Structure,
Taking into Account the Malleability of Nodal Joints

Peter P. Gaydzhurov'™", Nadezhda G. Tsaritova*”, Elvira R. Iskhakova?", Nikita A. Korchagin?

! Don State Technical University, Rostov-on-Don, Moscow, Russian Federation
2 South Russian State Polytechnic University (NPI), named after M. 1. Platov, Novocherkassk, Russian Federation

P4 gpp-161@yandex.ru

Received: February 4, 2026
Revised: April 2, 2026
Accepted: April 10, 2026

Abstract. The object of the study was a composite spatial rod structure of cylindrical shape with a coating in the form of a
truncated cone. The cylindrical part of this structure was a regularly ordered rod lattice formed of flat regular hexagons. Blocks
including linear and rotary springs were used to connect the rods of the polygons. The conical cover was a conventional frame-
truss structure. The purpose of the study was to numerically analyze the stress-strain state of a spatial core structure under dynamic
influence, taking into account the malleability of nodal connections. The finite element method in the form of a displacement
method is used as a mathematical apparatus. Computational experiments have made it possible to design the design of the block
for the nodal connection of the lattice rods. Using a full-scale model that included three sections of the grid, the kinematic
parameters of the designed block of the nodal connection of the rods were studied.
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Tatioxypos 1.1, u dp. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuit. 2026. T. 22. Ne 2. C. 115-128

1. Beeaenue

B Hacrosiiiee Bpemsi TpyHO HPEACTAaBUTH NMPOEKTHPOBAHNE OOJBIIENPOIECTHBIX MOKPBITHI CIIOPTHUB-
HBIX U KyJBTYPHO-MaCCOBBIX COOPYKEHHH 0e3 MpUMEHEHHsI POCTPAHCTBEHHBIX CTEPKHEBBIX KOHCTPYKITUI
(ITCK). K oCHOBHBIM IpeUMYyIIECTBaM KOHCTPYKIIMM JTaHHOTO THUIA OTHOCSTCS CJEAYIOIIUE MOJOKHUTEIb-
HBIe KadecTBa [1-7]:

1) MexaHuU3M pacrmpe/esieHns] BHEIIHEH Harpy3Ku, oOyCIaBIMBAIONINN paboTy CTEp)KHEH HMCKITIOYH-
TEJIbHO Ha pacTshKEHHeE/CKaTue. DTO MO3BOJISET CHU3UTh MAcCy KOHCTPYKIMH 3a CYET UCTIOJIb30BaHUS CTEPIK-
He# TpyO4aToro mornepeyHoro CeYeHus, B TOM YHCIIE U3 AIFOMHUHHUEBOTO CILIaBa;

2) YHUBEpPCATBHOCTh KOMIUIEKTYIOIIUX JIETaJei, YTO JIeNaeT MPOLecC UX M3TOTOBIEHUS BBICOKOTEX-
HOJIOTUYHBIM, 00ecIeunBaeT MPOCTOTY XPaHEHHUS U TPAHCTIOPTUPOBKH 3aro-
TOBOK;

3) JKECTKOCTHBIE XapaKTEPUCTHKH Y3JIOBBIX COCTUHEHUH CTep)KHEH,
oOecrieynBaroLIe MPU MOHTa)Xe W JKCIUTyaTtanuu 3((dexT camoHecyluen
KOHCTPYKIIHH.

Kak ormeuaercs B [8], pemenne npoOnemMbl KOHCTPYKTHBHOM Oe3omac-
HOCTH 31aHUI U COOPY>KEHUH B CBSI3U C MOSBICHUEM HOBBIX BHJIOB H POCTOM
WHTCHCUBHOCTH TEXHOTCHHBIX, MPHPOJHBIX W JPYTUX IMPOEKTHBIX M TaK
Ha3bIBA€MbIX 3alPOEKTHBIX BO3IEUCTBUIN TpeOyeT paclIMpEeHus CIieKTpa Me-
TOIOB 3AIUTHI 3IAHUN U COOPYXKEHUW OT 3THUX BO3AEUCTBUN. B 3TOI CBA3M
I1CK, npeanasHayeHHbIE I SKCIUTyaTallud B PaliOHaX C IMOBBIIIEHHON CE-
CMHUYECKON aKTUBHOCTBIO, BBHITIOJIHSIIOT C MPUMEHEHHEM OOJITOBBIX COEIUHE-
HUN Hecymmx 37eMeHToB. Mccnenoanus [9; 10] mokazanu, 4yTo MOMATIN-
BOCTb OOJTOBBIX COCTUHEHUH IO3BOJISET CTEPKHEBOH KOHCTPYKLIMHU TPHU
3HAKOMIEPEMEHHOM KBa3MCTAaTHUECKOM BO3ACHCTBUM BOCIPUHUMATh OCTa-
TOYHBIC CMelleHus Oe3 ymepba obOimel Hecymiel cnocooHoctu. Hamboree
MOJTHBIA 0030p M KPUTHYECKUI aHaJIN3 KOHCTPYKTOPCKUX pa3pabOTOK, BBI-

IIOJIHEHHBIX OTEYECTBEHHBIMH M 3apyO€)KHBIMU aBTOpaMU B HaIpPaBIECHUH Puc. 1. 3D-6110ku y31m0BbIX
conpsokenus crepxkueit [ICK, npusenen B [11-14]. coepunennit [ICK
U ¢ TO4HH K: BBITOJIHEHO
Vanosoele Omoku i [ICK, kak mpaBwiio, M3rOTaBIUBAIOT C MPUMEHE- F. Aishc u ap. [15].
HUEM JIOBOJIbHO MAaT€pPHAIIOEMKHX CIOCOOOB, YTO YBEIMUYMBAET OOIIHMI BeC Figure 1. 3D blocks
KOHCTPYKIIMH. Pa3BUTHE TEXHONOTUNA aITUTUBHOTO MTPOU3BOJICTBA MPUBEIO K of UCS nodal junctions
pocty uHTEepeca k 3D-meyarn, mo3BOJISIONICH 00CCIICYNTh CHIDKCHHE MaTe- Sourece: performed

by F. Aishc et al. [15].
PpHUATOCMKOCTH W IMOBBICUTH TOYHOCTH H3TOTOBJICHUA OJIOKOB Y3JIOBBIX CO-

equnenuit [ICK.

B [15] mpennoxena meroauka 3D-monenuposanus y3na [ICK B Buge |
nonoil o6onoueyHoil cetku. Ilpy 3TOM TONIIMHBI CTEHOK OJ0Ka y310BOIO _
COEIMHEHMS] YTOUHSIOTCS IyTEM YHUCIEHHOIO MPOYHOCTHOro aHanu3a. Ilo- 4
nyuyeHHsble B [15] 6moku y3noBeix coequnenuii [ICK dyTypuctuueckoit dop-
MBI, OPUECHTHPOBAHHBIE MCKIIOUYUTENBHO HA NMpuMeHeHue 3D-nevaru, moka-
3aHbI Ha pUC. 1.

B [16; 17] BeIMOTHEHO KOHEYHO-3JIEMEHTHOE MOJISITUPOBAHUE pacipe-
JIeJIEHUs] BHYTPEHHUX HaNpsyKEHUN B Y3JI0BOM coequHeHuu thna MAPXU
[10], mo3BonuBiee Ha 10 % CHU3UTHL MaTepuaIOeMKOCTh u3aenus. s yuc-

Puc. 2. TBepaorenpHast MOAETH

JICHHOTO MOJICJIMPOBAHUS HCIIOJIh30BATHCh OOBEMHBIC KOHEYHBIC 3JIEMEHTHI yana trra MAPXU
(K9) (puc. 2). O BaxxHOCTH BBIOOpa M 000CHOBAaHHUS PACUETHON CXEMBI Y3JI0- Hé;g'; ‘LL‘QOESE‘}???“
BOTO COCTUHEHUS] MPOCTPAHCTBEHHOW CTEPKHEBOW CHUCTEMBI TPU aHAIU3e Figure 2. Solid-state model
CILIEHapusl 0TKa3a METa/UIOKOHCTpyKuuu ropoputcs B [18]. Ha puc. 3. mpu- of a MIACE type node
Be/IeHA CXeMa Pa30MBKU COCIMHEHUS CTEPIKHEBBIX SJIEMEHTOB CTPYKTYpPHOTO Sourece: performed

by V.Yu. Alpatov et al. [17].
HOKPBITUS HAa 00beMHbIe KD.
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Oco0oe MecCTO B MPaKTUKE MPUMEHEHUS! IPOCTPAaHCTBEHHBIX
CTEPKHEBBIX KOHCTPYKIMI 3aHMMAIOT TaK Ha3bIBa€MbIE CTPOH-
tenbHbIe Jieca (Layher Allround), 6a3upyromuecst Ha Tpex BapuaH-
Tax 3aKpeIvIeHus] pureieil Ha CToikax: HIapHUPHOE; YIPYyronoaaT-
JMBOE; xecTroe [19].

Mertononorus KOHCTPYKTHUBHO-TEXHOJIOTHYECKOTo (hopmMoo0-
paszoBaHusl chepuuecknx O0O0JOYeK Ha OCHOBE paanajbHO-
KOJIBIIEBOM ceTH pa3paborana B [20; 21]. ABTOpamMu UCCIIEOBaH U

Puc. 3. KoneHo-a/eMeRTHas MOAEIb peam3oBaH MeTol (OPMUPOBAHHS PETYIISIPHBIX TOMOJIOTMYCCKHX
" Y3JIOBOPO COSIHHCHNA CTEPIHCH IpyNI B BUJE TPEYTOIbHBIX ceTel Ha cepe. AHATIOTUUHBIE UCCIIe-
CTO4YH U K: BeinonHeHo B.®. Mymanos u ap. [18].
Figure 3. Finite element model JIOBaHMsI BBITIOJIHEHBI B [22], T71e aBTOpaMH BBIIIOJIHEHA pa3padoTka
of the nodal connection of rods MaTeMaTu4eckoro M TMPOrPaMMHOTO OOecHeyeHHs Il CO3IaHuUs
Source: performed by V.F. Muschanov et al. [18]. reomerpruyeckux Mozeneit [ICK ¢ perynspHoit CTpyKTypoi.
Crnenyer OTMETUTh, YTO OIHUM M3 NEPCHEKTHBHBIX HAIpaB-
JICHUH pa3BUTHS BBIYUCIIUTENBHBIX METOJIOB CTPOUTENLHOM Mexa-
HUKH SBJISETCS pa3paboTka METOAMKU YUCciIeHHOro monenupoBanus nosenenus IICK ¢ yuetom nopatiuso-
CTH Y3JIOBBIX coemuHEeHHMH. [[aHHBIN momxon 6a3upyercs Ha KOMOWHUPOBAHHOW KOHEYHO-AIIEMEHTHONH MO-
Jenu, o0pa3oBaHHOM CTEP)KHEBBIMHU M Npy>KUHHBIME KD [23; 24]. Pe3ynbraTtsl KOHEUHO-3JIEMEHTHOTO MO-
nenmupoBanus [ICK B ¢opme IBYXKOHTYPHOIO I'€OI€3MUECKOro KyIoJjia ¢ Y4eTOM MOAATIMBOCTH Y3JIOBBIX
COCIMHEHUH MPU CEHCMUYECKOM BO3IEMCTBUM MPUBEJICHBI B [25].

B xauectBe oOvexma nacmosaujezo uccredosanus paceMorpena [ICK nmmunapudeckoid popMel ¢ mo-
KpPBITHEM B BHJIE yCeUeHHOro Konyca. Llenp uccnenoBanus — pa3paboTka METOJUKU YUCICHHOTO MOJEIIU-
poBaHus quHamuueckoro orkirka [ICK ¢ ydyeToM nmogamivBOCTH y3JI0BBIX COEIMHEHHUH cTep:kHEBbIX KO.
B 3anmaun uccnenoBaHus BXOJWIO MOCTPOEHUE 0amOoYHO-IPYKUHHOM Mexanndeckod mozaenu [ICK nunmn-
JIpUyecKoil (opMbl; HAallMCAHUE U OTJIaaKa Makpoca Ha si3bike APDL mporpammuoro komiiekca ANSYS
Mechanical' mns amanusa mepexomHoro mporecca; pa3paboTka M H3rOTOBIEHHE ¢ HOMOLIbI0 3D-medaru
0J10Ka y3JI0BBIX COIMHEHUI CTPEXKHEH; MaKeTHPOBaHUE TeKCarOHAJBHBIX CTEP)KHEBBIX CEKIINH.

2. MeTon ucciaenoBanus

B kauectBe mpumepa paccMOTpeHa KOHEYHO-3JIEMEHTHAasI MO-
JIe7Tb KOHCTPYKIIMU TJIMHAPUYECKON (DOPMBI C MTOKPHITUEM B BUJIC
yCEe4eHHOTo KoHyca (puc. 4). Llunmuapuyueckast 4acTh JaHHOW KOH-
CTPYKIMU TPEACTaBsuIa CcOOOM pEryisipHO  yNOPSI0YEHHYIO
CTepXKHEBYIO (pElIeTUaTyi0) CTPYKTYpy, 0Opa30BaHHYIO M3 ILIOC-
KHUX TPaBUIBHBIX IIECTHYTOJIBHUKOB U OJIOKOB Y3JIOBBIX COCIHMHE-
Huit crepxkHeil pemwetku (BYCCP). Ha puc. 5 nokasana cxema
BYCCP, cocrosiniast 3 TpeyroiabHOU IIIOIMIAIKU S, B yIIaX KOTOPOH
pacrojokeHo 1O JABa y3na. [lpuuem y3enm @ TPUHAUICKUT
Puc. 4. Crepxnesas Moziesb IUTACTUHE §, @ y3€ll j CTEp)KHIO IIeCTUyrojbHUKa. B ocHOBaHuuM

W ¢ 1o ununk: Bemonneno H.A. Kopuaruasim.

5040
4640

. HHHHHIIpH‘ICCKOﬁ PCHICTKU BBCACHBLI CTCPIKHCBLIC 3JICMCHTBI, Ha
Figure 4. The core model
Sourece: performed by N.A. Korchagin. CBOOO/IHBIE y3JIbI KOTOPBIX HAJOKEHBI CBSI3H, 3alPelIaolIHe
TMHEWHBIE TIEpEMENICHUS BII0Jh TII00ambHBIX oceil X, Y, Z (puc. 4).
CoBMmecTHOE TiepeMeleHne y3710B I W j o00ecrnednBasoch € TIOMOIIbI0 KOMOMHHpPOBaHHBIX KO

IIPY>KUHHOI'O THIIA. Kectrkoctn JaHHBIX BJJICMCHTOB HMEIIU CJIICAYIOMIUEC 3HAUCHHA: JIMHEHbIE MPY>KUHBL

k.= ky= k,=10° H/M; IOBOPOTHBIE IPYKUHBI k = k y= k ,=10° H-m/pan. 3nadenus ecTKoCTel Ju-

! ANSYS Mechanical APDL Tutorials. URL: https://ijmer.com/papers/Vol2_Issue5/CK2535173521.pdf (nata obpaienus:
22.12.2025).
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HEHHBIX MPYKWH HA3HAYaJUCh TAKOTO K€ TOPSJIKA, KaK W Yy BEIMYMHBI MOAYJS YNPYrOCTH MaTepHhaia
BYCCP. 3naueHus secTKOCTell TOBOPOTHBIX IPY:KMH BapbHpoBajiuch B auanasone 10° ... 10° H-m/pan.

BbIIO yCTaHOBIEHO, YTO NPH 3HAYCHUsX k., k s k , menee 10° H'm/pan Mozienb pereTdaroii KOHCTPYK-

MM CTAaHOBHTCS T€OMETPHYCCKH M3MEHsIeMoit. Bemnauner & ., k s k ., paBubie 10° H-m/pan, anpuopu co-

OTBETCTBYIOT (Qukcaruu T-oOpa3zHoro HakoHeuHuka ctepxkHs B BYCCP no MomeHTa WMCUe3HOBEHHS
CIOCOOHOCTHU €0 OTHOCUTENIFHO CBOOOIHOTO IIOBOPOTA B LIMJIMHPUYECKOH orope.

X

Puc. 5. Cxema 6110Ka y310BbIX COEJUHEHUIICTEPIKHEN pEILIETKU
W ¢ T oununk: Bemonneno H.A. Kopuaruaeim.

Figure 5. Diagram of the block of nodal connections of the grid rods
Source: performed by N.A. Korchagin.

CTepXKHU IUIMHAPHYECKON PEHIeTKH MOAETHPOBAIKCH MPOCTPAHCTBEHHBIMU OanounbiMu KD ¢ mie-
CTBIO CTENEHSIMH CBOOOABI B y3Je. MexaHMYeCKHe KOHCTAHTHI Marepuayia CTepKHEH (aTIOMHUHHUEBBIN
cruiaB): Mofyib ynpyrocta E = 6,810 ' H/m?; kooddumment IMyaccona v = 0,32; miotHocTs P = 2885 kr/m’.
CrepKHU PELIETKH UMEeNM TpyOdaToe MOMEepeuHOe CEYEHHE C HapyKHbIM JHaMeTpoM 18 MM M TOIIIMHOMN
crenku 1,5 M. JlmuHa crepsxueit / = 285 mm.

[TokpbITHE HUIMHAPUYECKONW PELIETKH (CM. pUC. 4) MOJEIUPOBAIOCh PETYISIPHOM MPOCTPAHCTBEHHOM
crepxHeBoi cetkoit 6e3 BYCCP. Marepuan u ¢opma ceuenuss KO MOKpBITHS NPUHUMAINCh TaKUMU XKe,
Kak ¥ JUIsl cTepykHel nmnuHaprdeckoi pemetku. [Tnomankun s BYCCP (puc. 5) MomenupoBaimch cTepik-
HeBbIMH KD kBamparHoro momepeunoro cedeHus 20x 20 MM. Marepuain cTepKHeH OJloka IUIacTHK (TT0JIn-
s¢uprdupkeron (PEEK)). Yipyrue koHcTaHTBI MaTepuana cTepxkueit BYCCP: E=22:10°H/™m%; v=0,37;
p= 1250 kr/m *. MeXaHHYeCKHE KOHCTAHThI CTEPKHEBBIX KD, BBEJGHHBIX B OCHOBAHMM HUIMHAPHYECKOH

peIIeTKY [y MOJAEIMPOBAHUS CTATUYECKUX IPAHUYHBIX ycaouit: £=2,1-10 '"H/M?; v = 0,28. CobcTBen-
HBIN BEC CTEPKHEN OCHOBAHUS HE YUUTHIBAJICS.

Ockuz HwkHel actiabl BY CCP nokazan Ha puc. 6. B xommnekt y3na BYCCP Bxoguno nBe oanHa-
KOBBI€ MJIACTUHBI, TpU T-00pa3HbIX HAKOHEUHHKA C IMJIMHAPUYECKUMHU TOJIOBKAMH U TPU OONTOBBIX KpeIl-
JICHMSL.

®otorpaduu makera BY CCP, BeimonaHeHHOTO ¢ moMosio 3D-medatu, mokaszansl Ha puc. 7, a, 6.

dotorpadguu MakeTa CeKIMH rekcaroHajqbHOM cTepikHeBoi pemeTkn ¢ BYCCP B ucxomHoMm u TpaHc-
(bopMUPOBAHHOM COCTOSIHHSX TIpeicTaBieHbl Ha puc. 8. Kak BumHo, pazpadoranHas koHcTpykius bBY CCP
o0sazaeT KMHEMaTHYeCKUMHU CTENEeHSIMHU CBOOOIBI, MO3BOJISIOIIMME CO3/1aBaTh CTEPIKHEBBIE KOMIO3HUIIUU
C COMPSKEHUSIMH CEKIMH MOJ IPSIMBIMH YITIAMH, a TaKkkKe TPaHC(HOPMUPOBATh OTJCIBbHYIO CEKIUIO Ha TaKOH
K€ yroJl.

Heramm3anms GopM BOZMOXKHOU TpaHC(HOPMAIIMH CTEPKHEBBIX CEKIMI TeKCaroHaJabHOW (OPMBI MOKa-
3aHa Ha puc. 9. Pu3nuecKkoe MaKETUPOBAHUE MMOKA3aJI0, YTO B MPENEIBHOM CIy4ae CEKLIMH MOYKHO IIOTHO
YIIOKOBATh, CIIOKUB B CTOIIKY (pHC. 9, 6).
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(=
0
6
Puc. 7. BYCCP Brimonensslii ¢ momonisbio 3D nedaru:
a — NeTay y37a; 6 — COeUHHUTENbHBIN y3en
Puc. 6. Ockus n 3D-moxens nuxneld nactuael BY CCP U cTo4Huk: Beimonneno H.I'. LlaputoBoii u J.P. UcxakoBoii.
W c1ounuk: semonaeno H.A. Kopyarnasim. . ) L.
Figure 7. BNCGR made using 3D printing:
Figure 6. Sketch and 3D model of the bottom plate of the BNCGR a — node details; 6 — connecting node

S ource: performed by N.A. Korchagin. S ource: performed by N.G. Tsaritova and E.R. Iskhakova.

6 6 a 0

Puc. 8. ®ortorpaduu CTepKHEBBIX CEKIHI B HCXOIHOM
U TpaHC(HOPMHUPOBAHHOM COCTOSTHHSX
@ — UCXOJHOE MOJIOKEHHE ABYX CEKIHi; 6 — TpaHC(OopMaIus IByX
cexumii 90°; 6 — Tpancdopmanus Tpex ceximii 90°
M ctounuk: Bemonneno H.I'. Ilapurtosoii u 3.P. McxakoBoid.

Puc. 9. ®otorpadun Gpopm BO3ZMOKHOH
TpaHc(hOpPMAaLUU CTEPHKHEBBIX CEKLINI:
a — tpaunchopmanus 90°; 6 — tpanchopmanus 180°
W ¢ 1o unuk: Bemonaeno H.I'. [laputosoit u 3.P. McxakoBoit.
Figure 8. Photographs of the core sections

in their original and transformed states: Figure 9. Photographs of forms of possible

a — starting position of the two sections; 6 — transformation transforma}tlon ;)f the core sections: .
of two sections 90%; ¢ — transformation of three sections 90° a — transformation 90°% 6 — transformation 180
S our ce: performed by N.G. Tsaritova and E.R. Iskhakova. S our ce: performed by N.G. Tsaritova and E.R. Iskhakova.

Takum oOpazom, npemnaraemasi kKoHCTpyKuusi BYCCP mo3BonsieT ocymecTBiIsTh COOPKY CaMOHECy-
IIUX PETYISIPHBIX TeKCArOHAJBHBIX CTEPIKHEBBIX PEIIETOK C JTIOOBIMH YITIAMU COTIPSKEHUS CEKIIHA.

3. Pe3yabTarhl 1 00CyXK1eHUE

Pesynprarel MogasibHOrO aHanu3a /sl KOHeYHO-31eMeHTHOU Mozenu ¢ BY CCP u ananornyHoi mozaenu
0e3 MoNaTIMBBIX CBSI3€H JUTS MEPBBIX YETHIPEX COOCTBEHHBIX Map MpeAcTaBieHbl Ha puc. 10, a, 6. 3mece B
CKOOKax MpHUBEICHBI 3HAYEeHUsI COOCTBEHHBIX YacToT /st moxaenu 6e3 BYCCP. Kak u cnenoBano oxunars,
B CHJIy CHUMMETPUH T€OMETPUH paccMaTpuBaeMasi perierdarasi KOHCTPYKIUS UMeeT HapHble COOCTBEHHBIE
YaCTOTHI.
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Ha puc. 11 npuBeneHbl KapTHHBI paclpeiesieHus MepeMelle- Ay, =4,2851 T (4,3494 I'n)
HUI W, W NPONOJIBbHBIX CWJI N B CTEPXKHSIX LMIUHAPUYECKOHN pe-
metku Ui Mozpenu ¢ BYCCP, monyueHHble B pesynbTare CTaTu-
YECKOTO pacueTa OT JCWUCTBHUS TOJIBKO COOCTBEHHOTO Beca. Makcu-

MaJIbBHBIC I10 MOIIYHI-O 3HAYCHUS HpOFI/I6OB HOKpI)ITI/ISI JUISA MOI[CHCﬁ C
BYCCP u 6e3 BYCCP cocraBmu 1,62 1 1,56 MM COOTBETCTBEHHO.

3HaueHus |N |maX IUIA 00enX MoJIellell ONMHAKOBBIE.

AHann3 JUHAMUYECKOTO OTKJIMKA PacCMaTrpHBaeMOW KOHEYHO-
3JIEMEHTHOW MOJIENH Ha TUHAMUYECKOE BO3/IEUCTBUE BBIINOIHEH C T10-
MOIIBI0 CHHTE3UPOBAHHOM CEIiCMOTpaMMBl, ONUCHIBAEMON (POpMYIIOi

w(t)=Ate B'sin(01), (1)

e t — BpeMs B ceKyHnax; mapamerps: 0=5c¢™'; 4=0,01553 m/c;
B=0.7143 ¢\ Puc. 10. Pe3ynbpTarsl MOJaNbHOTO aHATIHN3A!
i a — nepsast popma; 6 — Bropast popma

rpa(bHK (byHKHHH ﬂ/’(l‘) OpUBCACH Ha puC. 12. Kak BUJHO U3 M ctounuk: Bemonueno H.I'. laputoBoii.
rpaduka (puc. 12) MakcuMaabHOE CMEIICHHE [T PUHATOTO 3aKoHa  Figure 10. The results of the modal analysis:

BBIHY>KJICHHBIX KoJieOaHuii rpu ¢ = 1,6 ¢ coOCTaBIseT § MM. @ — the first form; 6 — the second form
S our ce: performed by N.G. Tsaritova.

w(f), M
w,,M N ,H
- .. -.001616 = -37.879¢6 0,006
El 01436 -34.0902 0,004
] -.001256 . -30.3008
B - 001077 BB 265114 0,002
0 - s97E-03 B _32.722 o LA A A
EE - 718g-03 B 15,0326
0 53gE-03 0 1501432 -0,002
L _.3582-03 L1 -11.3538
0 179E-03 0 _7.56437 -0,004
(e Bl 735206 L Pty 0,006

Puc. 11. Buzyanusanus pacrpenenenus w, u N
B Monenu ¢ BYCCP (craruka)

W ¢ 1o unwuk: Bemonneno H.I'. Ilaputosoii u O.P. McxakoBoit. Puc. 12. Fpa(bmc CHHTE3MPOBAHHOM CelicMOrpaMMBl W~ t
Figure 11. Visualization of the distribution and N WcTodHuk: semonneHo H.A. KopuarnHbm.
in the BNCGR model (static) Figure 12. Graph of the synthesized seismogram w~ ¢
S ource: performed by N.G. Tsaritova and E.R. Iskhakova. S our ce: performed by N.A. Korchagin.

PacueTnas cxema sl AMHAMHYECKOrO aHajiu3a NpuBedeHa Ha puc. 13. B nanHom ciiyuae HecTanuo-
HAPHOE KMHEMATHYECKOE Bo3ielcTBIE W (1), W, (1), W (1), 3anaBaeMoe popmynoii (1), mpukiajbBanocs K

y371aM cTep>kHeBbIX KO, coelMHeHHbBIX ¢ OCHOBaHUEM LIMJIMHAPUYECKOH perieTku. [ mocrpoenus rpadu-
KOB KOJIEOAHUH HMCIOIb30BAINUCH 3HAYECHUS NepPEMEIEeHU B Toukax b 1 U b 2, pacIONOKEHHBIX Ha BEepXHEH
MJIOCKOCTH KOHUYECKOTO MOKPHITHS (puc. 14).

JU1st IpAMOTO MHTETPUPOBaHMs YPABHEHUs JIBHKCHUS IPUMEHIACh HEsABHas cxema Merona Heromap-
ka. Koadunuents! nemndupoBaHus MaTpuIl Macc M )K€CTKOCTH MTPUHUMAIUCh COOTBETCTBEHHO PaBHBIMU
0,1 1 0,01. IIar mo BpeMeHHOM KoopArHaTe MpuHuUMalcs pasasiM 0,01 c.

PesynbTaThl IMHAMUYECKOTO pacdeTa B BUjie rpadukos konebanuit w. (1) u w (t), w,(f) ans perer-

Y4aTOM KOHCTPYKILUH C YYETOM TOIATIIMBOCTH Y3JIOBBIX COCAMHECHUI CTepKHEH MpHBe/ieHbl Ha puc. 15 u 16.
AMIUTUTYTHBIE 3HAYCHHS TIEPEMEIICHUI B HAIIPABICHUU OCH Z B MOMEHT BpeMeHu ¢ = 0,99 ¢ B Toukax b1 u
b 2 cocraBumu: —0,01149 m; —0,006092 M (puc. 15). CooTBeTCTBYIOLIUE aMIUIUTY/AHbIE 3HAYEHUS MIepeMe-

mennit W, ()= Wy(t)= ~0,02382 M (puc. 16). YcranoBieHo, uto rpapuxu W, (f), Wy(t), w_(t) nns mo-
neneii ¢ BYCCP u 6e3 BYCCP coBnagaror.
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VN"z(l‘)}

Puc. 13. Cxema B0o30yXIeHHUS KOJIeOAHMI
W c1ounuk: Bemonaeno H.A. Kopgaruusim.

Figure 13. Oscillation excitation scheme
S ource: performed by N.A. Korchagin.
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Puc. 15. T'paduxu xonebanuit w,(¢) B Toukax b1 u b

W cTouHuk: BemonHeno H.A. Kopuaruusim.

Figure 15. Graphs of fluctuations w y (t) in points b1 and b»
S ource: performed by N.A. Korchagin.

Puc. 14. Pacnionoxenue Touex b1 u b2
W ¢ 1o 4nuk: Bemonneno H.A. KopuaruasiM.

Figure 14. Location of points b1 and b2
S our ce: performed by N.A. Korchagin.
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Puc. 16. 'paduxu w,(¢), wy(t)

W ctouHuk: BemonneHo H.A. Kopuaruusim.

Figure 16. Graphs w (¢), w 3 ®
S ource: performed by N.A. Korchagin.

I'paduknu koneGanmit W, (t) u W, (), wy, () nns pemeTyaTol KOHCTPYKIMM C YUETOM TIOATIMBOCTH

Y3JIOBBIX COCAMHEHHI IPH 3HaYeHWIX k= k y= k ,=10° H-m/pan npeacrapnens Ha puc. 17 u 18. B nan-

HOM CJIydae aMIUTHUTYJAHbIC 3HAYECHHUS MEPEMEIICHUN B HalpaBICHUH OCH Z B MOMEHT BpeMmeHH ¢ = 0,99 ¢
B Toukax b1 u b2 cocraunu: —0,01628 m; —0,007902 m (puc. 17). CooTBeTCTBYIOINE aMITIUTYIHbBIC 3HAYC-

HUs iepeMentenuit W, (f)= wy(t)= —0,05586 M (puc. 18).
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Puc. 17. I'paduxn xoneGannit W, (¢) B TouKax b1u b2

W ¢ 1o unuk: Bemonneno H.A. Kopuaruaeim.

Figure 17. Graphs of fluctuations w_(¢) in points b1 and b2

S our ce: performed by N.A. Korchagin.
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Puc. 18. Tpaduxu W (1), Wy(l‘)

W ¢ 1o unuk: Bemonaeno H.A. Kopuaruaeim.

Figure 18. Graphs W, (¢), w,, (1)
S our ce: performed by N.A. Korchagin.
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CpaBHMBasi aMIUTUTYAHbIE 3HAUEHMs NIepeMeleHuii Ha puc. 15 u 17, npuxoauM K BBIBOLY, YTO YMEHb-
LIEHUE JKECTKOCTH ITOBOPOTHBIX IIPYKUH HA JBA MOPSAKA IPUBOAUT K YBEIMUYCHHIO NIEPEMEILIEHUS W, B TOU-

ke b1 B 1,4 pasau B 1,3 pasa B T04Ke b 2. COOTBETCTBYIOINE BETHIMHEL Wy U Wy, BO3ACTAIOT B 2,3 pasa.
ITokaznpoBasi BU3yanu3anus pe3yabTHPYIOIIEro (CyMMapHOro) mepeMeleHiss Wy Ul Mojenei pe-

IETKH CO 3HayeHwsIMu K ., k k ., paBHBIMI 10°1 10° H-m/pan, B MomenTHl Bpemenn 0,98 ¢ u 1,6 ¢

y b
nokazana Ha puc. 19, 20 u puc. 21, 22 COOTBETCTBEHHO.

Wy, M

.00517¢6
.011486
.017795
.024104
.030413
.036722
.043031
.04934

.055649
.061958

BEO0ROCEN

J\\
I

Puc. 19. Kapruna pacnpenenenns Wy npu k = l€y = EZ= 10° H'm/pagu £=0,98 ¢

W c1ouHuk: Bemoaneno H.I'. [{apurosoii, 3.P. McxakoBoii.

y= k,=10°N'm/rad and 1= 0.98 s
S ource: performed by N.G. Tsaritova, E.R. Iskhakova.

Figure 19. Distribution pattern W y at k x= k

Wy, M

.01259

.021357
.030124
.038891
.047658
.056425
.065192
.073859
.082726
.091493

BO0ORECEN

Puc. 20. Kaptuna pacnpenenenus Wy 1pu ]Ex: /Zy = ]EZ: 103 H-m/pagu £ =098 ¢

W cTounuk:Bemonneno H.I'. Iaputosoii, 5.P. McxakoBoii.

y=k,= 10° N'm/rad and 1 = 0.98 s
Sour ce: performed by N.G. Tsaritova, E.R. Iskhakova.

Figure 20. Distribution pattern W y at k = k

Wy, M

.006299
.012972
.019c44
.026316
.032989
.03%ec61
.046333
.0530086
.059¢678
.06635

BE00RODEN

,,xﬁ,\ . Lx‘, l, ]‘

Puc. 21. Kaptuna pacnipenenenns Wy 1ipu lEx: ky = kz =10°Hwmpanut=1,6c

W c1ounux: Bemonreno H.I'. Lapurosoii, 3.P. McxakoBoii.

y= k_.=10°N'm/radandt=1.6s
S o urc e: performed by N.G. Tsaritova, E.R. Iskhakova.

Figure 21. Distribution pattern W y at k = k
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Wy, M

.013579
.022862
.032146
.041429
.050713
.059997
.06928

.0785¢64
.087847
.097131

B00CEECNEN

Puc. 22. Kaptuna pacnpenenenus wy npu ]Ex: 1€y = ]EZ: 103H'm/panu t=1,6c

Hcrounnk: Bemonneno H.I'. Iapurooit u 3.P. McxakoBoid.

Figure 22. Distribution pattern w y at k = k

y= k_=10°N'm/radand 7= 1.6 s

S o urc e: performed by N.G. Tsaritova, E.R. Iskhakova.

W3 mpuBeneHHBIX JaHHBIX BUIHO, YTO Je(POpPMHUpPOBAHHE pacCMaTpUBAEMON pEIIETYATON KOHCTPYK-
MU HOCUT 0OBeMHBIN xapakTep. Hambonblime cmemieHusi B KojaeOaTebHOM Mpoliecce HaOMoAaroTcs B
CEeKLIUAX, PACIOJOKEHHBIX B IEPBOM PsIly OT OCHOBAHMSI LIWJIMHAPUYECKON PELIETKU. DIMIOPBI MPOJOIBHBIX
cut N B CTep)KHSX TEPBOW CEKIMH Il BapuaHTOB pacdeToB ¢ HammuneM BYCCP m 6e3 BYCCP mus
MoMeHTa BpeMenu ¢ = 0,98 ¢ mpuBeneHs! Ha puc. 23-25. Haubonpiire o MOAYO 3HAYSHHSI TIPOIOJIBHBIX

CHUJI paBHBI:

|N|maX: 1385 H npun kx: ky = kZ: 105 HM/pa,H,

[V

max

N, H

-1384.96
-1080.42
=775.877
-471.335
-166.792
137.751
442.294
746.837
1051.38
1355.92

BOCORECHN

F =1 =% =10°H-
Puc. 23. Dmropa N npu f ky k,=10° H'm/pan
M ctounuk: Bemonaeno H.I'. HapuTooit n 3.P. McxakoBoit.
. s~ T T 5 .
Figure 23. Plot Nat k , = ky =k ,=10°>N-m/rad
S our ce: performed by N.G. Tsaritova, E.R. Iskhakova.

ROCORECEN

F — L —1 —103H-
Puc. 25. Dmopa N npu k = ky = k,=10° H-m/pan
M ¢ 1ounuk: Bemonnero H.I'. Ilapurosoii u O.P. McxakoBoii.

Figure 25. Plot Nat k= k ,= k= 10" N-m/rad
S our ce: performed by N.G. Tsaritova, E.R. Iskhakova.
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N|  =1526 H 6e3 BYCCP;
max

= 656,8 Hpn k= k ,= k,= 10> H'w/pan.

N, H

-1526.07
-1190.72
-855.36
-520.003
-184.64¢6
150.711
486.068
821.425
1156.78
1492.14

B0 CRECEN

Puc. 24. Dmropa N 6e3 BYCCP

W ctounuk: Bemoineno H.I'. Llapurtosoii n O.P. McxakoBoid.

Figure 24. Plot N without BNCGR
S o urc e: performed by N.G. Tsaritova, E.R. Iskhakova.

Kax cnemyer u3 puc. 23 u 25, npu yMeHbIIICHUN

3Hasenuit k,, k,, k, Ha 1Ba mopsaka Makcu-

y bl
MaJjbHbIE CKUMAIOIIME YCWIMS B CTEPXKHAX LHU-
JMHJIPUYECKOM pEeIIeTKH CHUXKAKoTCS B 2,4 pasa.
Ha ocHoBaHMM MOMY4YE€HHBIX TaHHBIX JUISI PELIETKU
¢ BYCCP Opma mnoctpoeHa cxema Haubomee
Harpy>kKeHHOTO Y3JI0BOTO coenuHeHus (puc.26), B
KOTOPOM Ha JIBa CTEpKHs JEHCTBYIOT CKMMAIOLIee
u pactaruBaromue ycwnus (puc. 23). Ilpu stom
CUMTAJIOCh, YTO TPETUH CTEPKEHb MAHHOTO Y3JIO-
BOTO COEIMHEHUS HE Harpy>KeH.
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OTmeTuMm, 4TO NPH 33JaHHOM JMHAMUYECKOM BO3ACHCTBUH MaK-
CUMaJIbHOE MO MOAYJII0 3HAYE€HHE MPOJOJIBHOIO ycuiaus B 36 pa3
MPEBBIIIAET aHAJIOTUYHOE 3HAYEHHE, MOJYYEHHOE MPU CTATHUYECKOM
pacuete cTep>kHeBO# perietku (puc. 11).

Ha puc. 27 nokazana 3D-monens Hkuer mnactuasl BYCCP ¢
yKa3aHUEM HampaBlICHUS U 3HAYEHUSMH IPUKIIAJIBIBAEMBIX COCPEIO-
ToueHHbIX cuil. Koneuno-anementnas monens bY CCP npencrasnena
Ha puc. 28. [lis mocTpoeHust Moaeneil miIacTuH U OONTOBBIX COCIH-
HeHUi 010Ka ObLIM MPUMEHEHBl BOChMUY3JI0BbIe 00bemMHbIe KO. {5
MOJICIUPOAHUSI KOHTAKTHOTO B3aMMOJEHCTBUS MEXKIY IUIACTUHAMH
0110Ka HCIOIB30BaIMCh KoMOMHUpoBaHHBIe KO. Matepuan 00nTOBBIX
coenuHeHni — cranb. Ha y3nel HuxHe#H minactussl (z = 0) ¢ koop-
nuHaramu: y = 0, x = = 0,004 M — HakJIaJbIBAINCh CBSI3U, 3alpe-
IIAFOIINAE CMEIEHUSI B HAIpPaBIICHUU TI00AIhHBIX ocedt Y, Z, a Ha
y3iel x = 0, y = £0,004 M — cBs3M, 3ampeniaomuye CMEIIeHUs B
HarnpasieHuH robanbHbIx oceil X, Z. Cxema Harpyxenuss bY CCP
CTaTHMYECKH DKBUBAJICHTHBIM JIaBJICHUEM p IOKa3aHa Ha puc. 29.

Pesynbprarel MopenupoBaHUS HANPSKEHHOIO COCTOSHUS ILia-
ctubl BYCCP B Bujie KapTHHBI paclpeesIeHNs] [10JIs1 UHTEHCUBHOCTH

HaIpsOKeHUH O; mpuBeleHbl Ha puc. 30. YCTaHOBIEHO, YTO 30HBI

KOHI[CHTPAIMU HAIpPSDKEHUH COCPEeIOTOYCHB B KpaWHUX y3Jax
oOnacTell MpUIOKEHUsI JaBlIeHUsl. MexaHnueckasi IPOYHOCTh TOJIH-
sapupapupkerona Ha pactspkenue 89 MIla, Ha cxxarue 200 MIla. Kak

¥ Ve
1356 H 1385 H

Puc. 26. Cxema Haubosee HarpyKEHHOI'O
Y3J0BOTr0 COCAUHCHUSA
W c o ununk: Bemonueno H.A. Kopuaruasim.

Figure 26. Diagram of the most loaded
nodal connection

Sour ce: performed by N.A. Korchagin.

Puc. 27. Cxema HarpyxeHus
3D-monenu BYCCP
W ctoununk: Bemonneno H.A. Kopuaruaeim.
Figure 27. Loading scheme

of the 3D BNCGR model
S o ur ce: performed by N.A. Korchagin.

BUHO u3 puc. 30, mpu 3aJaHHOM JUHAMHUYECKOM BO3JIEWCTBMM BO3HHKatomee B tuiactuHax BYCCP

MAaKCHUMAJIbHOC 3HAYCHHC Gl‘ HEC MMPEBLIIACT IpCaciia IPOYHOCTH HOJ'II/IS(I)I/IpZ)(I)I/IpKCTOHa Ha pacCTsAXKCHHUC.

S22
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Puc. 28. Koneuno-snementras mozgenb bBYCCP / Figure 28. The finite element model of the BNCGR

W ¢ 1o u4Hu k: Beimonreno H.A. Kopuaruusim. / S o ur ¢ e: performed by N.A. Korchagin.

2
p, H™m
. 2
-.248E+08 G, Hm
Bl 03505
= -.139E+08 20108.9
0 - 5438407 5765407
—_ _ B 750E+07
~.208E+07 B 1omros
B o468+07 B 1somron
1 791E+07 B i57E+08
L1 .134£+08 B 2255408
1 1ssE+0s e
. .300E+08
B 2uspr0n B 555008
Puc. 29. Busyanusanus p ¥ rpaHUYHbIX YCJIOBUI Puc. 30. Busyanusauus KapTHHbI pacipeeenus nojis ¢ ; B mnactune GYCCP
W cTounuk: Bemonneno H.I'. [aputosoii u O.P. McxakoBoii. W ctounuk: Bemonneno H.I'. Iapurosoit u 3.P. McxakoBoid.

Figure 29. Visualization of p and boundary conditions ~ Figure 30. Vaccination of the field distribution pattern ¢ ; in the BNCGR plate

S o urce: performed by N.G. Tsaritova and E.R. Iskhakova. S ource: performed by N.G. Tsaritova and E.R. Iskhakova.
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Amnanm3 koHTakTHOTO B3ammMoseiicTBus miactud bBY CCP BoimonHeH Ha 6a3e JaHHBIX O paclpeneICHIH

KOMITIOHEHT OTHOCHTENbHBIX cMmemennit A ., A s A, B nnockoctu pasbema. [Ipu SKCTpeManbHOM Harpy-

JKEHUH TIONyHeHB!l crefyronme Benmaunbl: Ay oy =0,22 MMy A )y = 0,16 MM A 5 e = 0,14 mu.

W3 npuBeneHHBIX JaHHBIX CIENYeT, YTO NpPU JUHAMHYECKOM HarpyXeHuWW Ha rpanuie pazbema bYCCP
BO3HUKAIOT 3HAKONICPECMCHHBIC CMCHICHHA, O6YCJ'IaBJ'II/IBaIOHII/IC PaCKpbITUE CTBhIKA IJIACTHUH. HOSTOMY JJIA
obecrieueHnst HamexHoCcTH coenuHeHnid TuractuH BYCCP HeoOxomuMo o0ecrednTh 3aTsKKY OOJNTOBBIX
COC/IMHECHUI B COUCTAHUH C YCTAHOBKOM JeMI(HUPYIOIINX IIAi0.

4. Jaxkirouenue

1. BpInosHEH KOHEYHO-’JIEMEHTHBIN aHAIW3 JUHAMHYECKOTO IOBEACHUS CTEPKHEBOM KOHCTPYKLMH
WIMHAPHYECKON (HOPMBI, TIPEACTABISAIONICH COO0H PErylsipHO YIMOPSAAOUEHHYIO PEIIeTYaTyi0 CTPYKTYpY,
00pa30BaHHYIO M3 IJIOCKUX MPABWIBHBIX IIECTUYTOJIBHUKOB U YNPYTO MOAATIUBBIX OJOKOB Y3JIOBBIX CO-
€IMHEHUI. YCTaHOBIIEHO, YTO aMIUIMTYAHBIE 3HAYEHHUS CyMMapHBIX MEPEMELIECHUN KOHCTPYKLHH IpHU 3a-
JTAaHHOM 33aKOHE HECTAllMOHAPHOTO0 KHHEMATUYECKOTO BO3/IEHUCTBUS B 3aBUCUMOCTH OT MOBOPOTHBIX KECTKO-
cTeil OJ10Ka y3JI0BBIX COEAMHEHUIN CTepKHEH JexaT B 1uana3one 6,6...9,7 cm.

2.Ha ocHOBaHMM JIaHHBIX IMHAMHYECKOTO pacyeTa YCTaHOBJIEHO, YTO IIPU YMEHBUIEHUH OBOPOTHBIX
JKECTKOCTEH OJIOKOB Y3JIOBBIX COCIMHEHUN CTep)KHEH Ha JBa MOPSAIKA aMIUTUTYIHbIE 3HAYCHUS CKHUMAIO-
HIMX YCUJIMH B CTEPKHAX LIMJIMHIPUUECKON pelIeTKH CHIDKaloTes B 2,4 pasa.

3.Pa3paborana u u3rorosieHa ¢ nmomouibio 3D-nedatn ¢puznyeckas Moneiab 0J0Ka y3JIOBBIX COETUHE-
HUH CTepXKHEH pereTdaroil KoHCTpyKuuu. [IpuBenensr poTomarepraibl, 1eMOHCTPUPYIOIIHE CTIOCOOHOCTh
TpaHcpOopMaIMK CONPSKEHHBIX T€KCATOHAJIBHBIX CTEPKHEBBIX CEKLIUH.

4.1IpencraBieHbl pe3yybTaThl YACIEHHOTO MOJIEINPOBaHMS OJ0Ka Y3JIOBBIX COEIMHEHUN CTEp)KHEH ¢
Y4€TOM KOHTAKTHOT'O B3aUMOJIEMCTBHS Ha CThIKE IIacTUH. [loka3aHo, 4TO Mpu AMHAMHUYECKOM BO3IEHCTBUU
Ha TpaHMIIe pa3beMa BO3HUKAIOT 3HAKOIIEPEMEHHbIE CMEIICHHUS, BIMSIOIINE HAa PACKPBITUE CTHIKA IJIACTHH.

5.1Ipemiaraemasi CTpyKTypHasi KOHLENIUSA COOpHO-pa300OpHBIX Y3JIOBBIX COEIMHEHHUN CTEpXKHEW pe-
IIETKH C TeKCaroHaJbHON (OPMOIl CEeKIMil MO3BOJSET BHIOJHUTH PEMOHTHO-BOCCTAHOBUTEIIbHBIE PAOOTHI
Jake B cIydae OONBIINX HEOOPAaTUMBIX HCKaXEHUH (POPMBI KOHCTPYKIIHH.

6. IlepcriekTUBBI AaTbHEUIINX UCCIIeI0BaHUI Oy/lyT HalpaBIeHbl HA TAPUPOBKY MTOBOPOTHBIX JKECTKO-
CTeil OJI0Ka Y3IIOBBIX COCAMHEHUN CTEPKHEH.
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AnnoTanus. Mccnenosansl ocobeHHOCTH AehOPMHUPOBAaHHS OalKH, OMUPAIOMICHCS Ha YIPYroe OCHOBAHHE, MPH PA3INYHBIX Ba-
puaHTax KO3 QUIMEHTa NOJATIUBOCTH OCHOBaHUs. IIpoaHanu3upoBaHbl KIaCCUYECKUE MOJENHU, TaKUe Kak Mojess Bunkiepa u
Mozenb [lacTepHaka, a TakKe HETHHEHHBIE 3aBHCHMOCTH K03((HIMEHTa OCTENH OT Iporuda. [l penreHns 3a1a4i IpuMeHeHB
YUCJICHHBIE METO/bI, BKJIIOUAsi METOJ PUTIIa ¥ METOJ MPOJOKEHUsI PEIICHNUs 10 apaMeTpy, YTO MO3BOJIMIIO UCCIEN0BATh BIIMs-
HHe HaTrpy3KH M yCJIOBHII 3aKpeIlIeHHs Ha BeIMYNHY mporuba G6anxu. IlormydeHHBIE pe3ynbTaThl IEMOHCTPUPYIOT BIHSHUE BBI-
OpaHHOI MOZEIM OCHOBAHMS Ha BEIUYUHY IPOruda U HeoOXOIUMOCTh ydyeTa HeIMHEHHBIX 3(P(EKTOB Al TOUHOTO MPOrHO3UPO-
BaHUS Ae(opManuii KOHCTPYKIIHH, B3aNMOIEHCTBYIOINX C TPYHTOBBIM MAacCHBOM. J[OMONHUTENBEHO MMOKA3aHO, YTO HMCIIONIb30Ba-
HHE JIMHEIHBIX MOJeNell yIIpyroro OCHOBaHUS JaeT yJOBIETBOPUTENbHBIE PE3yIbTaThl JIUIIL IPU MabIX JeGOopMaLUsIX U OIHO-
POIHON CTPYKType TpyHTa. B yCIOBHSAX MOBBIIIEHHOW MOAATIMBOCTH MM HEOTHOPOJHOCTH TPYHTOBOTO MAacCHBa HEOOXOIMMO
[IPUMEHSTh MOJICIH, YUUTHIBAIOIINE U3MEHEHNE KO (UIUEHTa IIOCTENU B 3aBUCUMOCTH OT BEIWYUHBI Iporuda. OTo Mo3BOISIET
KOPPEKTHO OIMCHIBAThL IiepepacpeieficHue HanpspkeHui 1 GpopMupoBanue 30H ocefanus. IIpencraBieHHble 3aBUCUMOCTH U pac-
JETHBIE CXEMBI MOTYT OBITH MCIIOIB30BAaHBI IPH MPOSKTHPOBAHHN (DYHIAMEHTOB, INIHT U MPOTSDKEHHBIX HH)KCHEPHBIX COOpPYIKe-
HUH, rzie Tpedyercst 00ecneunTh HaIe)KHOCTh U yCTOIHUNBOCTD CUCTEMbI KOHCTPYKIIUSI — OCHOBaHMUE.

3asBiieHUe 0 KOH(QJIUKTE HHTepecoB. ABTOp 3aiBIseT 00 OTCYTCTBUU KOH(INKTA HHTEPECOB.

KawueBrble cjioBa: 0anka Ha yHIpyroM OCHOBaHUH, KO3(D(QUIIMEHTHI mocTenu, porud 6anku, Moaens [lactepHaka, meron Putia,
HenuHelHas qedopMariys, METOI POAODKEHHUS PEIICHUS [0 TTapaMeTpy
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Abstract. This article examines the deformation characteristics of a beam supported on an elastic foundation for various foundation
compliance factors. Classic models, such as the Winkler and Pasternak models, are analyzed, as are nonlinear dependences of the
bedding factor on deflection. Numerical methods, including the Ritz method and the parameter continuation method, were used to
solve the problem, allowing us to study the influence of load and anchorage conditions on the beam deflection. The obtained
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results demonstrate the influence of the selected foundation model on the deflection magnitude and the need to consider nonlinear
effects to accurately predict the deformations of structures interacting with the soil mass. It is also shown that the use of linear
elastic foundation models yields satisfactory results only for small deformations and a homogeneous soil structure. In conditions of
increased soil compliance or heterogeneity, it is necessary to use models that take into account the change in the bedding factor
depending on the deflection magnitude. This allows for the correct description of stress redistribution and the formation of
subsidence zones. The presented relationships and calculation models can be used in the design of foundations, slabs, and extended
engineering structures where the reliability and stability of the structure-foundation system must be ensured.
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1. BBenenue

Tema pacuera 6anok Ha ympyromM OCHOBAaHWH, KOTOpOH Hadaiu 3aHuMarbes emie B XIX B., ocraercs
AKTyaJIbHOW JUUI CTPOUTENIBHON MEXaHUKH W TE€OTEXHUKH U I10 CEU I€Hb. [ TaBHBIMU HCCIEN0BATENSIMH TEO-
pHUM YyIIPYTOro OCHOBAHMS CUUTAIOTCS BBIAAIOIIUECS YUEHBIE U MHKEHEPBI, KOTOPbIE BHECIN 3HAYUTEIbHBIN
BKJIaJ] B Pa3BUTHE M MpPUMEHEHHE Teopuu pacueToB. K uuciy HambOosiee 3HaYMMBIX CIIEHUAINCTOB B ATON
obnactu otHOCsTCa D. Bunknep, M. Xerenbn, I1.J1. [lactepnak, A.A. Unprommun, 3.J1. Omtrosep, K. Teopr,
A.H. Kpbuios, A. CensBagypaii, I. I'manysmn, A.b. ®anees, A.L. lllamkun, B.H. [lapamonos. Knaccuue-
CKHeE TOJIXO/Ibl K pacueTy 0ajoK Ha YIpPyroM OCHOBAaHUU CBSI3aHbI ¢ MoJenbio Bunkiepa [1], B koTopoii oc-
HOBAHME TPEJICTABISIETCS KaK HAaOOp HE3aBUCUMBIX YNPYTUX MPYKHH, I7I€ PEaKIisi OCHOBAaHUS MPOMOPIHO-
HaJibHA MPoru0y Oanku. JlaHHAsS MOJENH MOJIyYHIIa Pa3BUTHE B 3apyOeKHBIX padoTax, e ObUIH TpeIoKe-
HBI METOJIbI pereHust AudepeHnaIbHbIX YpaBHEHUH paBHOBECHS I 0aJIOK C Pa3IMYHBIMU TPaHUIHBIMHU
ycinoBusiMu. OJTHAKO OTpaHUYEHHOCTh JIMHEHHOro moxxona BuHkiepa aiisi onmucaHus peajbHBIX TPYHTOB
CTUMYJIMPOBAJa UCCIICIOBAHUS HEMHEUHBIX Mojene. [ ycTpanenus: ykazanHbix orpanndennid [1.JI. Iac-
TEPHAK IPEUIOKNI YCOBEPIIEHCTBOBAHHYIO MOJIEIIb, YUNTHIBAsI CIIBUTOBYIO )KECTKOCTh OCHOBaHUA [2]. s
pEIIEeHUs BBILIECNIEPEUUCIECHHBIX 3a7a4 TPAAUIIMOHHO MPUMEHSJIUCh UTEPALIMOHHBIE METO/bI, BKIIOUAs Me-
Ton ynpyrux pemieHuit A.A. UnptomuHa [3], a Takke METOA MaJIOro MapameTpa, TpeOyromue 3HaunTe b-
HBIX BBIYUCIIUTENBHBIX pecypcoB. A.b. daneeB B cBoux paboTax akUEHTHUPYET BHUMaHUE HAa NIPUMEHEHUHN
COBPEMEHHBIX YHCJICHHBIX METOJIOB JUIsl PEIIeHUs CIOXKHBIX 3a/1ad 0 Oajkax Ha ynpyrom ocHoBaHuu. Ero
BKJIaJ] BKJIIOYACT MCIOJB30BaHUE METOAA UTEpalui AJs aHalu3a 0aloK Ha HEJIMHEWHBIX U HEOJHOPOIHBIX
ocHoBauusx [4-5]. A.I. lamkuH B cBoMX paboTax yaenseT BHUMaHUE KaK aHAJTUTHYECKUM, TaK M YUCIICH-
HBIM METOJIaM PEIIeHHs 3a7ad 0 Oaikax Ha ynpyroMm ocHoBanmm [6]. B pabore B.H. [lapamonoBa npuso-
JIITCS MOJICNIA TPYHTA U METOZBl pacdeTa KOHEUHBIX jaedopmanuii ocHoBaHUs. PaccMoTpensl dusnyeckue
HEJIMHEeWHbIE 3a/1a4l MEXaHWKU TPYHTOB, TAKXKe IMOCTPOCHBI MOJAETH TPYHTOB JJISl YCIOBUIM OONBIINX JIe-
dopmarnuii [7]. Cymectyromne padoTsl (HOKYCHPYIOTCS Ha JTUHEWHBIX MOCTAHOBKAX WM CJIOKHBIX UTEpa-
LMOHHBIX METOJaX, YTO 3aTPyAHAET aHaIU3 HeluHelHbIX cucteM [9; 10]. CoBpeMeHHbIe Hccae10BaHus O-
Ka3bIBAIOT, YTO Ui 0O0Jiee TOYHOTO OINMCAHHS CHCTEMBl «0ajKka — OCHOBAHME)» aKTHBHO Pa3BHBAIOTCS
0000I1IeHHBIE TTOCTAHOBKU C NMEPEMEHHBIMH CBOMCTBAMHM OCHOBaHHS, HETMHEWHOW KOHTAKTHOW paboTOH,
HEOIHOPOAHOCTHIO U TMHAMUYECKUMHU Bo3ericTBusiMu [ 13—18].

Taxum 00pa3oM, yueT peasibHbIX CBOMCTB OCHOBAaHUS U KOPPEKTHOE ompezaenieHne kodpduuueHTa mno-
CTENIM SABISIOTCS KIFOYEBBIMU (haKTOpaMH TOYHOTO pacuera OayioK, (yHIAMEHTOB U MPOTSHKEHHBIX KOH-
CTPYKLHUH, B3aUMOJICHCTBYIOIIMX C TPYHTOBBIM OCHOBAHHEM.

2. PazninyHble BUABI KO3 GUIIHEHTOB MOCTEIH

Koa¢dduument nogarmBocti ocHoBanus (Wim kK03()PUIIMEHT MOCTeNnn) XapakTepru3yeT CiocoOHOCTh
I'PYHTOBOTO OCHOBaHUS Je(OPMUPOBATHCS MOJ JeHCTBUEM NMPUIOKEHHOH Harpy3ku. OH CBS3bIBAeT J1aBie-
HUE, TIepeaBaeMoe KOHCTPYKIIMK Ha TPYHT, ¢ BO3HWKaromei aedopmanueii (ocankoif) ocHoBaHus. B wuH-
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’KEHEPHOW MpaKTHKE 3TOT MapaMeTp MIUPOKO HCIONb3YyeTCs B pacueTaX OCHOBAHUH M (pyHIAMEHTOB s
OIIEHKH MX YCTOMYMBOCTH M MPOTHO3UPOBaHUs ocagok [11; 12].

B kiaccuyeckoM BHJE 3aBUCUMOCTD MKy MTPOruOOM OajKu M peakiield OCHOBaHMUs MPEACTaBICHA B
Mojenu Bunkiepa, riae peakius 0CHOBaHUS MPONOPIMOHATbHA MECTHOMY Iporudy. OfHako Takasi MOJeb
OTIHCHIBACT TPYHT KaK HAOOp HE3aBHCHUMBIX YIPYTHUX AJIEMEHTOB, YTO HE OTPAXKAeT PealbHOTO pacipererie-
HUS IedopMaluii, MOCKOIbKY Harpys3ka, MpUIOKEHHast B OAHOM TOYKE, BBI3BIBAET OCAJKy B 30HE, Paclpo-
CTPaHAIOIIEHCS Ha 3HAYUTEILHOE PACCTOSHUE.

JJis TIOBBIIIEHHS] TOYHOCTH OMUCAHUS ObUI MPEIOKEH Psii YCOBEPIIEHCTBOBAHHBIX MOJIENEH, B TOM
yucne mMozenb [lactepHaka. 3aBHCHMOCTD MEXIy JaBICHHEM, MEPEAaBaeMbIM Ha TPYHT, M BO3HUKAIOIIEH
nedopmarueii (ocankoit) I1.J1. TTactepHak [2] mpemioui yUuThIBaTh IBYMSI KOG PHUIIMEHTAMH ITOCTEH Cq
U C,, TA€ ¢ — KOIPPUIMEHT CKaTusl, a C; — KOIPPHUIIMEHT CABUTA.

Jlnst onucanus 3TUX KO3(GUIMEHTOB, MOKHO MIPUHSATH (POPMYITBI

E

p

“TH (1m2my)

B cch2 (1—2mrp2)
“= 6(1+m,) o

rae E,, — Moxynb fe(opMaiuu rpyHra; H_, — tonmmHa MaccuBa CII0€B; m,, — YCPEIHCHHBIN KO3pPu-

nueHt Ilyaccona.
B [8] ormeuaercs, uTo ¢, NOIDKEH OBITH OOJIBILE C,.

Hanpumep, 11 meuteBaro-mmHKCTOTO TpyHTa H, = 18,1 M; E, = 9806,65 kH/™m?, m,, = 0,35 u Torma
¢ = 0,717 MIla/m, ¢, =29 MIla-m.

JU1sl TPYHTOB € HEJIMHEWHBIM [OBEJEHNUEM (HaIpuMep, cJIa0bIX WK BOJOHACHIIIEHHBIX) PEKOMEH/1y€eT-
Cs1 UCTIOJIb30BaTh HEJIMHEIHbIE MOAEIH WM YUCICHHbIE METOAbI (HalpUMep, METO/l KOHEUHBIX JIEMEHTOB),
9TOOBI Y4ECTh U3MEHEHUE KO3(PPHUIIMEHTA TIOAATIIMBOCTH B 3aBUCHUMOCTH OT Iporn0a. AHAJOTHYHBIC 3a]1a-
YY JIUIs1 HETMHEWHBIX U HEOJHOPOJHBIX OCHOBAaHUM B COBPEMEHHBIX pPabOTax pelarTcs C HUCIOIb30BAHUEM
KOHEYHO-3JIEMEHTHBIX, BAPUALMOHHBIX U PEAYKIIMOHHBIX 110AX010B [16—-18].

Tenepb paccMOTpUM ciiy4aid, koraa k(X) 3aBUCHT HEJIMHEHHO OT W :

R? R*w+ PR— PR PR PR
k(x)=| R———2 |- g2 ~R-R+ - : )
P+ Rw P+ Rw P+Rw P+ Rw
rac R — HaA4YaJIbHOC 3HAUYCHHC KOB(I)(I)I/ILII/IGHT& IIOAAaTIINBOCTHU rpyHTa; P — ACUMIITOTUYCCKOEC HaBJICHUC

OJT TTOJTOIIBOM (pyHIaMEHTA.

3. ledopmupoBanue 0aJIKu, Jexkaleil HA yIIpyroM OCHOBaHUHU
MPH Pa3JIHYHBIX BAPHAHTAX KO3 Puiuenra nocrean

3.1. Bapuanm xo3gppuuyuenma nocmenu Bunknepa

PaccmoTpum penieHne npakTHYECKUX 3a7a4 reoMeXaHuku. PaccMoTpuM Galiky, Jiexallyro Ha ynpyrom
OCHOBAaHUU U HaXOJSAUIYIOCA IOl JEHCTBUEM PAaBHOMEPHO PACIpENeIeHHON Harpy3ku q. O@yHKIMOHAI 110JI-
HOW TOTEHLIMAIBHON YHEPTUH JeopMaIiui OaJKu UMEET BUJL

E, = % j [ EI(w"Y + k(x)w” = 2qw | dx. 3)
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BakHBIM 4acTHBIM CITydaeM SIBJISIETCS paBeHCTBO k(X) = const, HO B psize 3amad TpedyeTcss paccMar-
puBaTh OOMIHIA CiTydaid, koraa k(X) HeIWHEHHO 3aBHCUT OT W(X).
[Mpumem ko3 dunmeHT nomaiuBoCcTH ocHoBauus k(x)=1.

PeanpHble pa3mMepbl TONMIUHBL U AJTUHBI 0K MOTYT MPUHUMATh pa3HOOOpa3Hble 3HaYeHus. M aeann-
HOM TONIMHON Oajku OyIeT cuMTaThCsl Ta TOJIIMHA, KoTopas OyneT Oosblie uiu paBHOU 1/20 yactu ee
pa3mepoB B AnuHy. Harpyska ¢ MOKeT Takke NPHUHUMATh Pa3IUYHbIE 3HAYCHHUS.

Paccmotpum sxene300eTonHyto 6anky tommmuoi A = 0,1 M, mmuaoit [ =10 M, xecTKo 3aKperuieHHast
Ha KOHIIaX, HAXOJIAIIASCS TIO]1 JICHCTBHEM PaBHOMEPHO pacrpeneiieHHoi Harpysku ¢ = 0,1 MITa.

K ¢ynkunonay
_ 1 n\2 2
E, _EI[EJ(w) +lw —2qw}dx, )

IpUMEHUM MeTox PuTia npu annpokcuManuu
w(x) =w, f(x),

IJ1€ MIPH JKECTKOM 3allleMJIeHHH armnpokcumupyoras gyukmms mpu X =0 u x =10

2.2
f(x)=(10—-x)"x".
B cootBeTcTBHY ¢ METONOM PuTIia Ut HAXOXKIEHHUS W, HMEEM YpaBHEHHE

Zf;? - JIEIWI (F") +wf2 - qf} dx = 0. (5)

BBenem 0003HaueHUS
L L

a=| [EI( SV +f? hv,a, = | fa, ©6)
0 0

3aroTOBUM KO3(pPHUIIMEHTHI

10 10 105
N dr=10°-0.8, [ fdx=—>
l(f) * !fx 30

10
, [ frax=10°-158.
0
B mannoMm ciygae, korma k(x) =1, ypaBHeHHe IPUMET BUT
aw, —a,q =0, (7)
rae g =0,1 MIla
a,=10°-17,8, a,q =10°-3,3333-10 .

Cnenosarensro, w, = 0,183-107, u w(5)=0,117 m.
[MoncraHoBKa BRIOPAHHOM allPOKCHMAIMU B (DYHKIIMOHAJ IPHBOMAT K aareOpandeckoMy YpaBHEHHIO,
TIO3BOJISIONIIEMY ONPEIEINTh BETNUNHY MAKCHMAJILHOTO TIPOTH6a GaJIKH.

3.2. Bapuanm 08yx ko3ghdhpuyuenmoes nocmenu

PaccmoTpum ciydaid, Korna MofaTiauBOCTh TPYyHTA HArpy3KaM XapakTepu3yeTcs AByMs Kod(h(uimen-
TaMM IOCTENHN ¢, U. ¢, B 3TOM ciydae GyHKIMOHAN MOITHONW MOTEHIMAIbHONW 3HEpruu Aedopmanuu cu-

CTCMEI 6y,£[eT HUMCTBb BU ]
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L
E, =%£[EI(W")2 +c, (w')2 +ew’ —2qw} dx, ®)

rne ¢, =0,717MIla/M, ¢, =29 MIla-m.

B kauecTBe mpuUMepa pacCMOTPUM xkene300eTornyo 6anky (£ =3-10" MIla) gmunoii L =10 wm, Ton-
muHON 4 = 0,1 M, &KecTKo 3aKpeIUIeHHYI0 Ha KOHIaX M HaXOISIIYIOCs O] ACHCTBHEM PaBHOMEPHO pac-

MIpeeICHHON Harpy3kn nHTeHcHBHOCTRIO ¢ = 0,1 MI1a.

K ¢ynkimonany (8) npumenum meto Putiia npu annpokcumanun w(x) B BHIC

w(x) = wf(x),

e npu kectkoM 3amemiueHun npu X =0 u x =10

f(x)=(10-x)*x".

B cootBercTBUU ¢ MeTozOoM PuTia 1y HaxoKAeHUS W, TTOTyYUM OAHO aireOpandeckoe ypaBHEHHE

e [2E (Y #2674 2607 =201 Y =0, ®

Beenem 0003HaYEeHH

10 10
a, = [w(f"dx; a,=| fldx;
0 0

a =T(f'>2dx; a, =dex.

Teneps ypaBHEHME IPUMET BUJ

w,(Ela, +c,a, +c,a,)=qa,, (10)
B ITaHHOM CJIy4dac

a,=0,8:10°, a, =15,8-10°,

5
a,=1,910°, a, :%.

CrnemgoBarenbpHO,
w, =0, 0487107 m, W(S) =0,03Mm.

CpaBHeHue pe3yabTaToB pacueTa 1o mozaensiM Bunkiepa u IlactepHaka nmokasbIBaer, 4To y4eT CIIBU-
TOBBIX Jie(opMaIuii NPUBOAUT K MEHBIIMM 3HAYEHUsIM Nporuda u Gonee MIaBHOMY paclpeleseHUI0 Peak-
Ui 10 JUIMHE OaJIKH.

Tenepb paccMOTpuM ciydail, koraa 6anka npu x = 0 3akperuieHa xecTko, a npu x = 10 M cBobogHO.
B sToMm citydae annpokcuMupytomast GyHKIus OyJeT UMeTh BUJL

4 3 2
X X X

1200 30 2°

Hh(x) =
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[TocunTaem HEOOXOMMMBIE KOI(DPHUIMEHTHI TSI TATBHEUIIIETO y00CTRA:

10 10
a = [ (" dx=2; a, = f2dv=1604,938;
0 0

10 10
ay = [(f;)dx=71,429; a, = [ fidx=100.
0 0

VYpasuenue (10) npumer Buj
w;3227,1815 =10,

orkyma w; = 0,0030986, w(5) = 0,0274 m, w(10) = 0,0775 m.
[Tporu6 w(10) GoJblie JAOMYCTUMOTO 3HAYEHHUS, COOTBETCTBEHHO HEOOXOIMMO YBEIMYHMTEH TOJIIUHY
OaJIKu, IPUMEHSISE METOJI TIPOAOJIKEHHS PEIIEHHS 110 mapamerpy H.

3.3. Bapuanm xo3ghgpuyuenma nocmenu, HeIUHENHO 3A8UCAWUIL OM npozUba

Paccmotpum BapuaHT KO3(HIMEHTA TOCTETH, HEMHEHHO 3aBUCSINUM OT mporuda w(x), KOTOPbIi
OyleT yuuThIBaTh HENMHEHHO-ynpyrue nedopmaiuu rpynta. B atom cinyyae GpyHKIMOHAT MOTHOW MOTEH-
[IUATBHON dHEPTUN AePopManny OAIKHA MTPUMET BU]]

1§ , PR , }
E =—|| EI(WN +——w™ =2gw |dx. 11
' 2][ (W) 4w =2g (11)

[IpuBeaem, ucnonb3ys METOJ MPOAOJKEHHUS PELIeHUs MO MmapaMeTpy ¢, QyHKIUMOHAN K KBaJpaTH4-
HOMY, T.€. IPOBEJEM JIMHEAPHU3ALIUIO 33/1a491 Ha yPOBHE (PyHKIIMOHAA!

— oE E L 2PRw( P+ Rw— PR*W
E = O, Aw+ OF, Aq :lj. 2EW" Aw"+ ( 5 )Aw—Zqu—2Aqw dx.
ow oq 29 (P+ Rw)
BBenem o6o3HaueHHS:
2
20, (w)Aw=2| LRY__ O’SPRWZ A (12)
P+Rw (P+Rw)
KBasipaTiyHbIii (yHKIIMOHA 3alUIIEM B BUJIE
L
E = j[EIw" Aw"+ @, (W)Aw—gAw— Aqw] dx. (13)
0

B kadectBe mpuMepa pacCMOTPHM Kele300€TOHHYIO OajKy (E =3-10* MHa) , nmuHoi L =10 ™M,

tomumHoi /= 0,1 M, KeCTKO 3aKpeIUICHHYI0 Ha KOHIIAX, U HAXOISIIYIOCS IMOJ ICHCTBHEM PaBHOMEPHO-

pacrpeneneHHoN Harpy3ku nHTeHcuBHOCTHIO ¢ = 0,1 MIla.
[Tpumennm s MuauMuU3auu pyaknronana (12) merox Puria:

w(x) =w f(x), Aw =Aw, f(x),
r71e TIpH KecTKoM 3amemienn npu x =0 u x =10 :
f(x)=(10-x)*x".
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B cootBeTcTBHH C METOAOM PI/ITHa JJIA HaXOXKACHUA W4 TTOJTYYUM YPABHCHUC

aE, _ T[EIAWI( ()" + MAM f(x)- Aqf(x)}dx =0. (14)
dw, dw,
do,(w) _ _ PRf(x) 2PR*w, [ (x) Rw £ (x)

dw, P+Rw, f(x) (P+Rw1f(x))
BBenem 00o3HaueHUS:

D ay, = J‘Md

7

=1I0(f(x) ") dx

P+Rw, f(x)
I 2PR*w, f(x) J» PRW, f(x)*
P+wa(x) P+wa(x))

Ay, =0y — Ay Ty, A3 = _[f(x)dx~
0

VpaBuenne (13) Temepp MOXHO
qg=0,1 MIla, Ag=0,01 MIlIa, W = Owua,=
Hanee w,, =w,,, +Aw,;,, q,=q, ,+Aq, Aw, =

3aIliucaTb

Aqa,

(P+Rwl )

B BHIE

J-10 PRf

EIalAwl +Awa, —Aqa, =0 npu

, R=0,3 MlIla, P=0,2 MIlam.

Ela, +a,

Pe3ynbraThl pacyeToB MOKAa3bIBAIOT, YTO C POCTOM HAarpy3KH MpPOTHOBI YBEJINYHBAIOTCS HEIUHEHHO,
YTO 0COOCHHO 3aMETHO MPH NMPUOTMKEHNHN K TIPEeNTy HeCyIIel CIOCOOHOCTH OCHOBaHUS.

Hwuxe nipezncrasnens rpaduku nporuda w(5) B 3aBUCHMOCTH OT Harpy3ku q (puc. ).

DKCNIEePUMEHTAILHO pacCUUTaHHbIE MPOrHOBI (Tadl.) MOATBEPXKIAIOT 3TOT BBIBOA: MPH YBEIHYECHHU
Harpy3ku Oojee 4eM B 5—6 pa3 poCT MpOTrHOOB CTAHOBUTCS 3HAYUTEIHHO YCKOPEHHBIM, YTO HEOOXOAMMO

YUUTBIBATh IPU IPOEKTUPOBAHUHY.

Takum o6paszom, npu q = 0,1 MIla HauGonbuIMii TPOrHO COCTABUT W(S) =0,442M, yT0 mpeBBIIIAET

JIOTTYCTUMBIN TIpeien IS XKeJie300eTOHHOM OaKy.

q, MIla

0.02 4

T T T T T T
0.02 0.04 0.06 0.08 0.10 0.12

w(5),M

3aBUCUMOCTH KOIDPUIIMEHTA Wy, 4, OT 3HAYCHHUS HATPYIKCHHS q
U ¢ 1o 4HuK: BemonHeHo M.P. ['opkuHoii.

Dependence of the coefficient wy,,, on the loading value q
S ource: made by M.R. Gorkina.

PACYET V1 MPOEKTVPOBAHMWE CTPOUTENBHBIX KOHCTPYKLIMIA

3HaveHns MporudoB s 0aJIKH, Jiexkalnel Ha YIpyrom
OCHOBAHMM, IPH HEJIMHEHHO-YNIPYroM 1e)OpMHPOBAHUH
Deflection values for a beam lying on an elastic
foundation under nonlinear elastic deformation

q,MIla/MPa | Aw, -1073 | w;-1073 | w(5),Mm
0,01 0,049 0,049 0,049
0,02 0,053 0,103 0,065
0,03 0,058 0,160 0,099
0,04 0,062 0,223 0,139
0,05 0,067 0,289 0,181
0,06 0,072 0,362 0,226
0,07 0,078 0,440 0,275
0,08 0,083 0,524 0,327
0,09 0,089 0,613 0,383

0,1 0,095 0,708 0,442

M ctouHuk: BemonxeHo M.P. Topkunoii / S o ur ¢ e: made by M. R. Gorkina.

135



Gorkina M.R. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(2):129-137

4. 3akJoueHue

1. YcTaHOBNIEHO BIMSIHUE PACUETHONW MOJENIH yNPYyroro OCHOBAaHUS Ha Ae(OopMHPOBaHHOE COCTOSHUE
6anku. [TokazaHo, uTo nUHEiHas Mozens Bunkiepa obnagaeT orpaHH4eHHON TOYHOCTBIO M MOXKET IpuMe-
HATHCS TPEUMYILIECTBEHHO NMPU MalblX JedopManusx U OZHOPOAHOM ocHoBaHMU. Mopens IlactrepHaka
obecrieunBaeT Oosee aJeKBaTHOE OMKUCaHKUe pabOThl TPYHTOBOTO MAaCCHBA, MOCKOJIbKY YUUTBIBAET HE TOJIBKO
BEPTUKAIBbHYIO TOJaTIUBOCTh, HO U CIBUIOBYIO JKECTKOCTh OCHOBAHUS, YTO MO3BOJIET HONY4YUTh Oojee
KOPPEKTHYIO OLIEHKY IPOruOoB OaikHu.

2. Ilokazana HEOOXOAMMOCTb y4eTa HeJIMHEHHOM paboThl OCHOBAaHMs MPH pacueTe 0aloK Ha ciadbIx U
HOBBIIIEHHO MOAATIAMBBIX I'PYHTAX. YCTAHOBJIEHO, YTO MPH YBEIUUYEHUU HArpy3KH MpOruObl Oaaku Bo3pac-
TAlIOT HEJTMHEHHO M B OTJENBHBIX CIy4asX MOTYT MPEBBINIATH JOMYCTHUMBbIE 3HAYEHHS. DTO MOATBEPKAACT
HEOoOXOIMMOCTb NPUMEHEHUs MOJIeIIel ¢ MepeMEeHHBIM KOd((UIIMEHTOM MOCTeINH, 3aBUCAILUM OT Iporuda,
a TaK)Ke UCIOJIb30BaHUs YUCIIEHHBIX METOIOB peLeHNUs A1l 00Iee TOYHOTO ONUCAHUS B3aUMOICHCTBUS CH-
CTEMBI «0ajKa — OCHOBAHHUEY.

3. O6ocHOBaHa MPaKTHYECKask 3HAUMMOCTD TPEUI0KEHHOTO TOX0/1a ISl pacueTa KOHCTPYKIUH, B3a-
MUMOJICHCTBYIOIINX C TPYHTOBBIM OCHOBaHHMEM. [loidydeHHbIE pe3ysibTaThl MOKA3bIBAIOT, YTO KOPPEKTHBIN
BBIOOP MOJENIN OCHOBAHMS M Y4€T YCIOBHH 3aKperyIeHus] OaJIKH MO3BOJISIOT Oosiee JOCTOBEPHO OLICHUBATh
ee NporuObl U CBOCBPEMEHHO NMPHUHUMATh KOHCTPYKTUBHbIE PEIIEHMs, HalpUMep YBEJIUYUBATH TOJIIHUHY
OanKy WM U3MEHSATh MapaMeTpbl pacdeTHOH cxeMbl. JlanbHeliliee pa3BUTHE UCCIEAOBAHUS MOXET OBbITh
CBSI3aHO C YYETOM HEOJHOPOJHOCTH OCHOBAaHMUS, AMHAMUYECKUX BO3AEHCTBUI U ONTHMU3alMell reoMeTpu-
YECKHX [TapaMeTPOB KOHCTPYKIHH.

PaboTa BHOCHUT BKIJIaJ] B pa3BUTHE METOJOB pacyeTa 0ajlok Ha YIPyroM OCHOBAHUHU M MOXKET OBITh I10-
J€3Ha ISl MHXKEHEPHBIX IIPUIIOKEHUH B 00JIaCTU CTPOUTENILCTBA U MEXAHUKH IPYHTOB.
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used: ANSYS APDL software for calculation by the finite element method, and the author-developed SHELLVRM program for
calculation by the variational-difference method. The parameters of the stress-strain state of a plate of curvilinear trapezoidal plan
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AnHoTanus. [TokpbITHS B BUJE IUIACTUH U 000JIOUEK Ha CIO0XKHBIX KPUBOJIMHEHHBIX IUIAHAX SBJISAIOTCS PACIPOCTPAHCHHBIMU KOH-
CTPYKTHBHBIMHU PELICHUSAMH B apXuTeKkType. Takue KOHCTPYKIUHN UMEIOT psf npeumMyniectB. CpeJMHHBIE TOBEPXHOCTH 000I09eK
U TUIACTHH HAa KPUBOJMHEHWHO-TPANEUUEBUIHBIX IUIAHAX CTPOSATCS NMPHU MOMOLIM MapaMETPUYECKUX U BEKTOPHBIX YPABHEHHUU U
UMEIOT psiZi 0OCOOCHHOCTEH MPH pacyueTe MX HAMpPsIKEHHO-Ae()OPMUPOBAHHOTO COCTOSIHUA. i1 KOHCTPYKIUH Takod (QOpMbI HE
MOJYYEHO aHAIUTHYECKOTO TOYHOI'O PELIEHHs, HO BO3MOXKHO IOJIyYUTh YHCIEHHOE PELIEHHE, HAIPUMEP, METOAOM KOHEYHBIX
3JIEMEHTOB M BapUaIlMOHHO-Pa3HOCTHBIM METOAOM. B Takoi cuTyanuu Ais BepU(UKALUM PacueTOB CPaBHEHUE PE3yJbTaTOB,
MTOJIyYEHHBIX MPH IMOMOIIHU Pa3HbIX YUCICHHBIX IPOLEAYD, MOIE3HO U aKTyanbHO. [IpoBeneH cpaBHUTENBHBIN aHAIN3 Pe3yJIbTaTOB
pacueTa HaIpsHKEHHO-AEe(OPMUPOBAHHOIO COCTOSHUSA IJIACTHHBI HA KPUBOJIMHEHHOM ILIaHEe, OIy4YEHHBIX IEepPeUUCICHHBIMI Me-
TogaMu. B nureparype HemocTaToOuyHO pa3zpaboTaHa TeMa pacyeTa IUIACTUH M 000JO0YeK Ha KPUBOIHMHEHHO-TPAIEHEeBUIHOM
rtane. Llens uccnenoBaHus — MOJMYYHTH JJAaHHBIE pacdeTa HaNpsKeHHO-1e(OPMHPOBAHHOIO COCTOSIHUS IJIACTUHBI HA KPUBOJIH-
HEWHO-TPaNleMEeBUAHOM IUIAHE, a TAK)Ke OLEHUTH IIPUMEHHUMOCTb U OCOOCHHOCTH IBYX METOJOB IPH pacyeTe MOJOOHBIX KOH-
cTpykuuid. JlJisl BRIOTHEHMsI TIOCTABJICHHBIX 3a/1a4 MPUMEHEHO MporpaMMHOe obecrieueHue: nmporpamMmubsii maker ANSYS APDL
JUI pacueTa METOAOM KOHEYHBIX 3JEeMEHTOB, aBTopckas mporpamma SHELLVRM mis pacueTa BapUallMOHHO-Pa3HOCTHBIM.
[Moxy4eHsl W TPOAHATU3UPOBAHBI MapaMeTPhl HANPsDKEHHO-IEe(POPMUPOBAHHOTO COCTOSIHUS IUIACTHHBI Ha KPUBOJIHHEHHO-
TparneneBUIHOM IIJIaHe, IPOU3BEICHA BepUpHKalMs NOTYYEHHBIX PE3Y/IbTaTOB, IaHbl PEKOMEHAINH 110 BHEJPEHHIO 000HX CII0-
co0O0B pacyeTa B IPAKTUKY aHAIN3a KOHCTPYKIHH, BEISABICHB! BEIYMCIUTEIbHBIE TPYAHOCTH H OCOOEHHOCTH 000HX METOOB.

KnroueBble cjloBa: TOHKas yIpyras IJIacTHHA, ceTKa y3i108, BPM, MKD, BHyTpeHHME CUIIOBbIE (hAKTOPLL, IIEPEMELIEHUS

Bruanx aBTopoB: Msanos B.H. — Hay4HOE PyKOBOJCTBO, KOHLENINS, Banunauus; 7ynukosa E.M. — nporpaMMHoe o0ecrieueHue,
rpadudeckoe odopmieHHe, MOArOTOBKA TEKCTa CTaThH; Puinkogckas M.M. — TmpoBeneHne HCCIeIOBaHMs, 00pa0doTKa JAaHHBIX,
HaIMCaHUE TEKCTa, PELIEH3UPOBaHKNE M PEJAKTHPOBaHUE. ABTOPBI O3HAKOMJICHBI C OKOHYATEIbHOM BEPCHEH CTaTbu M 0JJOOpUIIH €e.

3asiBiieHHe 0 KOH(JINKTE HHTEPECOB. ABTOPHI 3asBISIIOT 00 OTCYTCTBUH KOH(MIINKTA HHTEPECOB.

Jns nurupoBanus: Heanos B.H., Tynuxosa E.M., Puinkosckas M.M. CpaBHUTEIbHBII aHAIU3 pacyeTa IUIACTHHBI HA KPUBOJIM-
HEWHO-TPANeLIUeBUAHOM IUIaHE YUCICHHBIMU MeTojaMu // CTpouTelbHas MEXaHHKA MHXKEHEPHBIX KOHCTPYKIMH M COOPY>KEHHH.
2026. T. 22. Ne 2. C. 138-151. http://doi.org/10.22363/1815-5235-2026-22-2-138-151 EDN: KCJJXB

1. Introduction

In architecture, shell structures in the form of various analytical surfaces are often used to cover large
spans and complex ground plans [1]. The diversity of analytical surface shapes is illustrated, for example, in
encyclopedia [2]. The book presents basic equations for defining surfaces, as well as a brief overview of
their distinctive characteristics. S.N. Krivoshapko authored a series of seminal works on the systematization
of analytical surfaces [1-3]. This topic also attracts the attention of researchers of thin-walled structures
[4; 5]. Among all analytical surfaces, researchers identify certain classes that are particularly important for
practical use, such as ruled and developable surfaces [6—8], umbrella surfaces [9], and a number of other
surface types for application in construction [10-14]. Studies [15; 16] are devoted to the selection of
optimal surface shapes of building structures in terms of strength properties. Modeling of surfaces based on
two-dimensional curves is discussed in [17; 18]. Studies [19-21] are devoted to geometric modeling, while
the specific area of the geometry and modeling of ellipsoidal ring surfaces has been developed by author
V.N. Ivanov in [22; 23]. In most cases, such structures are analyzed using the finite element method [5; 24—
27]; however, there are also studies based on other structural analysis methods, such as analytical or semi-
analytical [28-31], variational difference [32-33], or a combination of methods [34-38]. Interest in the
analysis of plates of ellipsoidal ring shape in plan remains strong in the studies of international authors as
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well. A. Merneedi et al. examined free vibrations of an elliptical plate [39], S. Ceribas1 performed static and
dynamic analyses of thin plates made of functionally graded materials subjected to a uniformly distributed
load [40]. However, most of the research is conducted using software based on the finite element method,
such as Comsol [41].

It should be noted that no classical analytical solution has been obtained for an ellipsoidal ring plate.
An analytical solution to the problem of an ellipsoidal plate in bending was derived by V.I. Pogorelov,’
while a solution for a circular ring plate was obtained by S.P. Timoshenko [42]. Ellipsoidal ring plates and
shells can be constructed in a curvilinear coordinate system to best represent their internal geometry.

To obtain an orthogonal curvilinear coordinate system, an arbitrary plane base curve of the form

r (u)zx(u)i+ y(u) j and a system of lines orthogonal to it are adopted [22] (Figure 1). Then, the

n

equation of the coordinate system can then be written as:
r(u,v):rn(u)+ve(u), (D

where e(u)=—v; v is the normal line to the base curve; v is the coordinate of the generator lines along the

normal to the base curve.

[*AFUN,DEG

*SET,a,3

*SET,b,2

*SET,dt,1

*DO,t,0,90,dt
k,(t*100+1),a*sin(t),b*cos(t),0
k,(t*200+2),(a+2)*sin(t),(b+2)*cos(t),0
[,(t*100+1),(t*200+2)

*Enddo

/

Listing 1. Macro for creating guide points and lines

Figure 1. Ellipsoidal ring plate
S o urce: made by EXM. Tupikova.

The considered orthogonal curvilinear coordinate system will consist of a system of equidistant
curves, i.e., curves parallel to the base curve, and a system of lines orthogonal to them, and may be referred
to as pseudo-polar. If an open curve is chosen as the base curve, the result is a curvilinear trapezoidal
region. If the base curve is closed, e.g., an ellipse, the result is a closed oval region.

From the perspective of coordinate system geometry, the following characteristics can be identified [22]:

r,=s'"(1-k,v)T=At;

A=s'(1-kv);
r=v;
B=1, ()

where s’ is the coefficient of the length of the base curve; k, is the curvature of the base curve.

U'Pogorelov V1. Strength and stability of thin-walled structures. Moscow: State Publishing House of Physical and Mathematical
Literature; 1963. 635 p.
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If the vertical coordinate function z(x,v) is defined, the equation of the surface of curvilinear
trapezoidal plan can obtained in the following form [22]:

p(u,v):rn(u)+ve(u)+Z(u,v)k. 3)

If the vertical coordinate function Z(u,v) is arbitrary, then the coordinate system of surfaces of

curvilinear trapezoidal plan will not coincide with the lines of curvature of the surface, except when
Z =z(v), that is, the case when a constant curve moves in the normal plane of the base curve, and the

surface will belong to the class of Monge surfaces [20; 33].

The coefficients of the first quadratic form of the coordinate system under consideration can be taken
to be equal to the coefficients of the first quadratic form of the orthogonal coordinate system (2) [22; 23].
Then, the values of the curvatures of the surface system can be obtained from the formulas of differential
geometry:
1 040Z | 0°Z sk, 0Z

T AL ouou AL or A v
2
(- L77.
A ov?

4)

2. Materials and Methods

In the field of structural mechanics, the finite element method (FEM) is the predominant approach. It
often serves as the uncontested foundation for all calculations of complex structures performed using
certified software. Finite-clement-based software such as SCAD, LIRA, ANSYS, SolidWorks, as well as
their freely available alternatives, are universal tools for analyzing structures of virtually any shape designed
by an architect. Such programs require significant computer resources and license support, and they present a
number of challenges regarding usage, overcoming computational difficulties, and implementing the
assumptions of the model. Most importantly, when using such software tools, the finite element mesh is
critical, as the obtained results depend heavily on the generation of this mesh. Obviously, more accurate
results can be obtained by using smaller finite elements (FEs), however, when dealing with complex shapes,
the configuration of the finite elements (triangular or quadrilateral), the base points and lines on which the
program constructs the nodes of the mesh, and the correspondence between the internal geometry of the
structure or its element and the automatically generated mesh of FE nodes are also important.

Analyzing results in finite-element-based software for surfaces of complex geometry can be somewhat
difficult or limited by the standard functionality available in the software for displaying displacements,
strains, and stresses, for example, by the presence or absence of coordinate systems other than Cartesian,
spherical, and cylindrical, the ability to use local systems, and the calculation of stresses or forces in
directions characteristic of certain non-classical surfaces.

This paper presents a comparative analysis of the results obtained by two calculation methods applied
to a plate of curvilinear trapezoidal plan — an ellipsoidal ring plate. The finite element analysis was
performed using the ANSYS APDL software. Isoperimetric shell63 finite elements were employed.

It is assumed that the inner director ellipse of the considered ellipsoidal ring plate has dimensions
a =3 m, b =2 m, and the width of the plate is 2 m (Figure 1). The plate is fixed along the outer contour. The
plate is analysed under uniformly distributed load such as self-weight: ¢ = 1 kN/m?. The thickness of the
plate 2 = 0.1 m, Young’s modulus of the material £ = 3.5 x 10" kPa, Poisson’s ratio v = 0.15.

To model the geometry of the structure, a macro is used that involves creating guide points and lines,
followed by the generation of a surface based on the line frame (see Figure 1, Listing 1).

The model was then divided into finite elements (Figure 2). The ANSYS software supports both free
automatic meshing and meshing mapped to guide points using quadrilateral elements. The latter approach
was chosen, with the finite element size specified manually.
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A When using automatic meshing with quadri-
e It 1 lateral and triangular elements with element size of
0.05 m, the results show areas of questionable sharp
stress jumps. However, when meshing with larger
elements, up to 0.2 m, but with mapping to key points
and constructed surface guide lines, the results appear
more reliable.

For comparison with the finite-element solution,
this study uses the solution presented in [43], obtained
using the author-developed SHELLVRM program,
which is based on the variational difference method
(VDM). The program is compact and does not require
significant computer resources, while the results

o\

l

Figure 2. Model of the plate in ANSYS exhibit accuracy comparable to that of multifunctional
with characteristic cross-sections commercial software, as has already been demonst-
S our ce: made by EMM. Tupikova. rated, for example, in [34_3 6]

3. Results and Discussion

This section of the article presents the results of the finite element analysis of the plate, as well as a
comparison of these results with those obtained by the variational difference method; some of the data and
figures are cited from [22]. The finite element analysis was performed in accordance with the linear
Kirchhoff — Love theory, using the shell63 finite element type (four-node, quadrilateral shape) with the size
of 0.2 m. The material properties are specified as linearly elastic, with Young’s modulus E = 3.5 x 10" kPa
and Poisson’s ratio v = 0.15. Boundary conditions: fixed outer contour; loading: self-weight q = 1 kN/m?.
Contour plots were obtained using the standard POST1 post-processor, diagrams along the specified cross-
sections were constructed using the PATH function. Deflection, bending moment, and equivalent stress
values were obtained. Figure 3 shows the combined deflection diagrams in the characteristic cross-sections
of the plate.

The results are also presented in detail in the form of deflection graphs for characteristic sections 1-1
(Figure 4) and 6-6 (Figure 5) and contour plots of displacement (Figure 6) along the z-axis, as well as
equivalent stress graphs in characteristic sections 1-1 (Figure 7) and 6—6 (Figure 8) and contour plots of
equivalent stress (Figure 9). Figure 10 shows the deflections of the ellipsoidal ring plate obtained using the
variational difference method of analysis in [43].

The graph of deflection in the cross-section along the major axis of the ellipse (Figure 4) has a shape
similar to a parabola. The maximum deflection was 5 mm, which is in good agreement with the results
obtained using VDM in [43].

The graph of deflection in the cross-section along the
minor axis of the ellipse (Figure5) shows a maximum
deflection of 4.2 mm, which also indicates close agreement
with the calculation results from [43].

In Figure 6, which illustrates the deflection contour plot,
it can be seen that, for this support arrangement (fixed outer
edge), the largest deflections occur in the cross-sections
passing through the minor axis of the ellipse.

The graphs of equivalent stress in characteristic sections
1-1 (Figure 7) and 6-6 (Figure 8) along the major and minor
axes of the ellipse, respectively, indicate that the maximum

Figure 3. Combined deflection diagrams
at characteristic cross-sections, mm s
Source: made by EIM. Tupikova. stress values occur at the outer edge, and the minimum values
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are at the inner edge of the long side of the plate, and the maximum difference in equivalent stress values
occurs in the cross-section along the long side of the plate. At the same time, the zone of minimum
equivalent stresses in the cross-section along the short side of the plate is shifted away from the inner edge
compared to the zone of minimum stresses in the cross-section along the long side of the plate.
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STEE=1
SUB =1
TIME=1
FATH FLOT )
WoDa=720 DA *-)
HOD2=5&7 5.002
4.5
4
3.5
3
.5
z
1.5
1
5
0
0 4 B 1.2 1.6 2002
z .E 1 1.4 1.8
DIST
Figure 4. Graph of deflection . in characteristic section 1-1, m
S o urce: made by E.M. Tupikova.
FOIT1
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TIME=1
BATH FLOT )
HOD1=74€ Ll +-2)
KoD2=458 4.207
3.780
3.368
2.247
Z.526
£.105
1.684
1.263
B4z
.421
o
0 .4 .8 1.2 1.6 2001
z .E 1 1.4 1.8
DIST

Figure 5. Graph of deflection u: in characteristic section 6-6, m
S our ce: made by E.M. Tupikova.
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Figure 6. Contour plot of deflection u-, m
S o urce: made by EXM. Tupikova.
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Figure 7. Graph of equivalent stress in section 1-1, N/m?
S our ce: made by EM. Tupikova.
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Figure 8. Graph of equivalent stress in section 6-6, N/m?

S o urce: made by E.M. Tupikova.
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Figure 9. Contour plot of equivalent stress, N/m?
S o urce: made by EXM. Tupikova.

PACYET TOHKVIX YMPYTMX OBOMOYEK

- TREE4+DT
7 -BAZEHDT

145



Ivanov V.N., Tupikova E.M., Rynkovskaya M.I. Structural Mechanics of Engineering Constructions and Buildings. 2026;22(2):138-151

The von Mises equivalent stress (Figure 9) is calculated using standard tools of the software and
characterizes the material behavior within the structure. Such data can be useful for preliminary assessment
and selection of reinforcement. One can clearly see the areas of lowest stress (blue), the average background
stress level (light blue and green), and the most heavily loaded, fixed outer edges (red and yellow). The
model is analyzed for arbitrary reinforced concrete with linearly elastic characteristics. For a more detailed
reinforcement design, these zones can serve as a rough guide.

The deflection values at characteristic cross-sections, obtained using the finite element method and the
variational difference method, are presented in Table 1.

The bending moments at cross-sections 1-1 and 6—6, which are most suitable for the Cartesian
coordinate system used in FEM programs, calculated using the two methods, are shown in Table 2.

Table 1. Deflections in characteristic cross-sections according to FEM and VDM

Section ID and analysis method 1-1 2-2 3-3 4-4 5-5 6-6
Deflection according to FEM (mm) 5.00 4.94 4.75 4.48 4.21 4.08
Deflection according to VDM (mm) 5.1 5.0 4.7 4.5 43 4.2

S our ce: made by E.M. Tupikova, M.I. Rynkovskaya.

Table 2. Bending moments in characteristic cross-sections according to FEM and VDM

Section ID and compared parameters Section 1-1 Section 6-6
Analysis method My, N'm/m) | M,, N'm/m) | My, (N'm/m) | M,, (N-m/m)
FEM 14660 2170 11255 1168
VDM 15100 1800 11700 2300

S ource: made by E.M. Tupikova, M.I. Rynkovskaya.
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Figure 10. Deflection u (cm) of the ellipsoidal ring plate according to VDM
S ource: made by V.N. Ivanov [43].

The bending moment diagrams for the characteristic cross-sections, obtained using the finite element
method, are shown in Figures 11-14. For comparison, Figure 15 shows the corresponding results of the
calculation of bending moments using the variational difference method.

The diagrams (Figures 11-14) show that bending moment Mx is the primary parameter determining
the stress state of the plate, while the values of bending moment My are an order of magnitude smaller.
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FATH= 1
VALUE= M2
-65. 4828 0878 £241.28 B384 68 15481
1511.% 4664 50 TEL7_28 102714 14124 8
Figure 11. Diagram of bending moment M, in characteristic section 1-1, N- m/m
S o urce: made by EXM. Tupikova.
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Figure 12. Diagram of bending moment M, in characteristic section 1-1, N- m/m
S o urce: made by E.M. Tupikova.
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PATH= 2
VALUE= M2
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Figure 13. Diagram of bending moment M. in characteristic section 6-6, N- m/m
S o urce: made by E.M. Tupikova.
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Figure 14. Diagram of bending moment M, in characteristic section 6-6, N- m/m
S o urce: made by E.M. Tupikova.

Figure 15. Diagrams of bending moments M. and M, (M, and M. , respectively,
in the curvilinear coordinate system of VDM), kN-m/m
S o urce: made by V.N. Ivanov [43].

The maximum moments, equal to 1.47 kN-m/m, occur in the cross-section along the minor axis of the
ellipse at the fixed support.
The comparison of the results obtained using the two methods shows that they are quite similar.
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4. Conclusion

This study examines the stress state of an ellipsoidal ring plate under a uniformly distributed load and
compares the results obtained using the finite element method and the variational difference method. The
necessary calculation procedures were performed for each method. To ensure the validity of the comparison,
model parameters, such as mesh size, were set to be identical. The values of internal stresses, moments, and
displacements at the nodes in identical cross-sections were obtained and analyzed. The obtained results
allow the following conclusions to be drawn:

1. Analysis of the ring plate of ellipsoidal plan using the variational difference method, implemented in
the author-developed program, and the finite element method in the ANSYS software yielded comparable
results for deflections and bending moments in characteristic cross-sections.

2.Since the results of analyzing a relatively simple object such as a plate depend significantly on its
internal geometry, it is essential to construct a finite element mesh, the key nodes of which are aligned with
the director lines. Often, meshing algorithms in commercial software do not fully ensure this alignment,
which negatively affects the results. When using author-developed software, this problem can be eliminated
for objects with complex geometry by employing a custom node generation algorithm in case of finite
element analysis.

3. When applying the variational difference method, the equation is solved by the variational method
with discretization of the solution domain, which allows the problem to be solved approximately using
mesh functions, and the integrals to be approximated by sums, while the derivatives are approximated by
differences. When using the variational difference method, it is possible to obtain results at significant
points and interpolate them.

4.Compared to the finite element method, the implementation of the variational difference method
requires fewer computational resources and yields results of sufficient accuracy. Software based on the
variational difference method has the potential to perform verification calculations for complex structures.

This article presents the results of the first stage of the study — plates of ellipsoidal ring plan. In the
future, it is planned to perform a comparative analysis of shells of ellipsoidal ring plan. It is anticipated that
differences in the FEM and VDM may have a significant impact on the analysis results of such shells.
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Abstract. This research aims to improve methods for testing steel fibers, concrete, and fiber-reinforced concrete elements in tension,
bending, and under the combined action of tensile, shear, and bending forces. The development of new and the improvement of
existing experimental methods of preparing initial data for the design of fiber-reinforced concrete structures has become a relevant
issue today, as the rate at which new types of steel fibers enter the market outpaces the research into the mechanical properties of
fiber-reinforced concrete created using these types of fibers, which is necessary for creating a comprehensive calculation model for
the behavior of fiber-reinforced concrete structures under service conditions. This article discusses the author’s proposed testing
method and the device for studying the mechanical properties of fibers, concrete, and fiber-reinforced concrete elements, describing
the operating principle of the developed experimental device and the features of the recording equipment. A detailed description of
practical evaluation of the developed experimental setup is provided, along with references to the results obtained using the test
method described in the article. A series of studies conducted using the developed experimental setup allowed to obtain new data
and refine existing data on the diagrams characterizing the behavior of steel fibers in concrete. Such diagrams were used to construct
a mathematical model for the stress analysis of normal cross-sections of flexural fiber-reinforced concrete elements and to assess the
strength and reliability of fiber-reinforced concrete structures in bending.
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1. BBenenue

BaxkneimmmMu 3agayaMu TEXHHYECKOTO IIPOrpecca B CTPOUTENIBHOM IIPOU3BOACTBE SBIISIOTCS TOBBI-
IIEHHE YPOBHS aBTOMaTH3aLMH U 3aBOJICKON TOTOBHOCTH CTPOUTENIbHBIX KOHCTPYKLUH, pacliupeHue Ipume-
HEHUS HOBBIX 3((EKTUBHBIX MaTepHaJIOB, CHIXKEHHE SHEPrOEMKOCTH U MaTepUaIOEMKOCTH W3TOTOBICHUS
KOHCTPYKHHﬁ. OTeueCcTBEHHBIMH 1 33py6e)KHI>IMI/I HCCJICAOBATCIIIMUA TOATBECPIKACHO, UTO IJIA pCUHICHUA 3a/1a4
3 PEKTUBHOTO MPOTHBOACHCTBHS pa3pyIIAIOMUM AehOpPMALUSAM B PA3IMYHBIX SKCIUTyaTallMOHHBIX YCIIO-
BUSAX BECbMAa MEPCHEKTUBHBIMU SIBISIIOTCS KOHCTPYKLMU M3 JUCIEPCHO-apMUPOBAHHBIX OETOHOB — (PHO-
pobetonoB (Pb) u cranepudpodeTonos (CDB) [1-6].

[Tockonbky CDb sBnsieTcss KOMIIO3UTHBIM MaTepUajIoM, €r0 CBOMCTBA MOXXKHO KOHTPOJIUPOBATH MyTEM
BbIOOpa MEXaHMYECKUX XapaKTepUCTHK OeToHa, Buaa (ubp M mapameTpoB AUcCIepcHOro apmuponanus. Ha
CCFOI[HSIHIHI/Iﬁ JACHb aCCOPTUMCHT CTAJIbHBIX BOJIOKOH JJI1 apMHUPOBAHUA OeToHa mpeacTaBJICH B€CbMa MIU-
POKO KaK Ha BHYTPEHHEM, TaK M Ha BHEIIHEM phIHKaxX. OHAKO HECMOTPS Ha TO, YTO CTasbHbIE GHOPHI 001a-
JAIOT Pa3IMYHBIMH (U3UKO-MEXaHUUYECKUMHU U T€OMETPUYECKUMH XapaKTePUCTHKAMHU, POCCHICKHAE HOpMa-
TUBHBIE JJOKYMEHTHI HE COZIEP>KaT TaHHBIX 00 MX pallmoHaIbHOM BhIOOpE. OTCYTCTBYIOT CHIEIIM(PUKAIINH TIpa-
BIJI BBIOOpA ITapaMeTPOB apMHUPOBAHUSI BOIOKHAMH, KOTOPbIE COOTBETCTBOBANIN OBl SKCILTYaTaI[HOHHBIM Tpe-
OOBaHMAM MPOCKTUPYEMOIl KOHCTPYKIMH [7]. B cBSA3M ¢ 3TUM 70 HACTOAIIETO BPEMEHH HCCIIEIOBATEIISIMHU
MPEINPUHUMAIOTCS TIOTBITKY MOBBILICHHUSI HHPOPMATUBHOCTH SKCIIEPUMEHTAIbHBIX JAHHBIX, PEIIAIOTCS 3a-
JIa4¥ TIOMCKa ONTHMAaJIbHOTO apMUPOBAHHS OETOHOB BOJIOKHAMH M ITOBEIICHHUSI TOUHOCTH PACUETHBIX (POPMYIT.
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Jis obecniedeHnst HAaWTydIIAX XapaKTePUCTHK (PHOPOOSTOHOB ITPH MUHUMAITBHBIX 3aTpaTrax HeoOX0[MMO
pa3paboTarh METOABI MOATOTOBKH MCXOAHBIX JAaHHBIX JJISl MPOCKTUPOBAHUS KOHCTPYKLMH Ha OCHOBE (HHO-
poGeToHa. Pemienne 3Toii mpoOieMbl MOXKHO pa3[eIuTh Ha TPY dTama: YHUCISHHBIA aHaIn3 CBOKCTB (hubdpobde-
TOHA, OTITUMM3ALINS PAcXo/ia BOJIOKOH U pa3paboTKa MPOrpaMMHOT0 00eCTIedeHus A1l TOATOTOBKH UCXOAHBIX
MPOEKTHBIX JIaHHBIX B PaMKaX MPHHATON 0a3bl JaHHBIX [6; 8]. J[11s MOTHOIIEHHOTO BHIMOTHEHUS 33139 Ha KaX-
JIOM U3 MEPEYUCIIEHHBIX 3TAllOB HEOOXOIMMO MPEIBAPUTEIHHO MTPOU3BECTH KOMILJIEKCHBIE IKCTIEPUMEHTAITb-
HBIC McclieToBaHus (GrOPOOETOHHBIX 00PA3IIOB HA PaCTsHKEHHE, CKAaTHE, M3THO U APYTUE BUIIBI 1e(OPMAIIH.

Hay4Ho-HccnenoBareabCKuM, MPOSKTHO-KOHCTPYKTOPCKUM U TEXHOJIOTHYECKUM HHCTHTYTOM OeTOHa
u xenezoberona «HUMXKb» (punuanom OI'VII «HUL «CrpoutensctBo», MockBa) pa3paboTaHbl CTaH-
JapThl ¥ PEKOMEHALNU, ONUCHIBAIOIINE METOABI OIPECIIEHUsI MPOYHOCTH O6eToHa U cTanedudpodeToHa
Ha pactsuxenue: CIT 360.1325800.2017', TIpunoxenne b, TOCT 10180-2012%, Tlpunoxenue B. Hopmarus-
Hoe 3HaueHune npouHocT CDb Ha pacTshkeHUe B TaHHBIX JOKYMEHTAX MpeIaracTcs ONnpeessTh Ha 00pas-
nax-6ankax 550%150x150 mm ¢ Hagpe3om BbicoTol 25 MM. Takoi 1Mo1xo MO)KHO OTHECTH K METOZIaM pac-
geta CDb 21meMeHTOB HAa OCHOBE MHTETPUPOBAHHOTO y4eTa paboThl OeToHa U GUOP, MOCKOIBKY B IOKyMEHTE
CII1 360.1325800.2017 tepmun «pubpay» onpeaeneH Kak «cTajabHble KOPOTKUE BOJIOKHA, pE3aHHBIE U3 JIUCTA,
¢bpe3epoBaHHbIE U3 CIls10a UM PYOJIEHHBIE U3 NPOBOJIOKW», O TEOMETPUYECKUX XapaKTepUCTHKaxX (UOp U
BIIMSIHUY €€ pa3MepoB Ha MPoYHOCTh CDB 31eMeHTOB cKa3aHO HEMHOTO U B OCHOBHOM B Kau€CTBE T€OMET-
PHUYECKON XapaKTEPUCTUKH CTAbHBIX BOJIOKOH NPUHIUMAETCS OTHOIICHUE ATTHHBI GUOPHI K ee TuaMeTpy: lidy.

B HacrosIiee BpeMsi OTeUeCTBEHHBIMU U 3apyOeKHBIMU HCCIIeI0BATEIIMU IIPEJIaraloTCsl METO/IbI pac-
geTa GUOPOOSTOHHBIX IIEMEHTOB HAa OCHOBE MG HEPEHIIMPOBAHHOTO MOIX0/a, Koraa nedopMaiuu 6eToHa-
MaTpHibl ¥ GUOPBI pacCMaTPUBAIOTCS OTICIBHO C YYETOM aAre3ud MEKIy HUMH, a TEOMETPUIECKHE Mapa-
MeTpbl (PUOPBI U ee OPHEHTALMsl YUUTHIBAIOTCS B pacdeTHhIX popmynax [9—13]. 3agaya NOBBIIEHUS TOYHO-
CTH pacyeTa MPOYHOCTH CTaIePruOPOOSCTOHHBIX KOHCTPYKIIMK HAa OCHOBE N (HEepeHIIMPOBAHHOTO yUYeTa CO-
NPOTUBJICHUS OeTOHA B (GUOP aKTyalIM3UPYeTCs BBICOKMMHU TEMIIAMU Pa3BUTHSI KaK TEXHOJIOTHHA MPOU3BO/I-
cTBa GrOPOOETOHOB, TaK U MOSIBIICHHEM HOBBIX BHJIOB PHOp ¢ pa3HOOOpa3HBIMH IPOYHOCTHBIMH CBOHCTBaMU
Y TEOMETPUYECKUMH ITapaMeTpaMHu.

BbIBO/I aHATMTHYECKUX 3aBUCUMOCTEH U YTOYHEHHE PAcYETHBIX (POPMYIT OCHOBBIBAETCS HA IMITUPUYE-
CKHX JMarpamMmax, XapakTepHu3yIoUmx padoTy 6eToHa-MaTpHIlbl U paboTy cTalibHOM (Hudpel B 6eTone [9; 14—
16]. [l nmomyueHus TaKUX JUarpaMM pa3paboTaHa clieliaibHas yHUBEpCalbHas SKCIIepUMEHTaIbHAs yCTa-
HOBKA, TTO3BOJISIONIAs TPOU3BOINUTE HCCIISIOBAHMS Pa0O0Thl (GhHOPHI M PHOPOOETOHHBIX 00PA3IIOB IPU 0CEBOM
pacTsHKEHUH U TIPU H3THoe.

2. OpuruHaJIbHasi METOAMKA IKCIIEPUMEHTAJIbHBIX HCCIeJ0BAHMI IPOYHOCTH
CTAJBbHBIX GUOP 1 PUOPOOETOHHBIX JIEMEHTOB

C 1enplo NpoBeACHNS UCTIBITAHUN OETOHHBIX 00pas31oB, CTaabHON UOPHI U HUOPOOETOHHBIX HIEMEH-
TOB Ha PACTSHKCHHE, OTIPEACIICHUS TPOIHOCTH (HUOP, a TAK)KE UCCIIeOBaHUs paboThl Gudp B OeTOHE-MaTpuIIe
pas3paboTaHa crenuagbHas SKCIepUMEeHTalbHasl yCTaHOBKA, CXeMa KOTOpO# MpezcTaBieHa Ha puc. 1. PoTto-
WUTIOCTPAIMU SKCTIEPUMEHTAIbHON YCTaHOBKHU MPECTaBIEHBI HA pHC. 2.

Pa3paboTaHHasi yCTaHOBKa SIBIISETCS YHUBEPCAIbHON M MO3BOJISIET IIPOBOAMUTH UCIIBITAHUS HA CTaTUye-
CKHE OJIHOKpAaTHbIE, LIUKINYECKUE U IMHAMUYECKHUE MMITYJIbCHBIC HAarpyXeHHs, a TakkKe OJHOBPEMEHHOE
JeWCTBHE cpe3a U pacTsHKEHHUS.

OcHOBHas 11eJ1b CO3JaHuUs JaHHOM SKCTIEPUMEHTAILHON YCTaHOBKH 3aKJIFOYaeTCs B MOBBIIICHUH HHPOP-
MaTHBHOCTH TIOJy4aeMbIX B XOJI€ UCTIBITAHUN TaHHBIX, @ UMEHHO PErucTpaluy HHPOpMALUU O HUCXOASIICH
BETBHU JMarpaMMbl «Harpyska — aedopmMariys» 11 0eTOHOB MPU OCEBOM PACTSKECHHUH.

'CIT 360.1325800.2017. Kouctpykuuu cranedudpoberonnsie. [lpaBuna mpoextupoBanus. Mocksa : CrangaptundopM,
2018. 74 c. URL: https://files.stroyinf.ru/Data2/1/4293736/4293736334.pdf (nata odpamenus: 17.12.2025).

2TOCT 10180-2012. BeTonbl. MeTO/BI ONpPEAEIEHNS IIPOYHOCTH 110 KOHTPOJIBHBIM 00pasiaM. Mocksa : CtanaapTuadopm,
2018. 36 c. URL: https://files.stroyinf.ru/Data2/1/4293782/4293782275.pdf (nata odpamenus: 17.12.2025).

154 EXPERIMENTAL RESEARCH



CyxaHos A.B. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeruit. 2026. T. 22. Ne 2. C. 152-165

§
$

DA

Puc. 1. Cxema pa3paboTaHHOH OpPUTHHAIBLHON 3KCIIEPUMEHTAILHON YCTAHOBKH:
1 — BUHT JUIs CO3/IaHMS NpeHanpshKkeHus; 2 — mapHup I'yka; 3 — 3axBathl; 4 — UCIHBITYEMbIi 00pasell;
5,9, 11 — MHIUKATOPBHI YaCOBOT'O THIA; 6 — CTaHWHA; / — HENOABIKHAS CTOMKa; § — phIyar;
10, 13 — n(MHAMOMETPHYECKHE KOJbLA; /2 — BUHT, IIOBOPOTOM KOTOPOI'O OCYILECTBIISIOT HATPY3KY;
14 — perynsTop nepepacnpeeeHus Harpy3Ku MexX Iy KoMreHcatopom /0 u peryarom 8§
W cTounuk:BemonHeno A.B. Cyxanoseiv B nporpamme KOMITAC-3D.

Figure 1. Diagram of the developed original experimental device:
1 — screw for creating pre-stress; 2 — Hooke’s joint; 3 — grips; 4 — test sample; 5, 9, 1/ — dial indicators; 6 — frame;
7 — fixed stand; 8§ — lever; 10, 13 — proving rings; /2 — screw, by turning which the load is applied;
14 — regulator for redistributing the load between compensator /0 and lever §
S ource: made by A.V. Sukhanov in the KOMITAC-3D.

Puc. 2. ®OTOMLIIOCTPALMY SKCIEPUMEHTAIILHON YCTaHOBKU
W c 1o ununk:Bemonueno A.B. Cyxanoseiv B nporpamme KOMITAC-3D.

Figure 2. Photos of the experimental device
S ource: made by A.V. Sukhanov.

M3BecTHO TEXHUYECKOE PEIICHHE ISl UCTIBITAaHUsI 00pa3IloB Marepuasa Ha PacTshKEHHE, OCYIIECTRIIS-
eMoe myTeM JeGopMUpOBaHHs 00paslia paBHBIMHU CTYIECHIMH Ae(hopMalii ¢ H3MEHECHUEM COOTBETCTBYIO-
IIMX UM BEJIIMYMH PACcTATHBAIONIMX Harpy3ok. [locie mocTukeHus: BeIMYMHbBI HArpy3KH, COOTBETCTBYIOIIEH
npeaeny IpOYHOCTH MaTepuala, Harpy3Ky Ha o0pasel] CHIXKAKOT 10 TOCTHKECHUS TPEIbIIYIIeH CTYNeHH! JIe-
dbopmaruu. [Tocne 3Toro morpyxarot odpaserl, AeGopMHpYs €ro Ha MPEIBITYITYI0 U CISAYIONINe CTYTICHH.
[MTopsimok nedopmMupoBaHus 00pasiia MOBTOPSIOT, BILIOTH JI0 €ro pa3pbiBa. Criocod oOecreunBaeT MmojryuyeHue
HUCXOJISIIICH BETBU «HATpy3Ka — nedopmanus sl BCeX BHI0B Marepuaios [17].

Henocrarkom 31010 croco6a siBiasieTcs MPephIBUCTOCTh MPUKIIAIbIBAEMON HArpy3KH, 4TO BIMSET Ha
TOYHOCTbH ITOCTPOCHUS JHArpaMMbl «HArpy3ka — aedopmarusi». Kpome Toro, 11t MOCTpOSHUS JHarpaMMbl
B JIaHHOM CII0CO0E€ OCYIIECTBISICTCS pyyHasi peryJMpoBKa (PUKCUPYIOIUX BUHTOB HA KAXKIOH CTaJWUU Har-
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PYKESHHS, 9TO yCIOKHSET MPOIECC UCTIBITAaHMS, a TAK)KEe YMEHBIITAeT HHPOPMATUBHOCTH MOTYJAEMBIX B XOJIE
WCTIBITAHUH JTAHHBIX, — JUarpaMMa «Harpyska — aeopmManys IMeeT KyCOYHO-JIMHEHHBIN BuI. boree Toro,
B JJAHHOM CITOCOOE MOBBINIEHUE TOYHOCTH TOCTPOCHUS JUArpaMMbl (YMEHbBIIIEHHUE 11ara epeMerieHnii Quk-
CHPYIOIIETO BUHTA) MIPUBOJIAT K MOBBHIIICHUIO BPEMEHHU UCIIBITAHUS M YCIOXKHEHHUIO MPOIIeCCa UCTIBITAHMUS.

C 1enpr0 yCTpaHEHUsl YKa3aHHBIX HEJIOCTAaTKOB ObLIA CO3/1aHa YHHUBEpCAJIbHAs JKCTICpUMEHTAIbHAS
YCTaHOBKa, MpeICTaBICHHA Ha puc. 2. MeToarka UCTIbITaHus 00pa3IioB Ha OCEBOE PACTsHKEHHUE, TEXHUICCKH
peanu3oBaHHAsA C IOMOIIBIO CO3/IaHHOM SKCIIEPUMEHTAIBFHON YCTAaHOBKH, 3aKII0YAETCsl B TOM, UTO HCIIBITA-
HHE TIPOBOAMTCS C MOMOIIBI0 HATPYKAIOIIETO YCTPOMCTBA, B KOTOPOM YCHUITUE OTNPEACNISICTCS M0 BETUYUHE
nedopMupoBaHus yIpyroro 3jeMeHTa. (s mocTpoeHUs HUCTAIAoIIe BETBU JUarpaMMbl «Harpy3ka —
nedopMaIsy UCIONB3YeTCS KOMIIEHCATOP, TaKKe MPEICTABISIIOINUNA CO00H YyIPYTHii 3JIEMEHT, ¢ ITOMOIIBIO
KOTOPOTO TIepepactpeaesiieTcss Harpy3ka Mex 1y 00pas3IioM M HarpyKaroluM ycTpoicTBom [18].

Jlnst mocTpoeHUs TUarpaMMbl «Harpy3ka — aedopMarusy B pealn3yeMoM CIoco0e OCyIeCTBIsSETCS
pErylMpoBKa 3HAYEHUSI OCEBOM CHUJIIbI Ha KaXKJOM CTaIUU HArpy>KeHUs, 4TO YIIPOILIAET POLECC UCTIBITAaHUS U
yBEIMYUBAET HHOOPMATHBHOCTD MOTYYaEMBIX B XOZI€ HCIIBITAHUN JaHHBIX. VcripITaHne o0pasia ocymecTB-
JISTFIOT € TIOMOIILI0 HArPYXKAIOIIET0 YCTPOMCTBA, B KOTOPOM YCHIIHE OTPEIesIieTCs M0 BENUInHEe JehOpMHUPO-
BaHUSI YIIPYTUX TUHAMOMETPHUECKUX KOJIEII.

JIJi TOCTpOEHMS HHUCTIAAIONIe BETBU JHArpaMMbl «HArpy3ka — Je(opManus HCIIONb3yeTCs] KOM-
TIEHCATOp — YIPYTUH JIEMEHT, IepepacipeeSFoIInN Harpy3Ky MeKIy co00, 00pasiioM U HarpyKaromuum
YCTPOICTBOM.

YcraHoBKa 11 UCTIBITaHUST 00pasna (CM. puc. 1) COIepKUT 3aXBaThl A 00pasna 3, 3aKperICHHbBIE K
CTaHUHE 6 U pblUary &, KOTOPhIN uepe3 HEMOABMKHYIO CTOWKY 7 TaK)Ke COSAMHEH CO CTaHWHOM 6. J[11s Harpy-
JKeHUs o0pasiia 4 K cTaHWHE 6 NMPUKPEIUICHO YCTPONCTBO, COCTOSAIIEE U3 CTOWKH, YIPYroro 3jaemeHTa /3
v BuHTA [2. JI)1s HoTy9deHus] HUCXOJSIIEH BETBU AUArpaMMbl K CTAHUHE 6 TPUKPETUIEHO YCTPOHCTBO, COCTO-
sIIIee U3 CTOMKU 7 ¥ YIIPYTOro AJIeMeHTa — KomIieHcartopa 10.

HcnpiTanne Ha oceBOE pacTsHKEHUE OCYIECTBIIsETCS chaeayomumM oopasomM. O0paser 4 MmaTepuaa 3a-
JKUMAIOT B 3aXBarax J3, 3aTeM Je(QopMHUpYIOT 00pa3el Ha 3aJaHHYI0 BEJIMYUHY Je(opManuu myTeM Mpusio-
JKEHUS Yepe3 3aXBaThl 3 PACTATHBAIONINX YCHINHN, ITIS1 4eTO HArpy»KaroT YIPYTUi 31ieMeHT /3, IeHCTBYIOIIHMA
Ha peryuar 8, myTeMm mnepemMenieHrs BuHTa /2. [lpu 3ToM 4acTh Harpy3Ku TPUXOAUTCS Ha KoMreHncarop /0,
KOTOPBIN B MIPOLIECCE BCETO UCIIBITAHUS BCET/A CHKAT.

B mponiecce ucnsiTanust HarpysKa, JEMCTBYOIIAs Ha 00pa3ell, BEIYUCISIETCS 10 GopMyIie

Pl/—a)-Kb
y_Pl-a)-Kb
a
rne P = c1A1 — mpuiiokeHHas Harpy3ka (c1 — MKECTKOCTh yIpyroro ayieMeHTa 13, onpenemnsiemast TapupoB-

KoH, A1 — nedopmanus ynpyroro snementa 13, 3amepsemast mpu HarpyxeHun); K = c2A2 — yCuIIue B KOM-
ne”carope /0 (c2 — KeCTKOCTb YIpyroro snemenra /(), omnpenensemasl TapupoBKoi, A2 — nedopmarus
ynpyroro asneMenTa /0, 3aMepsieMasi Ipu Harpy>keHuM); a, b — paccTosiHUA OT CTOMKHU 7 10 OCH yCHUJIMS Ha
oOpa3serr 4 1 10 OCH yCHITUS Ha KoMIteHcaTop /() COOTBETCTBEHHO (puC. 3).

N

Puc. 3. Cxema Harpy30K Ha perdar 3KCIepUMEHTAIBHON YCTaHOBKH
W cTounuk:Bemonseno A.B. Cyxanoseiv B nporpamyme KOMITAC-3D.

Figure 3. Loading scheme for the lever in the experimental device
Source: made by A.V. Sukhanov.
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Hedopmariu B 00pa3iax u Harpy3ka Ha THHAMOMETPHUYECKUE KOJIbIIa ONPEIEISUTUCh HHIUKAaTOpaMHu J,
9, 11 c nenoii nenenus 0,001 mm. Ha xommencarop /0 ycTtaHaBauBaeTcs OJMH, a HA JMHAMOMETPUYECCKUE
KoJiblia /3 — JIBa MHJMKATOpa 4acOBOIO TUIIA.

[Tpumenenue ynpyroro snemenTa /(), mepepacipeensioniero Harpy3Ky Mexay o0pas3ioM U Harpyxa-
IOIIMM YCTPOWCTBOM, IO3BOJISIET YBETHUUTH HH(POPMATUBHOCTH PETUCTPUPYEMBIX JAHHBIX U TOCTPOUTH HHC-
XOASIIYIO BETBb UarpaMMbl pacTshkeHHs. [1oBBIIIeHNEe TOYHOCTH MOTyYaeMbIX JaHHBIX 0OYCIIOBIEHO TEM,
YTO 3HaueHue aedopmanuy odpas3a MOKHO U3MEPUTH TPU JTIFOOOM YCWIIHH, T. €. TIOJTYYUTh JIIOOYIO TOUKY
nuarpaMmmbl. CaMOCTOSITENTFHOE TIepepactpeielieHue Harpy3KH MEeXy YIPYTHMHU 3JIEMEHTAaMH HarpyKaro-
IIEr0 YCTPOUCTBA U KOMIIEHCATOpa YIPOILAET poliecc IpoBeeHUs IKcriepuMenTa [18].

Jlnst ipoBepKH paboTOCIIOCOOHOCTH 3KCIIEPUMEHTAILHON YCTaHOBKU ObuIa co3faHa ee 3D-Mozens B
nporpamme Autodesk Inventor 2021 (puc. 4). Moaynu CAE cucrems! Autodesk Inventor nmo3sonuiu cmoze-
JMPOBaTh HATPY3Ky Ha OCHOBHBIE Y3JIbl YCTAHOBKHU: COEIMHEHHE pbluara § u mapuupa ['yka 2, perymistop
nepepacnpeneneHus Harpy3ku Mex 1y koMmieHcaropoM /() u perdarom 8. MoaenupoBaHue IO3BOJIMIO OIIpe-
JIETTUTh MaKCUMaJIbHBIE IOy CTUMbIE HANpsDKEHUs B komrieHcaropax /0 u 13. Ha puc. 4 mokazana 3D-mojenb
JKCIIEPUMEHTAILHON YCTaHOBKH, BHITIOJIHEHHAS] B COOTBETCTBUU CO cXeMOM Ha puc. 1. B nanHoit mogenu 3a-
XBaThl SKCIIEPUMEHTAIILHON YCTAaHOBKH, COCJUHEHHBIE ¢ MIapHUpoM ['yKa, peiHa3HauYeHbI [T BBITOTHEHUS
UCCIIeI0OBaHUH paboThI Ha TPEXTOUEUHbIH N3rub Oanok-npusMm pazmepom 40 x 40 x 160 mm. B 3aBucumoctu
OT BHJIA 3aXBaTOB, 3aKPEIJICHHBIX B HKCIIEPUMEHTAILHON YCTaHOBKE, BO3MOXKHBI HCIIBITaHUs (hubp u ¢puod-
POOETOHHBIX NIEMEHTOB Ha Pa3JINYHbIC BUIbI HATPY>KEHUI.

Puc. 4. MojenupoBaHue Harpy3Ku U MPoBepKa paboTOCIOCOOHOCTH
OCHOBHBIX Y3JIOB 3KCHepI/IMeHTaHBHOﬁ YCTaHOBKH
W c o ununk:Bemonneno A.B. Cyxanoseim B porpamme Autodesk Inventor 2021.

Figure 4. Load modeling and operability testing of the main components of the experimental device
S ource: made by A.V. Sukhanov in the Autodesk Inventor 2021.

IToMuMO HcIIBITaHMM HA 0CEBOE PACTSKEHUE, SKCIIEPUMEHTANIbHAs yCTaHOBKA 00J1a1aeT (QyHKIIMOHAIb-
HOM BO3MOXKHOCTBIO HAarpy>kKeHusi oOpasua 10 pa3pylleHHs COBMECTHBIM JEHCTBHEM YCHJIMH pPaCTSKEHHS,
cpe3a 1 u3ruda npu GUKCHPOBAHHOM COOTHOIIEHUH MEKAY BETMUMHON yCHUIINS TP PaCTSHKEHUHN, BETMYMHON
YCUJIMSL TIPU Cpe3e U BEJIMYMHOW M3rudaromiero MomeHrta [19]. Bo3MOXXHOCTb POBOJUTH TaKUE IKCIIEPHU-
MEHTBI JOCTHTaeTCs TeM, YTO K YCTPOMCTBY NPHUKPEIUIAIOT CIIEIMaIbHbIE COOCHBIE 3aXBaThl I (PUKCALUU
o0pa3ia, 1yrooOopasHble pbluark, COGAMHEHHbIE C 3aXBaTaMu, U IIaT(OPMBbI, OITUPAIOLINECS HA CTEHKHU 3aXBa-
TOB, AYrooOpa3Hble pblUaru BIIIOJIHEHBI B BUE KOPOMBICEIN C OTBEPCTHUSIMHU, LIEHTPbI KOTOPBIX JIEKAT HA Ofl-
HOW OKpPYXXHOCTH. PbIuaru ¢ moMoIipro 60JITOB COEMHEHBI € 3aXBaTaMU 00paslia U ¢ IuaTgopMamu, onupa-
IOIMMUCS Ha CTEHKH 3axBaToB (puc. 5). Co3naHHBIE 3aXBaThl MOT'YT TaK)K€ HUCIIOIb30BAThCS Ul UCTIBITAaHUS
IPOYHOCTH aHKEPOBKHU CTAJIbHBIX (UOP, PACTIONOKEHHBIX B OETOHE MO pa3HBIMU YIVIAMHU K OCH Harpys3ku [20].

Pa3pa0oraHbl crieruanbHble 3aXBaThl, MO3BOJISIONINE IPOBOANUTH UCIIBITAHUA PUOPOOETOHHBIX OATOK-
npu3M pazmepoMm 160x40x40 mm Ha m3rub. Cxema 3akperieHus] TaKuX o0pa3IioB B 3aXBaTax M CXeMa UX
Harpy>eHusl oKa3aHbl Ha pHc. 6.
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Puc. 5. Cxema KperuieHus 3aXBaTOB /sl 00Pa3IoB MPH UCIBITAHUHU TPOYHOCTH aHKEPOBKU
W c1ouHuk: Bemoineno A.B. Cyxanossim B mporpamme KOMITAC-3D.

Figure 5. Mounting configuration of the grips for samples during anchorage strength testing
S ource: made by A.V. Sukhanov in the KOMITAC-3D.

] g Q9
-
L

B

Puc. 6. Cxema KperuieHus 3aXBaToB Uit 00pa3lioB NP UCTIBITAHUH OAIOK-TIPU3M Ha U3rHO
W ctouHuk: Bemoineno A.B. Cyxanossim B mporpamme KOMITAC-3D.
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Figure 6. Mounting configuration of the grips for specimens during bending tests of prismatic beams
S ource: made by A.V. Sukhanov in the KOMITAC-3D.

PazpaboraHbl crieruanbHbIe 3aXBaThl, TIO3BOJISIONIME TIPOBOIUTH UCTIBITAHUS PHOPOOETOHHBIX 00pa3-
IIOB B BHJIC «BOCBMEPOK» Ha OCEBOE PACTSDKCHHE 10 paspylieHus. Cxema 3aKperIeHUs] TaKuX 00pasIioB B
3axBarax M cXeMa MX Harpy)XeHUs Moka3aHbl Ha puc. 7. CTalbHbIe 3aXBaThl BBIMIOJIHEHBI TaK, YTO TOBTOPSIOT
(bopMy 3KCIIEpUMEHTAIBHBIX 00Pa3LOB U 00ECIIEUNBAIOT X CTATUYECKOE MOJIOKEHHE BO BPEMsI CTIBITAHUSI.

VHHBEPCAILHOCTh YCTAaHOBKH 3aKITI0YAETCS B JIOMOJIHUTEIEHOM (yHKIIMOHAIIE, peaTi3yIOIeM BO3MOXK-
HOCTh TIPOM3BOAMTH HUCTBITAaHUS (PUOPOOSTOHHBIX 00pa3lOB HA CTAaTUKO-TUHAMHUYECKHE Harpy3ku [21].
[TpeasoxeH mpocToi CrIoco0 UCTIBITAHUS, PACIIUPSIONIHI BOZMOXKHOCTH SKCIIEPUMEHTAIBHOTO OTIPEIEICHUS
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CTaTUKO-TMHAMUYECKUX XapaKTEePUCTUK OETOHA U 3aKITIOYAIONINICS B BOSMOKHOCTH 3apaHee 3a1aBaTh repe-
MEIIEHNE B KOMIIEHCUPYIOLIEM 3JIEMEHTE NPU TMHAMUYECKOM HArpyKeHUH U pa3rpyKeHUH. 31€Ch ONBITHBII
OeToHHBIN 0Opa3zel] B BUE IPU3MBbI HIIH «BOCBMEPKID TAKXKE 3aKPEIUIAETCS B 3a)KUMaX IKCIIEPUMEHTAIbHON
YCTaHOBKH C MCIIOJIb30BAHUEM LIEHTPUPYIONIETO YCTPOHCTBA, 00ECIEUNBAIOIIETO [IEHTPAIEHOE PUIIOKEHHE
Harpy3Kd B TpOIIECCEe HATPY)KEHUs; PETUCTpalus YCWIHS U AepopManuii BO BPEMEHH OCYIIECTBISETCS
C HCIOJb30BaHMEM JAMHAMOMETpa U TEH30CTaHIMM. HarpyxeHue oCyLIECTBIISIOT Y€pe3 PhIUaXKHYIO CH-
CTeMy B JIBa JTara: Ha MIEPBOM — CTYIEHYAaTOe CTATHYECKOE HArpyXeHue odpasia A0 3alaHHOTO YPOBHS,
Ha BTOPOM — MTHOBEHHOE€ WJIM CTYNEHYaTOE JMHAMUYECKOE JOTPYKEHHE WM Pa3rpyKeHHe MOCPEACTBOM
KpPaTKOBPEMEHHOTO U3MEHEHHsI TUaMeTpa OCH B MECTE COCITMHEHNUS pbluara U KOMIIEHCUPYIOLIETO AIEMEHTa

(puc. 8).

Puc. 7. Cxema KperuieHHsI 3aXBaTOB I 00pa3IioB
TIPY UCTIBITAHUH (PUOPOOETOHHBIX 3JIEMEHTOB Ha OCEBOE PACTSKEHHE

W c1ouHuk: Bemoineno A.B. Cyxanoseim B mporpamme KOMITAC-3D.

Figure 7. Mounting configuration of the grips for specimens
during tensile testing of fiber-reinforced concrete elements
S ource: made by A.V. Sukhanov in the KOMITAC-3D.
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Puc. 8. Cxema mexaHu3Ma CTYIICHYATOT'O JUHAMHWYCCKOI'0 JOTPYIKEHUA U PA3IrPYKCHUSL
TIOCPEACTBOM KPATKOBPEMEHHOT'O UBMECHCHUS TUaMETpa OCH B MECTC COCIMHEHUS pblyara 1 KOMIICHCUPYIOIIETO 2JIEMECHTA
W c1ouHuk: Bemoineno A.B. Cyxanosesim B mporpamme KOMITAC-3D.

Figure 8. Diagram of the mechanism for stepwise additional dynamic loading and unloading by means
of a short-term change in the diameter of the axis at the connection point of the lever and the compensating element
S ource: made by A.V. Sukhanov in the KOMITAC-3D.
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JUig ocyliecTBIeHUss MHOTOKPaTHOTO MTHOBEHHOI'O WJIM CTYIEHYaTOro JMHAMUYECKOIO HarpyXeHHs
CO3/1aHa CTIeMalibHast 0Ch, pa3MelIatoliasics Haj KoMrencaropoM. Mcnbiranne o0pas3unoB 6etoHna u pudpoode-
TOHHBIX AJIEMEHTOB Ha IMKJIWYECKHUE HATPYKEHUS Peasln3yeTcs MOCPEIACTBOM BPAILIEHHS U KPATKOBPEMEH-
HOTI'0 U3MEHEHHUS INaMEeTPa OCH B MECTE COCIUHEHMS pbldara 1 KOMIIEHCUPYIOIIIETO AIEMEHTA, a YEPEAOBaHUE
JUHAMHYECKHUX U CTATUYECKUX LUKIMYECKUX HArpy30K MOKHO OCYIIECTBISATh OCPEICTBOM CMELIEHHS OCU
[22]. Cxema npennokKeHHON OCH C pa3TUYHbIMU CEUCHUSIMU U TIPUHIUI pabOThI OKa3aH Ha pHC. 9.
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Puc. 9. CxeMa ocH ¢ pa3nyHBIMH CEYCHUSIMH U MIPHHIUI e¢ pabOoThI
MIpY pean3aluil MHOTOKPATHBIX TUHAMUYECKUX Harpy>XKeHUi Ha GETOHHBIH 00pazert
W ¢ 1o uHuk: BemonHeHo A.B. CyxaHOBBIM.

Figure 9. Diagram of a shaft with different sections and the principle
of its operation when implementing multiple dynamic loads on a concrete sample
S ource: made by A.V. Sukhanov.

B mpouecce MpoBECACHUA HUCIIBITAHUMN AUHAMOMECTPOM U3BMEPAIOT YCHIINE, ;:[eﬁCTBy}omee Ha O6p3.36]_l, a
napamMeTpbl ,I[e(l)OpMI/IpOBaHI/ISI caMoro o6pa3ua IIpHU CTaTHYCCKOM WJIM JUHAMUYCCKOM HArpy>K€HHHU B YCJIO-
BHUAX HUKIIMYCCKHUX HAI'PY30K U3MEPAIOTCA ITPU IMOMOIIU TCH30CTAaHIUHU, OGOpy,I[OB&HHOfI BCTPOCHHLIM TCH-
30YCHUJIUTCIICM, IMO3BOJIAIOIIMM INOAKIOYATh TCH30AATYUKHU 0€3 MCIOIL30BaHuUs MMPOMCIKYTOUYHBIX YCUIIUTC-
neﬁ, U UMEIOIIEH BO3MOXKHOCTh IIPpU MOAKIOYCHHUHU K KOMITIBIOTEPY M MCIIOJIB30BaHUHU CIICIIUATIU3UPOBAHHOIO
IMPpOrpaMmMHOI0 obecrieueHns 3aIUChIBATh U OT06pa)KaTB HpeO6paSOBaHHLIe CHUTI'HaJIbl HECKOJIBKHX BXOJHBIX
KaHaJIOB B 3aBUCUMOCTH OT BpCMCHH.

3. IIpuMeHeHne CO3TaHHON YHMBEPCAJIBHOI IKCIIEPUMEHTAIBLHOM YCTAHOBKH
JJISI MCCJIEIOBAHNS MEXaHUYECKUX CBOWCTB 0eTOHOB M (pMOPOOETOHHBIX DJIEMEHTOB

PazBuTHe uccaeq0BaHui 0 MPOYHOCTH KOMITO3UTOB, apMHUPOBAHHBIX AUCKPETHBIMU BOJIOKHAMU, IPOHC-
XOJIMJIO TIO TYTH M3Y4YEeHUs HANPSHKEHHOTO COCTOSTHUS (hOpOoOETOHA OT YIPYyTOM CTAINH IO CTaIuU 00pa3o-
BaHMS U pOCTa TPEIINH, Korjaa pabora GuOpPHI MOCTENIEHHO MEPEXOIUT OT CONPOTUBIICHHUS pa3pyIICHHIO MaT-
PHIIBI K COTIPOTUBIICHUIO PACKPBITHUIO TPEUIMHBI. J{J1s 3TOro He0OX0MUMO OBLIO MPOBEACHNUE IKCIIEPHUMEH-
TOB, PE3yJbTAaThl KOTOPHIX MO3BOJWINA OBl OIICHUTh BKJIAJ OTACIBHOTO BOJIOKHA B PabOTy KOMIIO3HMTA IO
COIPOTUBJICHUIO POCTY TPEUIUHBI, TO €CTh HIKCIIEPUMEHTHI M0 BBIJCPTUBAHUIO GUOPHI U3 OeToHA. BaxkHbie
1iard B 3TOM HaIlpaBJIEHUU NpeanpuHATH uccaenoBareiasimu F. Laranjeira, C. Molins, A. Aguado [9; 23],
A. Pupurs [6; 24, 25], Y. Zhan [26], I. Lofgren [27], S. Ahmadvashaghbash, M. Mehdikhani, Y. Swolfs [28],
J.M. Alwan, A.E. Naaman, P. Guerrero [29], C. Sujivorakul [30], Ye Ma, Hongbo Xiao [31] u ap. PaGotst
3THUX M JPYTUX UCCIIE0BATENeH 3HAYUTEIBHO PACIIUPUIIA BO3SMOKHOCTH UCTIONIB30BaHUS Ae(POPMAIIIOHHOMN
MOJICTTH ¥ THarpaMMHOTO METOJIa pacyueTa 10 MPOYHOCTH JIMHEHHBIX JIEMEHTOB KOHCTPYKIUI 13 hudpoode-
TOHA Ha JCUCTBHE U3rMOAIOIINX MOMEHTOB M MTPOIOIBHBIX CHII.

160 EXPERIMENTAL RESEARCH



CyxaHos A.B. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeruit. 2026. T. 22. Ne 2. C. 152-165

MHorue coBpeMEHHBIE HCCIIE0BAaTeIN KOHIEHTPUPYIOT CBOIO pabOTy HaJ MOBBIMICHHEM TOYHOCTH
OTIMCAHMSI IUarpaMM «Harpy3ka — cMelieHue» Gudp B MaTpuIle KOMIIO3UTOB, JUIS YETO UCIOIB3YIOT Pa3ind-
HbIE METOJIUKH UctibiTanu [32—-34]. [IpeumMy1ecTBO OMUCAaHHOTO 3/IECh YCTPOMCTBA 3aKII0UYAETCSI B TOM, YTO
OHO TTO3BOJISICT C BBICOKOW TOYHOCTBIO M3MEPATH AchopMariiu 0eToHa, GuOpsl 1 GUOPOOSTOHHBIX IEMEH-
TOB, MOJYYaTh JaHHBIC O HUCXOASIIEH BETBU JHAarpaMM «Harpy3ka — cMelieHne» Guop mpu ux pa3pbiBe U
IpU CMEIIEHHU UX U3 OeTOHA. YCTPOWCTBO TaK)Ke MOBHIMIAeT MHYOPMATUBHOCTh SKCIIEPUMEHTAIBHBIX JIaH-
HBIX, TIOCKOJIbKY KOHCTPYKIIHS SKCIICPUMEHTAIBHON YCTAaHOBKH MPEIYyCMATPHBAET PEIKUM TUIABHOTO Pas3py-
HIeHHUs 00pasia uik GUOpPHI, Co3/1aBas yCIOBUS, TPUOIMKSHHBIC K YCIIOBHM pa3pbiBa puOpoOeToHa B pac-
TSHYTOH 30HE U3rH0aeMOro JTMHEWHOTO AJIEMEHTA.

Co3nanHOe yCTPOHCTBO MPOILIO apoOAIUIO B X0A€ HAYYHO-UCCIIEA0BATEIbCKON PaOOThI IO H3yUEHHIO
MEXaHUYCCKUX CBOMCTB CTATBLHBIX GUOP 1 PrUOPOOETOHHBIX 00Pa3IIOB.

[lepBble UCTIBITAHUS MTO3BOJIMIM YTOYHUTH MPEAEIbHYIO IIPOYHOCTH CTaNbHON (hUOPHI, HCHIOTB3yeMOit
MIPH AUCTIEPCHOM apMHUpOBaHUH (HPHOPOOETOHHBIX KOHCTPYKIUH [ 15]. JlanpHelme ncpITaHus ObLUTH ITOCBSI-
IIEHbI UCCIIEI0BAaHUIO AaHKEPOBKHU CTAJIbHBIX (pUOp B O€TOHAX pa3iIMYHON MPOUYHOCTH U COCTaBa. DKCIepU-
MEHTaJbHbIE TaHHbIE, TIOTyYEeHHbIE C TPUMEHEHNEM CO3JaHHOTO YCTPOMCTBA, TTO3BOJIMIIN YTOUHUTD aHAJIH-
TUYECKUE 3aBUCUMOCTH JUIS BHIYMCICHHS 3HAYEHHIH KOOPAMHAT XapaKTePUCTUYSCKUX TOUYEK JUarpamMMbl
«HArpy3Ka — CMEICHNE» [TAIKON CTATbHOHN (PHOPHI 1 aHKEPHOH (PHOPHI ¢ OTHUM OTTHOOM Ha KoHIaxX [15; 16].

[Tone3Hble pe3yabpTaThl ObUTH MOMTyYEHBl IPY UCTIBITAHWN Ha YCTAaHOBKE (HOPOOECTOHHBIX SJIEMEHTOB B
BHJIE «BOCEMEPOK», apMUPOBAHHBIX CTAIBHBIME (uOpamu. OUOPHI B OMBITHBRIX 00pa3iax pa3Memainch ma-
paJuIeTIbHO APYT APYTY BAOJIb OCH MPUIIOKEHHS pacTiAruBaromieii Harpy3ku (cM. puc. 7). Iloxydenusie nan-
HbI€ TI03BOJIMJIM YTOYHUTH BIIMsHUE Ko3(pduienta GpuOpoBOro apMUpOBaHUs Ha MPEJEeIbHYIO0 IPOYHOCTh
¢$uOpoOeToHa MPU OCEBOM PACTHKCHUU M MOTYYHTh aHATUTUYCCKHE 3aBUCUMOCTH IS OTIMCAHUS JHarpaMm
«Oybt — &b PACTSHKEHHS OETOHA C OPUEHTUPOBAHHBIM (prOpPOBBIM apMupoBanueM [35].

C mpuMeHeHHEeM CO3JaHHOM SKCIIEPUMEHTATBHON YCTAaHOBKHU IPOBEICHBI HCCIIEIOBAHUS PAOOTHI CTalb-
HBIX aHKEpHBIX (pUOp C OMMHOUYHBIMU OTTHOAMHU Ha KOHIIAX B MEJIKO3EPHHCTOM IITAKOOETOHE U MONYYCHBI
SMITUPUYECKHIE 3aBUCUMOCTH, OIICHIBAIOIINE cMeleHns Guodp u3 Oerona-mMarpuisl. Ha ocHOBE momy4eHHBIX
JAHHBIX BBIBEJICHA MaTeMaTH4ecKasi 3aBUCHMOCTb JIJISI OIpeIeNIeHHs] KO PHUIINEeHTa, XapaKTepU3YIOIIEro 13-
MEHEHHUE BEITMUMHBI BKJIaJa B paboTy (GUOPOapMUPOBAHHOTO 3JIEMEHTA KaXK/I0TO BOJIOKHA B 3aBUCUMOCTHU OT
JUTUHBI 33JIETIKH 9TOTO BOJIOKHA M COCEHUX BOJIOKOH B OETOHE C YUETOM MX OPUEHTAIMU B OETOHE-MaTpHIIE.
[Tony4eHHble B pe3yabTaTe UCCIESIOBAHUS JAaHHbBIC TIO3BOJIMIIA PACCUUTHIBATH HAPSIKEHUS B IIEHTPAILHOM
CeYeHUH M3rndaeMbix GUOPOOETOHHBIX KOHCTPYKITUI Ha CTAANH TpemnHooOpazoBanus [20].

JlaHHBIE, TOJTYYESHHBIE B XO/I€ UCIIBITAHUMN, TO3BOJIMIN YTOYHUTH PACUETHBIE 3aBUCHMOCTH JJIS IOCTPO-
SHHsI TMarpaMM «Harpy3ka — cMenieHne» Guop, 3a/ielaHHbIX B OETOH-MaTPUILy C Pa3IMIHON JUIMHOW aHKe-
poBkH. Takue quarpaMMbl IPUMEHSIIOTCS [UIs TOCTPOCHHUS MaTeMaTHIECKON MOJIETIH aHAIN3a HAPSKEHHO-
n1e(OpMHUPOBAHHOTO COCTOSIHUSI HOPMAJIBHOTO CEUEHMs H3rHOaeMbIX (UOPOOECTOHHBIX SIEMEHTOB M JUIA
OLIEHKHU MPOYHOCTH U HAJIEKHOCTU (PHOPOOETOHHBIX KOHCTPYKIMH, paboTaroniux Ha u3rub [36—40].

4. 3akirouenue

g uccnenoBanuii paboTsl puoOp 1 GuOPOOETOHHBIX FIEMEHTOB CIELUAIBHO pa3paboTaHa U co3aHa
YHHBEpCallbHast SKCIIEPUMEHTAIIbHAs YCTAaHOBKA, HA YCTPOHCTBO KOTOPOW M CITOCOOBI UCIIBITAHUN TIOTy4EHBI
yeThIpe natenTra PO Ha nzobpereHwme.

1. IlpennoxeHa opuruHaIbHas METOIMKA SKCIIEPUMEHTAIIBHBIX UCCIIEIOBAHNN aHKEPOBKH OTMHOYHBIX
u rpyni ¢pubp, a Taxke 6ETOHA NP PaCTSHKEHUH, MPOU3BeIeHa MOAU(PHKAIIHs pa3paboTaHHON YHUBEpCAIIb-
HOU MCTIBITaTeNIbHON YCTAHOBKH JIJIsl UX OCYIIECTBIICHUS, ITOTYYCH.

2. Pa3zpaboraHa opUruHajgbHas METOAMKA SKCIIEPUMEHTAIbHBIX HUCCIeI0BaHUN (PUOPOOETOHHBIX U3IH-
0aeMbIX JIEMEHTOB, MPEAJIOKEHBI OPUTHHANbHbBIE MPUCIIOCOONICHNS JJI1 YHUBEPCAIBHON HCIBITATEIbHOMN
YCTaHOBKH JUIS UX OCYIIECTBIICHHS, HA CITOCOO MCTIBITAHUH TOJTyYeH MaTeHT Ha n3o0pereHus PO.

3. [IpoBeaeHbI TUOHEPHBIE FKCTIEPUMEHTANIbHBIE HCCIIeIOBaHMUS pa0oThl GUOP B OETOHE IIPU Pa3TUUHBIX
yIilaX X pacrojioXKEeHUs U MPUIIOKEHUS Harpy3KH Ha pa3paboTaHHOHN yHHUBEpCaIbHOM UCTIBITATENIbHON yCTa-
HOBKe, JIOKa3aHa €e YHUBEPCATbHOCTh U MPUMEHUMOCTD ISl INUPOKOTO KPyTa 3a]1ad UCCIICTOBAHMS.
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4. JlaHHbIe, IOTYYCHHBIC B XOJ€ UCTIBITAHUHN, TO3BOJIMIM YTOYHUTh PAaCYETHBIC 3aBUCUMOCTH JIJIsl TIO-
CTPOCHHUS IUArpaMM «Harpy3ka — cMelieHue» Guop, 3a/ieJIaHHbIX B OETOH-MATPHILy C pa3IMYHON OpUEHTA-
OHEN U JNINHOW aHKEPOBKH.

5. Kommuieke uccrnenoBaHuii, POBEICHHBIX C MPUMEHEHUEM CO3/IaHHOW SKCIIEPUMEHTAIILHON YCTaHOBKH,
TIO3BOJIAJI MTOJTYYMTh HOBBIC U YTOYHUTH CYIIECTBYIOIIUE TAHHBIC O TUarpaMMax, XapaKTepU3yOLIHX padboTy
cTanbHBIX GuOp B Oetone. Takue nuarpamMMbl ObLITH IPUMEHEHBI IS TIOCTPOSHHUS MaTeMaTu4ecKoOl MOJIeIT!
aHaJIM3a HalpsHKEHHO-Ae(POPMHUPOBAHHOTO COCTOSIHUSI HOPMAJILHOTO CEUEHUS M3rn0aeMbIx PrOpPOOETOHHBIX
AIIEMEHTOB M IS OIEHKU MPOYHOCTH M HAIKHOCTH (GUOPOOETOHHBIX KOHCTPYKIIHA, paOOTAIONINX HA U3THO.
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Abstract. Concrete airfield pavements often experience premature failure due to extensive cracking under repeated loading and
environmental exposure. Traditional single-scale fiber reinforcement methods have proven inadequate in controlling both micro-
and macro-cracks, prompting the need for hybrid solutions. This study investigates the mechanical and durability performance of
concrete reinforced with hybrid combinations of micro basalt and macro basalt fibers. The main objectives were to evaluate the
synergistic effects of dual-scale fiber reinforcement on crack resistance, elasticity, density, and water-related durability properties,
and to determine the optimal fiber combination for high-performance pavement concrete. A comprehensive experimental program
was conducted involving 25 concrete mixes with varying proportions of micro basalt and macro basalt fibers. Parameters such as
elastic modulus, dry and saturated density, water absorption, and moisture content were measured and analyzed. The methodology
employed standard mechanical testing protocols and statistical comparisons to identify trends and correlations. Results revealed that
combinations such as 1.5A1.5B and 1.5A0.5B achieved superior elasticity (up to 53.65 GPa) and optimal balance across densities
and water absorption. While fiber inclusion had minimal influence on compressive strength, basalt fibers significantly improved
tensile and flexural behavior, toughness, and resistance to environmental degradation. The hybrid mixes demonstrated reduced
porosity and water absorption, enhancing long-term durability. In conclusion, dual-scale hybrid fiber reinforcement offers a viable
strategy for enhancing crack control, elasticity, and durability in concrete airfield pavements. It is recommended that future pavement
designs incorporate optimized micro basalt and macro basalt fibers combinations to extend service life, reduce maintenance, and
promote sustainable infrastructure development.

Keywords: basalt fiber, fiber reinforced concrete pavement, concrete airfield pavements concrete, moisture resistance, concrete
crack mitigation, concrete properties, single-scale fiber reinforcement, dual-scale hybrid fiber reinforcement
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AnHoTanus. V3ydeHs! MexaHHYECKHE CBOICTBA U JOJITOBEYHOCTh OETOHA, apMUPOBAHHOTO THOPHIHBIMA KOMOWHAITUAMH MHKPO-
6a3a1bTOBBIX U MaKp00a3anbTOBBIX BOJIOKOH. Llenb uccnenoBanus — oleHka 3pHeKTUBHOCTH IByXMacITaOHOTO THOPUAHOTO apMu-
poBaHusi 6eTOHa MUKPOOA3aJbTOBBIMH U MaKpoOa3aJbTOBBIMU BOJIOKHAMU NI HMOBBINIEHHS TPEIMHOCTOMKOCTHU, JIACTUYHOCTH,
IUIOTHOCTHU U BOAOCTOMKOCTH, a TAKXKE ONPEAEIeHHE ONTUMAIbHOM KOMOUHALIUY BOJIOKOH A7l IPUMEHEHHUS B a9POAPOMHBIX ITOKPbI-
tiax. [IpoBeneHa BCECTOPOHHSS 3KCIIEPIMEHTANbHAs IIPOrpaMMa, BKIIIOJAlomas 25 OETOHHBIX CMecel ¢ pa3sIHYHBIM COOTHOIIE-
HHEM MHKP00a3aIbTOBBIX U MaKpoOa3albTOBBIX BOJIOKOH. M3MepsIINCh U aHAITM3UPOBAIIICH TaKUe MapaMeTpsl, Kak MOIYIb yIIpy-
TOCTH, INIOTHOCTb B CYyXOM M HACBILICHHOM COCTOSHHMHM, BOJIOIIONIIOIIEHHE U BIAKHOCTh. B kayecTBe METONOB MCCIIEN0OBAHUS HC-
IOJIb30BAJIUCh CTaHAPTHBIE TPOTOKONIBI MEXAHUYECKUX MCIBITAHUN M CTaTUCTUYECKUE CPABHEHMS JUIS BBIABICHHUS TCHACHLUUI U
Koppensuuii. Pesynsrarel mokasanu, 4ro Takue komOuHanuu, kak 1,5A1,5B u 1,5A0,5B, oGecrnieunBaoT NpeBOCXOHYIO AIIACTHY-
HOCTb (10 53,65 I'lla) u onTuManbHbIi OanaHC INIOTHOCTU U BojononiomeHus. Jlo6aBieHrue BOJIOKOH OKa3blBal0 MUHMMAIILHOE
BJIUSTHUE HA NIPOYHOCTD IIPU CXKaTUM, 0a3aIbTOBbIE BOJIOKHA 3HAUUTENILHO YTy4Ilaly IPOYHOCTHBIE XapaKTEPUCTUKU IIPU PACTsLKe-
HHUM U U3rube, yIapHylo BA3KOCTb M YCTOMUUBOCTb K BO3JEHCTBUIO OKpY:Karolel cpenbl. [ MOpuaHble CMeCH XapaKTepU30BaIUCh
CHIDKEHHEM MOPUCTOCTH M BOAOMOTIIONIEHHS, YTO CIIOCOOCTBOBANO YBENHUCHUIO NOITOBEYHOCTH. J[ByXMacmrtabHOe rHOpHuaHOe
apMUpPOBaHNE BOIOKHAMH SIBIAETCS (P (QEKTUBHON TEXHOTOTHEH AT MOBHIIICHHS SKCILTyaTalHOHHBIX XapaKTePHUCTHK U TOITOBEY-
HOCTH OETOHHBIX MOKPBHITUH. PekoMeHayeTcs UCIOIb30BaHNE ONTHMHU3UPOBAHHBIX KOMOMHAIMM MHKPOOA3albTOBBIX U MaKkpooa-
3aJIbTOBBIX BOJIOKOH JUISl IPOJUIEHUS CPOKA CITyXKObI KOHCTPYKIMH M CHU)KEHHUS 3aTpaT Ha 00CIyKUBaHHE.
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1. Introduction

Fibers are added to concrete to improve its natural weakness and brittleness in tension [1]. Corrugated
steel fibers with large diameters are commonly used because they are affordable, spread well in the mix, and
do not greatly affect workability. However, their large size often makes them less efficient, and they do not
improve the toughness of fiber-reinforced concrete (FRC) very much [2]. Natural fibers offer some clear
benefits over synthetic ones, like being biodegradable, lighter in weight, and cheaper. But using them in
composites is still difficult due to inconsistent quality, lower strength, high water absorption, and poor
resistance to heat [3]. Steel fibers, while helpful in improving strength, can reduce concrete workability and
increase shrinkage during hardening. Hybrid fiber combinations, such as mixing long hooked-end steel fibers
with others, have shown the ability to improve compressive strength more effectively than mono fibers [4].
In another study, combining steel, palm, and synthetic fibers led to better flexural toughness and tensile
strength in high-strength flowing concrete [5]. Changing the fiber layering pattern also gives engineers more
freedom to design composites with better performance. Additionally, modifying the concrete matrix with
nanoparticles is gaining attention because it can add extra features and improve durability [6].

1.1. Concrete in Pavement Construction

Concrete has become increasingly prominent in road construction over the past decade, largely due to
its inherent durability. Nonetheless, conventional concrete is limited by its low tensile strength, poor ductility,
and insufficient energy dissipation capacity [7]. It is widely recognized that unreinforced concrete tends to
fail abruptly when subjected to tensile or flexural stresses, necessitating the use of larger structural dimensions
in such scenarios. The introduction of discrete fibers into plain concrete significantly enhances its ductility
and tensile capacity. As a result, fiber-reinforced concrete (FRC) allows for reduced cross-sectional
dimensions under the same tensile loads compared to plain concrete [8].

In pavement applications, high early-strength concrete is frequently selected, particularly for
replacement work. However, such mixes are often susceptible to premature cracking due to the high heat of
hydration, which contributes to plastic shrinkage. FRC has demonstrated excellent resistance to plastic
shrinkage and has been effectively employed in construction, especially in slab-on-grade systems [9]. To
enhance the overall performance of rigid pavements, materials must possess adequate resistance to cracking,
a predominant mode of structural failure. Incorporating fibers into concrete to produce a pseudo-ductile
matrix has shown great promise in meeting these performance demands. Despite the established effectiveness
of FRC in pavement systems, its broader adoption is hindered by inconsistent standards regarding design
practices and field implementation [10].

1.2. Crack Detection and Rehabilitation

Crack detection plays a foundational role in highway maintenance strategies, with cracking being the
most visible form of surface distress. In recent years, digital image processing techniques have become
increasingly prevalent for the identification and classification of pavement cracks [11].

Typical crack types observed in pavements include fatigue, longitudinal, transverse, block, slippage,
reflective, and edge cracks [12]. One widely adopted rehabilitation technique involves overlaying deteriorated
Portland cement concrete (PCC) pavements with asphalt concrete (AC). While cost-effective, this approach
often leads to the rapid emergence of reflective cracks due to pre-existing joints or fissures within the PCC
substrate [13].

Advanced computational modeling techniques have gained traction in recent years, particularly the
phase field method for analyzing fatigue crack growth. Within this domain, the phase field cohesive zone
method (PF-CZM) has emerged as a robust framework for simulating fracture mechanisms in quasi-brittle
materials like concrete. Recent work has further extended the utility of PF-CZM to encompass fatigue-
induced crack propagation scenarios [14].
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1.3. Use of Basalt Fibers in Concrete

Basalt fiber—reinforced concrete (BFRC) has emerged as a promising alternative to conventional
concrete reinforcement methods, particularly due to its enhanced toughness index, energy absorption capacity,
and superior tensile and bond strength. These improvements are especially notable when basalt fibers are
utilized in chopped or minibar forms, allowing for more effective load distribution and crack control within
the concrete matrix [15]. Experimental studies have shown that the incorporation of basalt fibers produces
varied effects across different mechanical properties. In [16], it was observed that while the inclusion of basalt
fibers did not significantly influence the compressive strength or elastic modulus of concrete, it considerably
improved the splitting tensile and flexural strengths. Notably, the enhancement in tensile strength increased
proportionally with fiber dosage, a trend not equally mirrored by glass fiber—reinforced concrete (GFRC),
which showed limited improvements beyond a 0.5% dosage. Furthermore, fracture energy for both basalt and
glass fiber—reinforced specimens saw substantial increases with fiber contents exceeding 0.25%, indicating
that even small additions of basalt fiber can significantly enhance crack energy dissipation.

In study [17], the effect of various types of polydisperse basalt reinforcement on increasing the strength
and frost resistance of high-strength basalt concrete with coarse aggregate modified with the “Embelit 8-100”
additive was experimentally studied. It was found that the addition of soft basalt fiber to the composition of
high-strength concrete increases its frost resistance.

Basalt fibers are also praised for their eco-friendly production processes and mechanical robustness,
contributing to their growing popularity. In [18], two basalt fiber forms were compared, bundle dispersion
fibers and minibars, and their mechanical performance through flexural testing and drop-weight impact
methods was evaluated. While both fiber types were effective in improving pre-cracking strength, minibars
proved particularly beneficial in enhancing post-cracking behavior, likely due to the polymer coating that
improves their durability and anchorage within the matrix. This distinction underlines the importance of fiber
form and surface treatment in determining mechanical performance outcomes. The authors of [19] proposed
a correlation coefficient-based model to predict the mechanical behavior of BFRC. Their findings supported
the assertion that basalt fiber primarily enhances the toughness and crack resistance of concrete, with a more
pronounced effect on tensile and flexural strength than on compressive strength. Optimum improvements
were noted at fiber contents between 0.3 and 0.4%, suggesting a threshold beyond which further gains may
plateau or diminish. In another investigation, the authors of [20] analyzed BFRC within a volume fraction
range of 0-2%, assessing key mechanical parameters such as compressive strength, tensile strength, and
modulus of rupture. Their findings corroborated earlier studies, revealing that while compressive strength saw
minimal gains, tensile properties and rupture modulus improved significantly. At a fiber volume fraction of
1.5%, increases of 4.45, 22, and 57% were recorded for compressive strength, tensile strength, and modulus
of rupture, respectively, when compared to unreinforced concrete. These studies collectively affirm that basalt
fibers, particularly in optimized dosages and appropriate physical forms, substantially improve the
mechanical performance of concrete, especially in terms of crack resistance, toughness, and tensile strength.
As such, basalt fibers stand out as an ideal material for enhancing the performance of concrete airfield
pavements subjected to high stress and frequent crack initiation. The incorporation of short discrete fibers
into concrete — especially in low volume fractions (typically below 2-3%) — has proven effective in
enhancing the fracture toughness of the composite material. This increase in toughness contributes
significantly to controlling crack width and preventing crack propagation under stress [21].

Microfibers, generally characterized by lengths under 10 mm and diameters ranging from 25 to 40 um,
possess exceptionally high specific surface areas (exceeding 200 cm?/g). This trait results in a high fiber
density within the concrete matrix, enabling more robust crack-bridging mechanisms at the micro-level.
Consequently, these fibers effectively counteract microcracking induced by thermal and mechanical
shrinkage, thus contributing to enhanced durability and crack resistance [22]. Despite their mechanical
benefits, certain fibers negatively impact the workability of concrete. For instance, study [23] reported
substantial reductions in slump when using glass and nylon fibers — by 37.5% and 68.7%, respectively —
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indicating decreased workability due to increased internal friction and reduced flowability. Recent
developments in hybrid fiber-reinforced concrete (HyFRC) further demonstrate the synergistic effect of
combining fibers of different sizes and properties. In [24], it was shown that HyFRC slabs offer improved
load-carrying capacity, reduced reinforcement stress, enhanced crack resistance, and minimized deflection
compared to conventional concrete slabs. These improvements are attributed to the integration of both micro
and macro fibers, which create a multi-scale reinforcement network within the matrix.

Macro synthetic fibers such as polypropylene (PP), polyethylene (PE), and polyvinyl alcohol (PVA) are
widely adopted in structural applications including pavements, tunnels, and industrial floors. While their
general application is well established, their specific role in controlling crack widths in pavement systems
remains underexplored [25]. These fibers serve as reinforcing meshes within the concrete, bridging cracks
and enhancing post-cracking strength, toughness, and ductility. The strategic inclusion of such fibers has been
shown to reduce crack widths and frequency, thereby increasing the lifespan of concrete structures under
dynamic loads and aggressive environmental conditions. Study [26] further compared macro fibers to bundled
multifilament microfibers within strain-hardening cementitious composites. Results showed that microfibers
at higher dosages (1-4%) outperformed macro fibers significantly, achieving up to 200% higher tensile
strength and over 400% increased post-cracking stiffness. Notably, microfibers at a 4% volume fraction
improved crack strength and ultimate strength by 51 and 30%, respectively, leading to finer crack distributions
and enhanced ductility — key attributes for lightweight and durable construction. Similarly, study [27]
demonstrated the use of hardwood pulp fibers in mitigating early-age cracking. At a dosage of 0.75%, these
bio-based fibers delayed cracking through internal curing and stress reduction mechanisms, reducing crack
widths by 88% while also improving toughness and tensile capacity. This suggests a potential for self-healing
capabilities in cementitious materials reinforced with natural fibers.

Collectively, these findings highlight the pivotal role of both micro and macro fibers in enhancing
concrete’s mechanical performance. Their combined use in hybrid configurations allows engineers to
optimize strength, crack resistance, and service life in concrete airfield pavements and other structural
applications, making fiber-reinforced concrete a more resilient and sustainable choice for modern
infrastructure. The increasing emphasis on sustainability in material science has propelled the adoption of
natural fibers in composite development, driven by the need to create eco-friendly, cost-eftective, and high-
performance building materials. Both academic researchers and industry practitioners are increasingly turning
to natural fiber-reinforced composites as viable alternatives to traditional synthetic fiber [28]. Among the
various natural fibers — categorized broadly into plant-based, animal-based, and mineral-based — basalt
fibers (BFs) stand out due to their superior mechanical properties, thermal stability, and resistance to
environmental degradation [29].

Recent experimental studies have demonstrated the performance-enhancing potential of basalt fibers in
concrete, particularly when used in combination with other materials. Study [30] explored the mechanical
and durability characteristics of hybrid fiber-reinforced concrete (HFRC) incorporating basalt fibers,
polypropylene fibers (PPF), and rubber particles. Using an orthogonal design method, they assessed the
contribution of each component to mechanical strength and carbonation resistance. Results indicated that
when basalt fiber content was optimized at 0.2% and PPF at 0.15%, the HFRC exhibited significantly
improved mechanical properties and resistance to environmental degradation.

Similarly, the authors of [31] evaluated the performance of basalt fiber-reinforced cement mortar
subjected to unilateral salt-freezing conditions. Their results confirmed that even a modest inclusion of basalt
fibers could dramatically enhance the durability of the mortar. At an optimal dosage of 1.2 kg/m?, the
specimens displayed improved compressive and flexural strength, with significantly reduced internal porosity
compared to the control specimens. This affirms the role of basalt fiber in reducing permeability and
improving freeze-thaw resistance, which is critical for infrastructure exposed to harsh environmental cycles.
The versatility of basalt fibers has also been demonstrated in combination with supplementary cementitious
materials. In study [32], lightweight aggregate concrete (LWAC) was developed using ultrafine ground
granulated blast furnace slag (UGGBS) and its mechanical properties had a substantial enhancement when
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BF and coconut shells were incorporated. As a significant finding of this research, a grade 30 LWAC with a
demolded density of 1864 kg/m? containing only 284 kg/m® cement was developed. Despite extensive studies
on fiber-reinforced concrete, most research has focused primarily on mechanical properties with other kinds
of fibers like glass, carbon, steel, and natural fibers, there is also limited attention to how other key properties,
such as stiffness (elastic modulus), density, and moisture resistance, contribute to crack mitigation in pavement
applications. Moreover, while basalt fibers have shown promise as a sustainable and high-performance
reinforcement material, the effects of combining micro and macro basalt fibers in optimized ratios remain
vague, particularly in relation to their influence on both early-age microcrack control and long-term macrocrack
resistance. There is a clear need for studies that link improvements in elastic modulus, densification, and
water-related durability to the mechanisms of multi-scale crack mitigation in pavement-grade concrete.

Crack formation is a critical mode of failure in pavement concrete, especially under high mechanical
stress and environmental exposure. Traditional reinforcement strategies often fail to address both early-age
shrinkage and service-load cracking. Basalt fibers, with their superior tensile strength and chemical stability,
present a sustainable alternative to synthetic and steel fibers. However, existing studies have predominantly
focused on single-scale fiber inclusion. This study is therefore justified by the need to explore hybrid micro—
macro basalt fiber systems, aiming to harness the benefits of multi-scale crack control. By linking fiber
configuration to mechanical performance, density, and water permeability, this research fills a vital gap in the
design of high-performance, durable pavement concrete.

1.4. Aim and Objectives

This study aims to investigate the synergistic effects of hybridized basalt microfibers and macro fibers
on the mechanical strength, densification, and moisture resistance of concrete developed for high-stress
pavement applications. By varying the ratios of micro to macro basalt fibers, the research seeks to identify
optimal combinations that can simultaneously mitigate both micro- and macro-scale cracking, while main-
taining structural integrity and durability under repetitive loading conditions. The objectives of this study are:

1) to assess the individual and combined effects of basalt microfibers and macro fibers on the
mechanical properties of concrete, including compressive strength, flexural strength, and elastic modulus;

2) to evaluate the influence of fiber hybridization on concrete densification by measuring dry, saturated,
and air-dried densities;

3) to examine the water absorption characteristics of different fiber-reinforced mixes using both air-
drying and oven-drying methods as indicators of durability;

4) to determine the most effective micro—macro fiber ratio for dual crack mitigation, balancing early-
age microcrack control with post-crack load transfer performance.

2. Materials and Methods

2.1. Materials for Experiment

The quality and performance of concrete are significantly influenced by the physical and chemical
characteristics of its constituent materials. In this study, a tailored selection of materials was made to meet the
mechanical, durability, and crack control demands of pavement-grade concrete.

2.1.1. Cement

The binder used was Portland Cement M600, sourced from Akkermann Cement, which conforms to the
CEM 1 52.5 classification under GOST 31108-2020.! This type of cement is recognized for its rapid early
strength development, making it ideal for rigid pavements subjected to heavy loads and early traffic
reopening. Its fast-setting nature also minimizes construction time, enhancing productivity on-site while
ensuring durability and long-term performance under cyclic stress.

L GOST 31108 2020. Cements for general construction. Specifications. Interstate Technical Committee for Standardization
in Construction. 2020.
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2.1.2. Water

Potable (drinking) water was used for mixing to ensure that it was compatible with cement hydration
and durability standards. The water used for mixing fiber concrete mixture met the requirements of GOST
23732-79.2 Since drinking water per GOST 2874-82% is deemed suitable for mixing without additional quality
checks, it guarantees a consistent hydration process essential for strength development and long-term
durability.

2.1.3. Superplasticizer

To enhance workability at a low water-cement ratio, Polyplast Target was incorporated at 0.7% of the
cement weight. This polycarboxylate-based admixture comes in two types. Type 1 integrates air-entraining
agents, improving freeze—thaw resistance and rheology. Type 2 includes accelerators and structural modifiers
that enhance early strength gain and cohesiveness. Both types comply with GOST 30459-2008* and TU 5745-
081-58042865-2015, providing reliable performance in high-strength fiber-reinforced concrete applications.
The plasticizer aids in uniform fiber distribution and matrix cohesion, supporting resistance to crack initiation
and propagation.

2.1.4. Aggregates

The concrete incorporated locally sourced fine and coarse aggregates. Fine aggregates consisted of
natural medium sands which met GOST 8736-93,° with a fineness modulus of 2.0-2.5 and fractions
predominantly between 0.63 to 1.25 mm. Coarse aggregates consisted of 20 mm crushed stone from igneous
and metamorphic rocks, conforming to GOST 8267-93° and GOST 26633-91,” with a minimum crushability
index of 1200. In addition, vein quartz was used for its high purity and rough surface texture, enhancing
mechanical bonding. This quartz features a high specific surface area and minimal clay or organic
contaminants, contributing to superior packing density and paste-aggregate adhesion.

2.1.5. Basalt Fibers

Basalt, a naturally occurring igneous rock formed from cooled volcanic lava, has gained prominence as
a safer alternative to asbestos in composite reinforcement. Its transformation into fibers yields a material with
excellent heat resistance and high mechanical performance. These basalt fibers are increasingly used in
advanced engineering applications due to their strength, durability, and stability under extreme temperatures
[33]. The basalt fibers are divided into two types, micro and macro, discussed in the following sections.

2.1.5.1. Microfibers

Basalt microfibers were utilized for early-age crack control. These fine filaments are derived from
molten basalt processed at 2200°C, resulting in super thin fibers 17 um diameter with amorphous, high-
strength structures. The resultant product, known commercially as “Micro Basalt,” has lengths ranging from
18.2 um and a bulk density of 1.5-2 g/cm?. Their ultrafine nature offers excellent dispersion and a large

2 GOST 23732 79 (later revised as GOST 23732 2011). Water for concrete and mortars. Technical Conditions. Interstate
Technical Committee for Standardization in Construction. 1979.

3 GOST 2874-82. Drinking water: Hygienic requirements and quality control. 1982.

4 GOST 30459-2008. Admixtures for concretes and mortars: Determination and estimate of the efficiency. Moscow: Stand-
artinfo Publ.; 2009. (In Russ.) Available from: https:/files.stroyinf.ru/Data/498/49803.pdf (accessed: 17.12.2025).

5 GOST 8736-93. Sand for construction works: Specifications. Moscow: Standartinfo Publ.; 2009. (In Russ.) Available from:
https://files.stroyinf.ru/Data2/1/4294853/4294853079.pdf (accessed: 17.12.2025).

¢ GOST 8267-93. Crushed stone and gravel of solid rocks for construction works: Specifications. Moscow: Standartinfo Publ.;
2005. (In Russ.) Available from: https://files.stroyinf.ru/Data2/1/4294853/4294853082.pdf (accessed: 17.12.2025).

7 GOST 26633-91. Heavy-weight and fine concrete: Specifications. Moscow: Standartinfo Publ.; 2005. (In Russ.) Available
from: https://files.stroyinf.ru/Data2/1/4294853/4294853091.pdf (accessed: 17.12.2025).
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specific surface area, ideal for mitigating plastic shrinkage and microcracking in early curing stages. They
also exhibit greater chemical and thermal stability than E-glass fibers, making them suitable for aggressive
environments.®

2.1.5.2. Macrofibers

Basalt macro fibers are coarse, elongated fibers designed to enhance post-cracking load-bearing capacity
and flexural resistance. With lengths of 50 mm, diameters of 1 mm, and a tensile strength of up to 1650 MPa,
these fibers provide robust crack-bridging action in hardened concrete. Their mechanical interlock with the
cement matrix improves ductility and toughness, essential for pavements and slabs under dynamic loads.
Their use in industrial floors, basements, and foundations underscores their utility in demanding applications.
Basalt macro fibers also boast high corrosion resistance and sustainability benefits compared to synthetic
alternatives.’

2.2. Experimental Procedure

The experimental variable central to this study was the hybridization of basalt fibers. Two categories of
basalt fibers were used: microfibers and macro fibers. Micro basalt fibers, due to their fine diameters, were
incorporated primarily for their ability to control early-age and plastic shrinkage cracks. In contrast, macro basalt
fibers, which possess larger dimensions and higher pull-out resistance, were added to bridge wider cracks and
enhance post-crack flexural performance. These fibers were combined in different ratios to form hybrid
mixes, with the total fiber volume fraction kept constant across all specimens. Ratios ranged from 2:0 (pure
microfibers) to 0:2 (pure macro fibers), including intermediate hybrid combinations such as 1.5:0.5, 1:1, and
0.5:1.5.

All materials were measured by weight and batched accordingly. Mixing was carried out in a pan mixer,
where dry components were first blended, followed by the gradual addition of water mixed with the
superplasticizer. Fibers were then slowly introduced to ensure uniform dispersion and prevent clumping.
Concrete samples were cast in standard molds and compacted using a vibrating table to minimize entrapped
air. The specimens were demolded after 24 hours and subjected to moist curing under controlled laboratory
conditions until the testing ages of 7, 14, and 28 days.

A comprehensive suite of mechanical and durability tests was conducted to evaluate the influence of
fiber hybridization. While compressive and flexural strengths were assessed according to standard
procedures, additional properties were also examined to capture the broader performance profile of the fiber-
reinforced concrete. These included the elastic modulus (GPa) as a measure of stiffness, and three density
states—dry, saturated, and air-dried—to assess the compactness and internal cohesion of the matrix. Water
absorption was measured using both air drying and oven drying cabinet methods to evaluate porosity and
water permeability, while moisture content was recorded to understand residual hydration behavior and its
impact on shrinkage-induced cracking.

3. Results and Discussion

The experimental procedure yielded valid results in regards to the density, stiffness and water absorption.

3.1. Densities

One of the key indicators of a well-compacted mix is the material density. In this study, three density
parameters were evaluated across various hybrid fiber combinations: dry density, saturated density, and air-
dried density. These metrics provide insight into the porosity, and overall compaction quality of the concrete
matrix, a critical determinant of its durability and resistance to crack propagation as represented by the
relationship between the values of the three different densities and the hybrid fiber combination in Figure 1.

8 Micro Basalt Innovations Corp. n.d. Basalt Microfiber — 3D Reinforced Composite Material Filler. MicroBasalt. Available
from: http://microbasalt.com/microfiber.html (accessed: 31.07.2025).

° FIS. n.d. Macro Basalt Fiber in Moscow. FIS-MOSKVA. Available from: https://moskva.fis.ru/product/35965035 (accessed:
31.07.2025).
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Figure 1. Varying densities against hybrid fiber combination
S ource: made by Qais A.A. Qais.

The dry density of the concrete, measured after complete dehydration, revealed values ranging from
2341.85 kg/m? to 2387.24 kg/m?. These variations indicate how fiber addition influences the packing density
of the concrete. For combinations incorporating only macro basalt fibers (designated as A-series), the dry
density remained relatively stable, with minor fluctuations observed across varying dosages (2A to 0.25A).
This is in line with study [34], which states that due to the fact that BFs were the lightest element in the
concrete mixes, there were some unit weight drops when BFs were added. This suggests that macro fibers do
not significantly disrupt the packing structure of the mix, allowing for relatively uniform compaction.

In contrast, mixes containing solely microfiber reinforcement (B-series) showed a slight decrease in dry
density as the fiber dosage increased, as seen in Figure 1. The lower densities observed in higher B-content
mixes (e.g., 2B, 1.5B) could be attributed to the increased surface area of microfibers, which may trap more
air and result in a slightly more porous matrix. Nevertheless, the overall decline in density remained marginal,
indicating that the inclusion of microfibers alone does not drastically compromise compactness.

More significant effects were observed in hybrid fiber combinations, where both macro and micro basalt
fibers were used in tandem. Combinations such as 2A1B, 1.5A2B, and 1.5A1.5B consistently recorded the
highest density values across all three categories — dry, saturated, and air-dried. For instance, the 1.5A2B
combination achieved a dry density of 2381.89 kg/m?, a saturated density of 2468.83 kg/m?, and an air-dried
density of 2422.8 kg/m?. These elevated values suggest enhanced fiber interlocking and void-filling behavior,
where microfibers bridge internal pores while macro fibers reinforce the matrix skeleton. This synergy
appears to improve internal cohesion and reduce void content, which is crucial for resisting both micro- and
macro-scale cracking.

Conversely, hybrid mixes with lower fiber contents, such as 0.5A0.5B, showed noticeably lower density
values, especially in the dry and air-dried states. The reduction in density in these mixes could signal
insufficient internal reinforcement and suboptimal fiber distribution, potentially increasing the susceptibility
of the concrete to shrinkage, permeability, and premature cracking. The results affirm that fiber hybridization,
particularly in balanced ratios (e.g., 1.5A1B, 1A1B), yields superior densification properties compared to
single-scale fiber systems.

In aerodrome pavements, high-density concrete is important because it ensures that the pavement can
withstand repeated aircraft wheel loads and resist external environmental impacts such as jet blast, chemical
spills, and heavy rainfall. A denser concrete matrix usually has fewer pores and voids, which makes it more
resistant to wear and degradation. The results showed that the addition of basalt fibers, especially in hybrid
form (micro and macro), increases the density of the concrete. This improved compaction and internal packing
helps the pavement maintain its strength over time. In real-world applications, this means longer service life,
less surface damage, and better load transfer across joints and slabs.
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3.2. Water Absorption

High water absorption generally corresponds with increased permeability, reduced durability, and
susceptibility to shrinkage and cracking, especially under fluctuating environmental conditions. In this study,
the water absorption behavior of concrete incorporating varying ratios of macro and micro basalt fibers was
evaluated using two methods: oven-drying and air-drying. This dual approach offers insight into both
laboratory-controlled and in-service environmental conditions.

Across all mixes in Figure 2, the water absorption ranged from 2.93 to 3.97% (oven-dried) and 1.65 to
2.23% (air-dried). The control sample (K) exhibited relatively high absorption (3.38 and 1.85%), reflecting
the baseline porosity of conventional concrete. Interestingly, several fiber-reinforced mixes, particularly those
using hybrid fiber combinations, demonstrated improved performance with slightly reduced water absorption,
indicating enhanced pore refinement and improved matrix densification.
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Figure 2. Water absorption (%) against hybrid fiber combination
S o urce: made by Qais A.A. Qais.

For mixes incorporating only macro basalt fibers (A-series), water absorption remained fairly consistent.
The 1A and 0.5A combinations yielded some of the lowest values (3.03 and 3.08% for oven-dried absorption),
suggesting that macro fibers may aid in reducing bulk water uptake by restricting crack development and
improving internal structure. However, at very low fiber contents (e.g., 0.25A), absorption increased slightly,
possibly due to insufficient bridging and ineffective crack resistance. Similarly, microfiber-only mixes
(B-series) such as 2B and 1.5B maintained oven-dried water absorption below 3.2%, and air-dried values
near 1.7-1.8%. Microfibers help fill voids and limit capillary networks; however, when used alone, their
crack-arresting capacity for wider macrocracks is limited, possibly explaining the modest reduction in water
absorption. This can also be realized from study [35], where adding 0.05% basalt fibers to self-compacting
concrete reduced water absorption by 27.6%, while higher dosages (0.1%—-0.2%) increased it by up to 21.2%.
The reduced absorption at low content is due to improved pore structure from evenly dispersed fibers, whereas
higher contents caused fiber clustering, leading to increased voids and water absorption.

The most compelling results in Figure 2 were observed in hybrid fiber combinations, especially those
with balanced proportions of macro and microfibers. For instance, the 1A1B, 1.5A1B, and 2A0.5B mixes
recorded some of the lowest absorption values — ranging from 3.15 to 3.29% (oven-dried) and 1.71 to 1.8%
(air-dried). This suggests that the synergy between fiber scales enhances the matrix packing, limits capillary
pores, and resists moisture ingress. These improvements are vital for preventing shrinkage-induced cracking
and reducing freeze—thaw damage in pavement applications. Conversely, fiber blends with excessively high
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total fiber content, such as 0.5A2B and 0.5A1.5B, showed elevated absorption (up to 3.97 and 3.7%), likely
due to poor fiber dispersion or clustering during mixing, which can introduce micro voids and weaken the
homogeneity of the concrete. The highest air-dried absorption value (2.23%) was recorded for the 0.5A0.5B
mix, suggesting that very low total fiber volume may be inadequate to produce meaningful improvements in
moisture resistance. Low water absorption is a key requirement for airfield pavements. Water entering the
concrete can cause internal cracking, freeze—thaw damage in cold climates, and accelerate deterioration due
to chemicals like aviation fuel and de-icing agents. When concrete absorbs too much water, it becomes
vulnerable to cracking, scaling, and corrosion of embedded materials.

3.3. Elastic Modulus (Stiffness)

In high-stress pavement environments, a higher elastic modulus is generally desirable as it contributes
to greater load-bearing capacity and reduced deformation under repetitive traffic loads. However, excessive
stiftness without adequate ductility can lead to brittle failure. Thus, an optimal balance is critical, particularly
in fiber-reinforced concrete designed for dual crack mitigation.

In Figure 3, the elastic modulus values for 25 different mixes — including single-scale and hybrid fiber
combinations — ranged from 49.3 to 53.65 GPa. The control mix (K) recorded a value of 51.5 GPa, serving
as a baseline for assessing the effect of fiber inclusion on concrete stiffness.
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Figure 3. Elastic modulus (GPa) against hybrid fiber combination
S ource: made by Qais A.A. Qais.

For the macro basalt fiber (A-series) mixes, a varied trend was observed. The 1A mix achieved the
highest elastic modulus in this group (53.57 GPa), suggesting that a moderate inclusion of macro fibers
improves stiffness due to their ability to restrict crack propagation and transfer stress across micro-defects.
In contrast, both higher and lower fiber contents (2A, 0.5A, 0.25A) recorded lower values ranging from
49.3to 51 GPa, indicating that suboptimal fiber ratios may reduce matrix uniformity or compromise
compaction quality. This is in line with study [36], which demonstrated that the addition of basalt fibers had
minimal effect on the modulus of elasticity.

The microfiber-only mixes (B-series) demonstrated moderately high elastic moduli as well, with 1B and
1.5B achieving values above 52 GPa. Microfibers, though primarily known for controlling early-age
microcracking, also contribute to matrix continuity and densification, thus supporting higher stiffness values.
However, very low microfiber content (e.g., 0.5B) resulted in a reduced modulus of 50.3 GPa, reinforcing the
idea that microfibers alone may not sufficiently enhance load resistance in pavement concrete.

The most significant performance gains in Figure 3 were realized in the hybrid fiber combinations,
particularly those with balanced macro and micro basalt fibers. Mixes such as 1.5A1.5B (53.3 GPa), 1.5A1B
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(52.97 GPa), and 1.5A0.5B (53.65 GPa) recorded the highest elastic modulus values overall. This illustrates
the synergistic effect of hybrid reinforcement: macrofibers resist wide crack opening and structural
deformation, while microfibers fill pores and control early shrinkage, resulting in a stiffer and more crack-
resistant composite. This is fairly similar to study [37], in which an experiment was conducted using different
BFs ratios of 0.1-0.3% was claimed to considerably boost the modulus of elasticity. It was discovered that
fiber addition increases the elastic modulus of concrete by 23% compared to the reference concrete

Notably, the 1A2B and 1A1.5B mixes also maintained high values above 52 GPa, indicating that a
microfiber-dominant content can still yield strong stiffness performance when supported by a foundational
macro fiber presence. Conversely, combinations with either low total fiber volume or unbalanced proportions
(e.g., 0.5A0.5B at 50.52 GPa) tended to have lower stiffness, but this is in contrast with study [38], where it
was found that the addition of 0.2% fiber would yield the optimum value on the stress-strain curve. The
stiftness results in Figure 3 confirm that fiber hybridization is a viable pathway for enhancing structural
stiffness in high-stress concrete like acrodrome pavement concrete. An optimized mix of macro—micro basalt
fiber ratios yield superior mechanical synergy, increasing the ability of the aerodrome concrete to withstand
loads while minimizing crack initiation and propagation. In airport pavements, this property affects how the
pavement distributes aircraft loads. A pavement that is too flexible will deform excessively, leading to surface
wear and rutting. On the other hand, a pavement that is too stiff may crack easily under stress.

4. Conclusion

The experimental results affirm that optimizing the ratio of micro and macro basalt fibers in concrete
significantly influences key performance parameters relevant to dual-scale crack mitigation in high-stress
pavement applications.

The inclusion of basalt fibers improved the concrete’s resistance to both micro- and macro-cracking by
enhancing its elastic modulus, densities, and reducing water absorption, which collectively support durability
and dimensional stability. Hybrid fiber combinations, particularly those involving balanced proportions such
as 1.5A1.5B, 1.5A0.5B, and 1.5A1B, demonstrated a consistent increase in elastic modulus (above 52 GPa),
indicating improved stiffness and greater resistance to tensile-induced deformation under high stress.

These combinations promote synergistic interactions between long macro fibers (for bridging larger
cracks) and short micro fibers (for dispersing micro-cracks), which is vital for pavement concrete subjected
to heavy traffic loads and thermal gradients. In terms of density, hybrid fiber concretes showed higher
saturated, dry, and air-dried densities compared to control mixes. This densification is indicative of improved
particle packing and fiber-matrix integration, which limits porosity and enhances mechanical interlocking.
The highest densities were observed in combinations like 1.5A2B and 1.5A1.5B, reinforcing the value of
dual-scale fiber inclusion.

Moreover, water absorption, a key indicator of pore connectivity and durability, was notably lower in
optimized hybrid mixes. For example, combinations like 1B, 1.5B, and 1.5A0.5B exhibited reduced water
uptake (air-drying absorption below 1.75%), suggesting improved resistance to moisture ingress. Overall, the
study demonstrates that optimized micro—macro basalt fiber ratios not only enhance the structural stiffness
but also reduce permeability and improve material density, all of which are central to resisting crack initiation
and propagation in pavement environments.

Recommendations:

1.Dual-scale basalt fiber reinforcement should be adopted in high-stress pavement concretes to
simultaneously mitigate micro-cracking (via microfibers) and control macro-crack widening (via macro fibers).

2.Mixes within the range of 1.5A0.5B to 1.5A1.5B are recommended for their consistent performance
across elastic modulus, density, and water absorption metrics. These combinations offer a strong balance
between mechanical performance and durability.

3. High-density, low-absorption mixes reflect better matrix consolidation and pore refinement. These
parameters should be included in quality control checks when designing fiber-reinforced pavement concrete.
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4. Avoid single-scale systems for critical pavements because, while mono-fiber mixes provide some
benefits, they fall short of the performance gains offered by hybrid systems, particularly in stiffness and moisture
resistance.

5.Promote the use of basalt fibers in concrete mixes.
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