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Abstract. This paper investigates modern approaches to determining the tilt of
tower-type engineering structures using unmanned aerial vehicles (UAVs) and digital
photogrammetry techniques. The relevance of the research is driven by the growing
need to improve the accuracy, efficiency, and safety of geodetic monitoring of high-
rise engineering structures subjected to natural and anthropogenic influences
throughout their operational life. A geodetic methodology for determining the tilt of
industrial chimneys is proposed, based on UAV aerial image acquisition followed by
photogrammetric processing of digital images using the Digitals software package.
The study describes the principal stages of the proposed methodology, including flight
mission planning, image acquisition, photogrammetric data processing, three-
dimensional reconstruction of the structure, determination of the coordinates of
characteristic points, and calculation of the tilt magnitude. Experimental
investigations confirmed the effectiveness and reliability of the proposed approach,
demonstrating its capability to provide accurate geometric characteristics of the
structure and to assess its spatial position with a high degree of precision. The obtained
results indicate that UAV-based photogrammetric surveying significantly reduces
fieldwork duration, decreases labor intensity, enhances personnel safety during
inspections of inaccessible structures, and lowers operational costs compared with
conventional geodetic surveying methods. The practical significance of the research
lies in the development of a universal geodetic methodology for tilt determination of
tower-type engineering structures that can be effectively applied for operational
inspection, technical condition assessment, deformation monitoring, and the timely
detection of hazardous changes in the spatial position of high-rise engineering
facilities. The proposed methodology provides an efficient, reliable, and economically
feasible solution for modern engineering surveying and structural health monitoring

applications.
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Introduction

The diversity of tower-type structures has led to the development of numerous
construction methods that depend on the structural design, geometric parameters,
construction materials, and site conditions. Significant foundation loads, wind effects,
and thermal impacts cause deformations that must be taken into account during the
construction of tower structures.

Temperature gradients, mechanical loads, and high humidity in aggressive
environments may cause vertical and horizontal cracking and brickwork delamination
in load-bearing structures. Design errors and inappropriate assumptions adopted in the
structural analysis of the chimney shaft may also significantly contribute to such
damage.

Modern technologies for producing topographic and cadastral maps are primarily
based on the use of digital aerial imagery. However, the cost of using manned aircraft
and helicopters for local large-scale surveys is considerably higher. Therefore, an
effective alternative is the use of unmanned aerial vehicles (UAVs), which enable rapid
and cost-effective aerial surveys of relatively small areas for the production of cadastral

maps and orthophotos.

Analysis of recent research and publications
The problem of determining the tilt of tower-type engineering structures is
primarily investigated using electronic total station surveying, terrestrial laser
scanning, photogrammetry, and integrated automated monitoring systems. Current
research is focused on shifting from observations of individual control points to the
development of three-dimensional models of structures and the determination of their

geometric axes at different height levels.



In the study by Z. Pleterski, G. Rak, and K. Kregar [1], a method for determining
chimney non-verticality from terrestrial laser scanning data was proposed. The authors
divide the point cloud into narrow horizontal cross-sections, remove outliers using the
RANSAC algorithm, fit circles or ellipses to the section contours by the least-squares
method, and determine the spatial position of the chimney axis from the displacements
of the section centres. An advantage of this method is its ability to analyse local
structural deviations at different heights.

M. Zhou et al. [2] developed an automated approach for determining the tilt of
industrial chimneys from LiDAR point clouds. The method involves generating
horizontal cross-sections, determining their geometric centres, fitting the central axis,
and calculating the tilt angle and direction. The researchers also integrated LiDAR,
GNSS positioning, and remote data transmission, thereby increasing the level of
automation in the monitoring process.

In the study by Ji, Ren, Fu, Zhang, and Li [3], a method for determining the
dynamic displacements of monopole communication towers was proposed by
integrating data from accelerometers and strain gauges using a Kalman filter. This
approach provides continuous assessment of the structural deformation state; however,
it requires the installation of specialized sensors directly on the structure.

The potential of unmanned aerial vehicles for the technical inspection of
structures was demonstrated in the study by J. Bae et al. [4]. The proposed system
combines aerial imaging, thermography, machine-learning algorithms, and three-
dimensional point-cloud generation to detect cracks and structural deformations. The
study confirms the feasibility of using UAVs for the non-contact inspection of hard-to-
reach parts of engineering structures.

The analysis conducted shows that terrestrial laser scanning provides highly
detailed reconstruction of the geometry of tower-type structures, whereas automated
sensor systems enable continuous monitoring. However, laser scanners and permanent
monitoring systems are associated with high costs and complex deployment.
Therefore, the development of a more accessible non-contact method for determining

the tilt of industrial chimneys using a quadcopter, digital imagery, and the Digitals



software package remains highly relevant. The proposed approach is based on
determining the centres of the upper, lower, and intermediate cross-sections of the
structure, constructing its geometric axis, and calculating both the linear and angular
tilt.

The aim of this study is to develop and experimentally validate a method for
determining the tilt of tower-type engineering structures using unmanned aerial
vehicles and digital photogrammetry in order to improve the accuracy, efficiency, and

safety of geodetic monitoring of their structural condition.

Methods and research data

New technical solutions for structural systems, equipment, products, and
materials must be accompanied by confirmation of their suitability for use in the
construction and operation of high-rise buildings in accordance with DBN V.1.3-
2:2010 [5], approved by the Cabinet of Ministers of Ukraine.

Due to the technical complexity of high-rise buildings, geodetic surveying should
be performed by specialized organizations licensed to carry out this type of work and
in accordance with DSTU-N B V.1.2-18:2016 [6]. For the construction of high-rise
buildings, it is recommended that a permanent geodetic team be established for the
entire construction period of the project.

For unique buildings and structures, as well as in monitoring applications
requiring continuous acquisition of measurement data, the use of automated monitoring
systems 1s recommended. Deformation monitoring of buildings and structures in
service should be carried out when unacceptable cracks, joint openings, or significant
changes in the operating conditions of the structure are observed.

Tilt is the most characteristic indicator of the overall deformation of tall structures.
In such structures, which are highly sensitive to foundation soil deformations, tilt
induces an additional bending moment that, in turn, promotes further tilting and may

ultimately lead to structural instability [1, 7-8].



Therefore, tower-type structures, including industrial chimneys, distillation
columns, granulation towers, and radio and television antenna masts, belong to the
category of engineering structures with a high level of responsibility.

During construction or operation, structures may undergo deformation due to
differential settlement and the effects of other factors. In addition, owing to their
structural characteristics, torsional and bending deformations may occur as a result of
non-uniform solar heating or wind loading. These effects may cause the structures to
tilt, that is, to deviate from the vertical [3].

Such deformations may lead to structural instability. Therefore, the periodic
determination of structural deformations (monitoring) is of particular importance [9].
Based on the results of these measurements, preventive measures may be developed,
when necessary, to eliminate structural tilt and ensure the safe operation of the
structure.

Current trends in the assessment of the deformation state of engineering structures
are focused on the development of automated continuous monitoring systems based on
high-precision Global Positioning System (GPS) technology, robotic total stations,
high-precision inclinometers (e.g., Leica Nivel210/Nivel220) with an angular
measurement accuracy of 0.09 arcseconds, and the GeoMoS software platform (Leica
Geosystems) [10—-14].

A substantial proportion of the high-rise engineering structures currently in
service in Ukraine were commissioned several decades ago and have since been
exposed to the long-term effects of natural and anthropogenic factors. During
operation, such structures are subjected to differential foundation settlement,
temperature fluctuations, wind loads, vibrations, and other influences that may alter
their geometric position, cause tilt, and lead to the development of deformations. In
this context, the implementation of modern geodetic monitoring methods is of
particular importance, as they enable the timely detection of deviations from the design
position and provide an objective assessment of the technical condition of the

structures.



Most conventional methods for determining the tilt of tower-type structures are
based on high-precision angular and linear measurements performed using electronic
total stations, theodolites, or other geodetic instruments. Although these methods
provide highly accurate results, they require the establishment of a geodetic control
network, unobstructed intervisibility between observation points, and considerable
time for field measurements. Furthermore, geodetic surveys at industrial facilities are
often complicated by restricted access to the structure and the need to comply with
stringent safety requirements.

According to the current regulatory documents [6], the spatial position of high-
rise engineering structures should be monitored throughout their entire service life. For
newly constructed structures, geodetic observations of tilt and foundation settlement
are recommended at least twice a year during the first two years of operation.
Thereafter, the frequency of observations is determined by the technical condition of
the structure and the intensity of deformation processes. Once foundation settlement
has stabilized, monitoring measurements may be carried out at longer intervals in
accordance with the applicable regulatory requirements.

In recent years, unmanned aerial vehicles (UAVs) have become widely adopted
as an effective tool for engineering geodetic surveys and the technical inspection of
high-rise structures. The use of multirotor UAV's equipped with high-resolution digital
cameras and satellite navigation systems enables the rapid acquisition of
photogrammetric data from hard-to-reach parts of a structure without the need for
hazardous work at height. Modern UAVs support 4K photo and video acquisition,
automatically record the coordinates of camera exposure stations, and generate datasets
suitable for the production of orthophotos, digital terrain models (DTMs), and three-
dimensional models of engineering structures [1, 3, 8, 15-16].

In this study, aerial photography of a tower-type engineering structure was carried
out using a DJI Phantom 4 Pro unmanned aerial vehicle (UAV) equipped with a digital
camera featuring a 1-inch 20 MP CMOS sensor, a lens with an actual focal length of
8.8 mm (24 mm equivalent in the 35 mm format), and a mechanical shutter to minimize

geometric distortions during image acquisition. The spatial referencing of the



photogrammetric model was performed without the use of high-precision RTK
positioning. The spatial position of the model was determined based on data acquired
during UAV aerial surveying and subsequent photogrammetric processing of the
digital 1mages. Camera calibration was performed automatically during
photogrammetric processing using self-calibration of the internal camera parameters.
This approach enabled the generation of a spatial model of the engineering structure
with sufficient accuracy to determine its geometric parameters and assess the
magnitude of its tilt within the objectives of the study. RTK positioning was not used
in the experimental study; therefore, its effect on the accuracy of the spatial referencing
of the photogrammetric model was not evaluated.

Vertical imaging of the chimney top was performed from a height of
approximately 7 m above the uppermost point of the structure. Under these conditions,
the ground coverage of a single image was approximately 10.5 x 7.0 m, while the
calculated ground sampling distance (GSD) was about 1.9 mm/pixel. The selected
flight height ensured that the chimney top was entirely located within the central part
of the image, providing a sufficient margin around its contour for accurate
determination of the geometric center of the upper cross-section.

Since the proposed tilt determination method is based on the independent analysis
of individual images, image overlap was not required. The theoretical minimum
number of images required for a single tilt measurement is four: two images acquired
from opposite directions along each of the two mutually perpendicular axes, X and Y
(Fig. 2). To improve the reliability and accuracy of tilt determination, the measurement
procedure should be repeated several times, followed by averaging of the obtained

results.

Results and Discussion
To investigate the tilt of the thermal power plant chimney, as a representative
tower-type structure, a DJI Phantom 4 Pro unmanned aerial vehicle (UAV) was used.

The UAV aerial survey workflow included the preparation of the launch site, flight



path planning with due consideration of existing obstacles and meteorological
conditions, and the selection of both primary and alternate landing sites.

Before image acquisition, baselines are established on the ground surface adjacent
to the chimney in two mutually perpendicular directions, defining a local X,Y
coordinate system. Photo and video acquisition of the chimney is then performed
sequentially along these directions, ensuring complete coverage of the structure's
geometry.

The photograph in Figure 1 shows the chimney of the district heating plant in the
Tsentralno-Miskyi District of Kryvyi Rih, Ukraine. The inspection was carried out in
2021. The baselines are indicated in Figure 2 by red dashed lines. Their actual lengths,
measured on the ground surface, are as follows:

Sy = 16.482m, S, = 20.261 m. (1)

=

Figure 1. Local coordinate system defined by two mutually perpendicular
baselines used for the UAYV survey of the district heating plant chimney (2021).
At least two photographs of the chimney are acquired along each baseline during
a single image acquisition session. Figure 2 illustrates the two positions of the chimney
during image capture. The lower cross-section of the chimney is shown schematically
in black, while the upper cross-section is shown in red. The images are acquired so that

the center of the image frame is successively aligned with the upper edge of the



chimney: first in the position shown in Fig. 2a and then in the position shown in Fig.
2b.

In the acquired images, the distances between the upper and lower circular edges
of the chimney are measured. The first difference, measured along the direction of the
quadcopter’s motion, is denoted by a, and the second by b. The total tilt along each
axis is calculated using the following formulas:

Ax; = ai — b, 2)
Ay, =al - b}, (3)

where af, b’ are the differences between the lower and upper circular edges of the
chimney along the X-axis, while a by are the corresponding quantities along the Y —

axis; [ denotes the i-th tilt measurement cycle.

i
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Figure 2. Schematic representation of the chimney positions in the vertical plane
during image acquisition and the corresponding images of its lower and upper
cross-sections: (a) the image center is aligned with the upper edge of the chimney
in the first position; (b) the image center is aligned with the upper edge of the

chimney in the second position.



A minimum of two pairs of images acquired along two mutually perpendicular
axes 1s required to determine the tilt angle. Such a dataset is sufficient for calculating
the tilt; however, the accuracy of the result is limited by the errors associated with the
individual measurements.

To improve the accuracy and reliability of tilt determination, it is advisable to
perform a series of independent measurements, for example, two sets of four images
(two image pairs in each set). Averaging the resulting tilt estimates reduces the
influence of random errors, measurement system noise, and variations in image
acquisition conditions, thereby providing a more accurate and reproducible
determination of the tilt angle.

Before photogrammetric processing, the images are scaled using control baselines
established in the survey area (Fig. 1). This is accomplished by measuring the lengths
of the baselines in the images. For the baselines defined by Egs. (1), the following

values were obtained:

sy = 0.329m, sy = 0.405 m. 4)

The image scale factors for the X and Y-axes are calculated using the following
equations:

mX ES ;_i, my - ;_); (5)

The overall image scale is calculated as the arithmetic mean of the scale factors
determined for the X- and Y-axes. For the considered case, the resulting image scale
1s:

1

"~ 5006

The calculated scale factor is then used to convert the tilt values obtained in image
units into absolute (real-world) units.

The geometric parameters of the upper part of the chimney are determined by
vectorizing its outline in the Digitals software package. First, the Create Linear Object
tool is selected from the Capture menu. The outer contour of the chimney top is then
digitized by sequentially marking characteristic points along its perimeter. To improve

the accuracy of the approximation of the curved surface, the Insert Arc function is



applied, which smooths the individual linear segments and generates a geometrically
consistent contour.

In the final stage, the positions of the control points are refined to conform to the
shape of the contour, thereby minimizing digitization errors and producing an accurate
model of the chimney's upper cross-section. The resulting contour is then used to

determine the coordinates of the cross-sectional center, construct the geometric axis of

the structure, and calculate its tilt (Fig. 3).

Figure 3. Result of generating the geometrically refined contour of the chimney's
upper cross-section after adjustment of the control points.

The geometric parameters of the lower cross-section of the chimney are
determined in the same manner. Since part of the contour is obscured by structural
elements of the chimney, only the visible points along the perimeter are digitized.
Based on the digitized points, the Digitals software package automatically determines
the center and diameter of the circle, enabling reconstruction of the missing portion of
the lower ring and generation of the complete cross-sectional contour. The
reconstructed contour is subsequently used to determine the geometric axis of the

structure and calculate its tilt (Figs. 4-5).



Figure 4. Determination of the center and diameter of the lower cross-section

after reconstruction of the missing portion of the chimney ring.

Fig. 5 illustrates the procedure for determining the perimeter of the lower cross-
sectional contour of the chimney using the Digitals software package. For the chimney
considered in this study, the perimeter was determined to be:

P =11221 m.
The diameter of the chimney is calculated from the measured perimeter according

to the well-known equation:
D=-, (6)
and is equal to:

D =3.57 m.
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Figure 5. Determination of the perimeter of the lower cross-sectional contour of
the chimney using the Digitals software package.

For the subsequent calculations, the centerline of the chimney is constructed by
connecting the centers of the upper and lower circles, as shown in Fig. 6. This
procedure is carried out using the Digitals software package.

The upper and lower cross-sections correspond to the horizontal cross-sections of
the chimney at the levels of its top and base, respectively, while the vertical distance
between their geometric centers was assumed to be equal to the total height of the
investigated structure, i.e., 35 m. The displacement of the center of the upper cross-
section relative to the center of the lower cross-section characterizes the magnitude of
the chimney tilt.
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Figure 6. Centerline constructed through the centers of the upper and lower

circles of the chimney.



Using this centerline, the values of a; b; are measured. For the images acquired

along the X, Y, the measured values are presented in Table 1.

Table 1. Calculation of the tilt of the chimney at the Central City District

Heating Plant (Kryvyi Rih) based on two measurement cycles.

Quantity Value Quantity Value

af (mm, image units) 4.93 a¥ (mm, image units) 7.43
bf (mm, image units) 3.68 b¥ (mm, image units) 6.18
a! (mm, image units) 5.05 ay (mm, image units) 7.52
bY (mm, image units) 3.84 b¥ (mm, image units) 6.33
a¥ (mm) 246.7 aX (mm) 371.8
b¥ (mm) 184.4 b¥ (mm) 309.6
al (mm) 252.6 ay (mm) 376.5
by (mm) 192.3 bY (mm) 317.1
Axy (mm) 62.3 Ax, (mm) 62.2
Ay; (mm) 60.3 Ay, (mm) 59.4
AL; (mm) 86.7 AL, (mm) 86.0
Mean tilt AL (mm) 86.4 Relative error (%) 1

In Table 1, the quantities a¥, b, and a}, b} are presented as measurement results
obtained from the digital image using the Digitals software package. The values are
expressed in millimeters within the image coordinate system. To convert these values
into the corresponding real-world linear dimensions, they should be divided by the
scale factor:

z

Z=— (7)

m
where z is any of the quantities aj¥, b, or a), b} measured in image units, m is the
image scale factor, and Z is the corresponding value expressed in real-world units.

The use of two independent image sets improves the reliability of determining the
spatial position of the centerline of the structure and minimizes the influence of
photogrammetric processing errors. Based on the obtained values, the absolute tilt of
the chimney along the X- and Y-axes is calculated using Egs. (2-3).

For additional verification of the reliability of the obtained results, a control
comparison was performed with the results of the total station-based determination of
the chimney tilt. The reference tilt value was taken as 85.6 mm. The mean value

obtained from two UAV survey cycles was 86.35 mm. The absolute difference between



the results was 0.75 mm, while the relative discrepancy was 0.87%, indicating a high
level of agreement between the results and confirming the applicability of the proposed

method for determining the tilt of tower-type engineering structures.

Table 2 — Control comparison with the results of total station-based tilt

determination
Difference from the
Method / Cycle Tilt, mm Reference Value, Discrepancy, %
mm
UAYV, Cycle 1 86.7 1.1 1.29
UAV, Cycle 2 86.0 04 0.47
Mean UAV Value 86.35 0.75 0.87

Reference Total

Station Value 85.6 0 0

To assess the accuracy of the tilt determination, an uncertainty budget was
established that accounts for the main components of the photogrammetric process,
including digital image scaling, contour vectorization, determination of the geometric
center of the cross-section, ground sampling distance (GSD), and the repeatability of
the results obtained from two independent observation cycles. The combined standard
uncertainty was determined by combining the individual uncertainty components,
while the expanded uncertainty at a confidence level of approximately 95% was
calculated using a coverage factor of k=2.

Table 3 — Uncertainty Budget

Source of Uncertainty Standard Uncertainty, mm
Image scaling 0.80
Contour vectorization 0.70
Determination of the cross-section center 0.90
Effect of GSD and image discretization 0.55
Repeatability of the two cycles 0.35
Combined standard uncertainty ((u_c)) 1.54
Expanded uncertainty (U_{95})), (k=2) 3.08

Based on the uncertainty assessment, the tilt of the investigated chimney can be
expressed as K= (86.354+3.08) mm at a confidence level of approximately 95%. The

corresponding confidence interval ranges from 83.27 to 89.43 mm. This interval



represents the range of possible tilt values, taking into account the main sources of
uncertainty associated with the photogrammetric determination, and confirms the
repeatability of the results obtained from the two observation cycles.

The total tilt of the chimney is then calculated as follows:

AL = \[Ax? + Ay?, (8)
Since the investigated structure is an industrial chimney, the application of the
provisions of the international regulatory document CICIND (Model Code for Steel
Chimneys) is justified and consistent with its scope. Using the chimney height
determined from UAV-based aerial survey data, the limiting deviation of the chimney
from the vertical can be calculated in accordance with the provisions of Section 11.7
of the CICIND Model Code for Steel Chimneys using the following formula: [17, p.
22]::
A on= max(o,oz5,f—6). (9)

where H is the height of the chimney (m). For the chimney considered in this study,
the height is 35 m. Therefore, the allowable tilt is:
Aimit= 0.058 m.

The calculations showed that the tilt of the investigated chimney is 0.086 m (Table
1), which exceeds the calculated limiting value of 0.058 m. The identified exceedance
indicates the need for an urgent comprehensive technical inspection of the structure by
a specialized organization to assess its actual technical condition and make a well-
founded decision regarding the conditions for its further operation.

The proposed method is not limited to determining the overall tilt of the structure.
To provide more comprehensive information about the structural condition, it is
advisable to determine the centers of intermediate horizontal cross-sections of the
chimney at different elevations. Constructing circles that represent the geometry of the
masonry at each cross-section makes it possible to determine the local deviations of
the centerline from its position at the base and to analyze the spatial deformation of the

structure over its entire height.



The coordinates of the centers determined at multiple elevation levels make it
possible to construct a three-dimensional digital model of the chimney using the
Digitals software package, AutoCAD, or other specialized software. Such a model
enables visualization of the spatial position of the centerline, determination of the
direction of the tilt with respect to the cardinal directions, and analysis of the influence
of external factors, including wind loads, thermal deformations, and differential
foundation settlement.

An additional advantage of using an unmanned aerial vehicle (UAV) is the ability
to perform a detailed visual inspection of the external surface of the structure. High-
resolution aerial images make it possible to identify cracks, localized damage, masonry
defects, deterioration of the protective coating, and other signs of structural
degradation. Combining photogrammetric measurements with the results of the visual
inspection provides a comprehensive assessment of the technical condition of the
chimney, establishes an information basis for predicting the progression of deformation
processes, and supports informed decision-making regarding the continued operation,
maintenance, repair, or rehabilitation of the structure.

Thus, the proposed method integrates UAV photogrammetry, digital modeling,
and geodetic analysis, enabling the tilt of tower-type engineering structures to be
determined rapidly, non-contactly, and with sufficient accuracy, while also providing

a comprehensive assessment of their technical condition.

Conclusions

As a result of this study, a method was developed and validated for determining
the tilt of tower-type engineering structures using unmanned aerial vehicles and digital
photogrammetric processing of aerial imagery. The proposed approach is based on
determining the geometric parameters of the upper and lower cross-sections of the
structure from digital images acquired from opposite viewing directions, followed by
calculation of the spatial position of the centerline and the magnitude of the tilt.

Experimental studies confirmed the feasibility of using a DJI Phantom 4 Pro UAV

in combination with the Digitals software package for the geodetic monitoring of



tower-type structures. The obtained results showed that the determined tilt of the
chimney (0.086 m) exceeds the calculated limiting value (0.058 m). This exceedance
substantiates the need for an urgent comprehensive technical inspection of the structure
using instrumental monitoring methods to assess its actual technical condition and
determine the appropriate conditions for its further operation.

The proposed method provides a comprehensive assessment of the technical
condition of engineering structures. In addition to determining the magnitude of the
tilt, it enables the construction of a three-dimensional spatial model of the structure,
determination of the position of its centerline at different elevation levels, analysis of
deformation patterns, and detailed visual inspection of the external surface. The use of
high-resolution aerial imagery also enables the timely detection of cracks, masonry
damage, localized defects, and other signs of structural deterioration.

The obtained results confirm the applicability of UAV-based aerial surveying and
digital photogrammetry for determining geometric parameters and assessing the tilt of
tower-type engineering structures. In this study, the spatial referencing of the
photogrammetric model was performed without the use of RTK positioning, while the
camera’s internal parameters were determined through automatic self-calibration
during photogrammetric processing. The resulting spatial model provided sufficient
quality to accomplish the objectives of the study and to determine the tilt of the
investigated structure.

A promising direction for future research is the automation of tilt determination
using computer vision algorithms, the integration of aerial photogrammetric data with
terrestrial laser scanning and GNSS measurements, and the development of an
automated real-time monitoring system for the technical condition of tower-type
engineering structures. The implementation of such an approach would improve the
efficiency of geodetic monitoring, facilitate the timely detection of hazardous

deformations, and contribute to the safe operation of tall engineering structures.
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Ha3zapenko
PO3POBKA METOAY BUSBHAUEHHSI KPEHY IHZ KEHEPHUX CITIOPY /]
BAIITOBOI'O TUITY

Anomayia. Y cmammi 00CRiOMCeHO CY4acHi NiOX00U 00 BU3HAYEHHS KPEHY
[HJICEHEePHUX CNOpPYO OAuMo8020 Muny i3 3acmocy8aHHAM Oe3NiIOMHUX TiMATbHUX

anapamie ma memooié yupposoi omoepammempii. AKMyarbHiCmMb OOCHIONHCEHHS



00yMO8lIeHa HeoOXIOHICMIO NIOBUWEHHS MOYHOCMI, ONepamueHocmi ma Oe3nexu
2€00e3UiH020 KOHMPOIIO MEXHIYHO020 CMAHY BUCOMHUX CHOpYO, AKI 6 npoyeci
eKxcniyamayii - 3a3Haomev — 6HAUGY  NPUPOOHUX | MEXHO2eHHUX  (akmopis.
3anpononosano mMemoouKy 6UHAYEHHS KPEeHY OUMO8Ux mpyod, wo 0a3yemvcs Ha
BUKOHAHHI aepogomosHiManHs K8aOPOKONMEPOM i3 nOOANbLULOIO
GomozpammempuyHo 06poOKOI0 OMPUMAHUX YUDPOBUX 300PAIHCEHD ) NPOSDAMHOMY
komnaexci Digitals. [lemanbho po3ensiHymo OCHOBHI emanu noIbOBUX pooim,
NIAHYBAHHA  MAPWIPYMI6 NOAbOMY, OMPUMAHHA omomamepianie, nodyo0osy
npocmoposoi Mmodeii 00'€ekma, BU3HAYEHH KOOPOUHAM XAPAKMEPHUX MOYOK
KOHCMpYKYii ~ ma  po3paxyHoK  Geludunu  KpeHy. 3a  pe3yiemamamu
EeKCNepUMEHMANbHUX — OOCHIONCEHb  NIOMBEPOHNCEHO  BUCOKY  epeKmusHicmb
3anpPonoOHOBAHOI MEMOOUKU, AKA 3a0e3neyye OMPUMAHHI O0CMOBIPHUX 2e0MEeMPUYHUX
napamempie cnopyou ma 003605€ BUKOHYBAMU OYIHKY il NPOCMOPOB020 NONONHCEHHS
3 HeobXiOHO mounicmio. Bcmanosneno, wo 6uKoOpucmants 0e3niiomuux JimaibHUux
anapamie ICMOMHO CKOPOYYE MPUBANICMb NONbOBUX BUMIPIOBAHL, 3MEHULYE
MPYOOMICMKICMb 2€00e3UYHUX pOoOIm, MIHIMIZYE pusuKu Oas NepCcoHANy nio yac
0bCcmediceHts  8aNCKOOOCMYNHUX 00'€Kmi6 ma 3HUNCYE EeKOHOMIYHI eumpamu
NOPIBHAHO 3 MPAOUYIIHUMU MemoOamu IHCMpPYMeHmaibHo2o0 Konmpoao. IIlpakmuuna
YIHHICMb  OOCNIOJNCEHHsL NoJisieae )y  PO3POOJIeHHI  YHIBEPCANbHOI  MemoOuKu
2€00e3UYH020 BU3HAYEHHSI KPeHy Oaumosux cnopyo, nNpuoamuoi 01 6UKOHAHHSI
eKCNLYamayitiHo20 KOHMPOJI0, MEeXHIYHO20 0OCMeNCeHHs, MOHIMOpUH2y oedopmayiii
Ma C80E€YACHO20 BUABIICHHS HEOEe3NEeUHUX 3MIH NPOCMOPOBO20 NOJONHCEHHS GUCOTNHUX

[HOICEeHePHUX KOHCMPYKYIU.

Knwuosi cnosa: 6esninomnuti aimanvuuii anapam (BIIJIA); xeadpoxonmep;,
aepoomo3sHimManus, pomoepammempis, Kpern cnopyou,; Oumosa mpyoa, 2eo0e3utHutl

MOHIMOPUHZ.
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