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Abstract: The nuclear industry is a unique
sector that is especially vulnerable to delays. A
multitude of impactful factors such as the
complexity of design, tight on-site schedules, and a
logistically sophisticated end-to-end supply chain,
to name just a few, make the entire project highly
prone to complications. In 2017, it was estimated
that nearly two-thirds of the 55 nuclear plants under
construction at that time were behind schedule.

Furthermore, since 2010, delays of this nature
have been believed to have contributed to an almost
20% increase in the final costs of the projects. This
work analyzed recent construction performance of
Generation I1I/111+ nuclear reactor projects,
specifically examining AP1000, EPR, and
APR1400  technologies. Key performance
indicators evaluated included planned versus actual
construction times, costs, and capacity construction
rates, revealing significant deviations across the
analyzed projects. Each nuclear project's
performance was quantitatively assessed using the
schedule performance ratio, cost performance ratio,
and an integrated performance coefficient to
comprehensively compare efficiencies across
different reactor technologies. Analysis further
identified key reasons behind these deviations, such
as evolving regulatory environments, safety
requirements, project management inefficiencies,
supply chain immaturity, and limited skilled
workforce availability, which contributed to
persistent first of a kind (FOAK) challenges and
obscured the anticipated n of a kind (NOAK)
improvements. Based on these findings,
recommendations are provided for future research,
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emphasizing the necessity to apply insights gained
from large reactor deployment challenges to the
emerging Small Modular Reactor (SMR)
technologies.
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INTRODUCTION

The persistent occurrence of delays and cost
overruns in nuclear power plant projects re
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mains a significant challenge within the nuclear
energy sector. ldentifying the primary fac
torscontributing to these issues, as well as
determining whether they can be effectively
mitigated or entirely prevented, is critical to the
successful deployment of current and future
nuclear reactors [1,2]. Despite extensive
research, these questions continue to be
inadequately addressed, underscoring their
relevance and urgency. This article addresses
these concerns through detailed case studies of
recent reactor projects, specifically the
European Pressurized Reactor (EPR), the
AP1000, and the Advanced Power Reactor
1400 (APR1400). The analysis presented
herein compares time-to-market outcomes,
examining notable distinctions between first of
a kind (FOAK) and n™ of a time (NOAK)
reactor deployments with respect to scheduling,
budget adherence, and overall project
efficiency. Furthermore, the paper explores
innovative construction methodologies and
project management strategies aimed at
optimizing schedules, controlling costs, and
effectively managing risks in future nuclear
power plant initiatives.

It is widely acknowledged that FOAK
nuclear projects inherently require increased
attention and intensified effort throughout their
duration,  rendering  them  particularly
susceptible to numerous risks compared to
NOAK deployments. The initial construction
phase of FOAK projects represents an essential
opportunity to acquire practical insights and
experiential knowledge [3]. Deconstructing
each project process into more manageable
segments allows for critical analyses and
informed conclusions, thus facilitating more
effective management strategies for future
implementations.

Empirical evidence consistently underscores
the significance of delivery stream-related
factors in determining overall project success.
Specifically, supply chains must exhibit
adaptability to the dynamic operational
environment  and unique  challenges
characteristic of FOAK initiatives. Notably, the
frequent necessity for design modifications at
this preliminary stage often jeopardizes timely
and budget-compliant project completion.

Additionally, the accurate selection of certified
component suppliers emerges as a critical
hurdle, compounded by the intricacies of
specialized logistics and site transportation,
which frequently involve complex coordination
of heavy equipment and the careful navigation
of routes adhering to stringent safety and
environmental standards [4].

NOAK projects are typically characterized
by enhanced viability, manifesting through
shortened timelines, reduced costs, and lower
risk levels. Subsequent implementations rely on
fully validated and standardized designs,
supported by refined and streamlined
construction methodologies and managerial
frameworks. Two pivotal concepts, namely the
learning curve and economies-of-scale effects
associated with serial production, significantly
influence NOAK deployments. The learning
curve  predominantly  benefits  on-site
operational efficiency, while economies of
scale bolster essential aspects of the supply
chain. Collectively, these concepts encapsulate
the cumulative advantages derived from
iterative experience, translating into improved
overall project performance. The resulting

improvements encompass smoother
scheduling, enhanced predictability in
workflow  execution, and  heightened

anticipation of potential project disruptions,
thereby empowering stakeholders to effectively
mitigate risks and to establish a synergistic,
optimized strategy for construction and
logistics, substantially reducing susceptibility
to unforeseen disturbances.

The learning curve describes the relationship
between accumulated experience and increased
competence, illustrating how the effort required
to achieve specific outcomes diminishes as
experience accumulates, shown in Fig.l.
Enhanced workforce proficiency, streamlined
operational procedures, and reduced error rates
significantly ~ contribute to lowering
construction costs and durations in subsequent
project implementations.

Nevertheless, once the learning curve
approaches its limit, sustaining efficiency
improvements necessitates innovative methods.

During the initial phases of nuclear power
plant construction, costs escalate rapidly due to

BypiBenbHi KOHCTPYKUii. Teopis i npakTuka * 16/2025



continual design revisions, prolonged licensing
procedures, and the complexities of
synchronizing workflows. These phases require
meticulous adjustments within the delivery
stream and careful yet time-intensive
coordination among project activities. Upon
concluding this developmental stage, project
expenditures and time investments per unit
typically reach their highest level, marking the
completion of the FOAK milestone a crucial
benchmark within the project's lifecycle.

Estimate Actual

2™ reactor

| learning
1

I 6" reactor

Initial cost
estimate

Overnight construction costs

1
Developmentl
period |

1

1

Normal learning Extended

learning

Time

Fig. 1. Typical Learning Curve for Nuclear Reactors

(5]
Puc.1. TunoBa kpuBa HaBYaHHA IS SACPHUX
peakTopis [5]

The expertise gained during the initial unit's
implementation  yields rapid  benefits,
significantly facilitating subsequent unit
commissioning. Critical issues encountered in
early stages are addressed, and essential
processes undergo substantial improvements.
According to existing research, potential time
and cost reductions between FOAK and NOAK
reactor deployments may reach up to 30%,
highlighting a substantial efficiency gain.
However, as skills continue to develop, the pace
of improvement progressively decelerates,
aligning with the diminishing returns
characteristic of the learning curve. Over time,
the rate of enhancement stabilizes due to
limited incremental gains from additional
experience. At this juncture, processes become
fully optimized, workflows are highly
structured, and operational efficiencies are
maximized. Beyond this point, significant
further reductions in cost and construction
duration become minimal, indicating that the
learning curve has plateaued.

BypaiBenbHi koHCTpYyKUii. Teopis i npakTuka * 16/2025
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Economies of scale have recently attracted
significant attention, particularly concerning
the deployment of Small Modular Reactors
(SMRs); however, the concept applies equally
to larger reactor units. It refers to the reduction
in unit costs as production scales increase.
Consequently, beyond a specific threshold,
constructing multiple smaller reactors could
potentially become more economically feasible
than establishing a fleet of large-scale reactors
(LSRs) achieving the same total capacity.
Conversely, economies of multiples emphasize
cost and schedule efficiencies achieved through
cumulative learning from constructing and
operating successive reactor units, presents in
equation (1). Unlike economies of scale, which
depend primarily on production scale,
economies of multiples rely heavily on
accumulated expertise gained from previous
deployments [6].

Cnoak = Croak * (1 = LR)o8;N, 1)

Where Cnoak and Croak represent the cost
of NOAK and FOAK, respectively; LR is the
learning rate, showing cost reduction per
deployment; and N is the number of units.

A crucial consideration is understanding
how these two concepts interact and identifying
the crossover point at which one becomes more
advantageous than the other. Typically, the
learning curve, beginning with a FOAK reactor
deployment, follows a logarithmic progression.
To illustrate this interplay more clearly, a
simplified analytical scenario is presented
based on equation (1).

The typical learning rate for large-scale
reactors varies between 5 and 10%, compared
to a value for SMRs ranging from 10 to 20%
[7]. For this example, let the learning rates be
8% for a LSR capacity of 1200 MW, and 10%
for a SMR capacity of 400 MW, respectively.
Assuming that initial cost for 1200 MWk plant
for SMR FOAK project is 25% higher than an
identical LSR FOAK project, the projection of
the levelized cost is presented in Fig.2. It can
be determined that economies-of-multiple offer
a cost advantage over economies-of scale for
the cases considered, up to the crossover point
of approx. 7 GWe power plant capacity.
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Fig.2. Levelized costs for 400 MW, SMR and 1200 MWe LSR by plant capacity
Puc.2. Ilpusenena cobiBapricts enekrpoeneprii mst SMR (400 MB1(e)) Ta MWe LSR (1200 MBT(e)) peakropis y

3aJIEXKHOCTI BiJl MOTYXKHOCTI €HEproOJIoKy

KEY NUCLEAR REACTORS

The AP1000 is a pressurized water reactor
that has been built in China and the United
States. It yields a maximum thermal power
output of 3,415 MWth and a net electrical
output of 1,115 MWe, presented in Fig. 3.

Westinghouse designed the reactor with the
primary goal of reducing costs and improving
safety by minimizing the use of expensive
components, extensive piping, and complex
cabling. Westinghouse achieves these by
implementing passive safety systems, which
eliminate the need for active cooling pumps in
safety functions. In comparison to previous
designs, the AP1000 offers 50% fewer safety-
related valves, 35% fewer pumps, 80% less
safety-related piping, 85% less control cabling,
and 45% less seismic building volume [8].
These advancements contribute to both
increased safety and improved economic
performance. The construction of plant
additionally utilizes a modular approach, with

large components prefabricated at centralized
facilities and transported to the site for
assembly, significantly speeding up the
construction process. The AP1000 design
incorporates two steam generators and canned
rotor main coolant pumps, thereby preventing
seal leakage issues. In the event of a coolant
loss, the containment structure is passively
cooled. Emergency core cooling water is stored
at a high elevation within the containment,
allowing gravity to flow into both the reactor
vessel and the surrounding cavity. The plant
includes two separate safety systems: one for
core cooling in the event of a major pipe break,
and another for containment cooling. The in-
containment refueling water storage tank
(IRWST) is a vital part of this passive
mechanism, since it discharges water into the
core by gravity after potential reactor
depressurization. The tank contains enough
water to fully cover the reactor fuel and fill the
cavity above the fuel assemblies [9]. Technical
parameters are presented in Table 1.
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Table 1. Parameters of the AP1000 Reactor [10, 11]

Tab6.. 1. [Tapamerpu peakropa AP1000 [10, 11].

ISSN 2522-4182

Parameter Value
1 2

Reactor Thermal Power 3,415 MWth
Reactor Electrical Power 1,115 MWe
Containment Single
Core Inlet/Outlet Temperature 280.7°C / 321.1°C
Number of Fuel Assemblies 157
Fuel Assembly Length 14 ft.
Core Damage Frequency 2.4 x 107
Emergency Safeguards Passive In-Vessel Retention System
Number of Steam Generators 2
Main Coolant Pumps 4 Canned Rotor
Refueling Interval 18 Months
Construction Period 3 Years
Concrete <100000 m®
Steel Used <12000 MT

Several full-scale AP1000 reactor projects
have been completed, demonstrating the
design's viability in commercial applications. In
China, four AP1000 units are operational two at
the Sanmen Nuclear Power Plant in Zhejiang
Province and two at the Haiyang Nuclear Power
Plant in Shandong Province marking the
design's first commercial use. In the United

82.7m

A
v

45 m

States, two AP1000 units have been built at the
Vogtle Electric Generating Plant in Georgia
and two another units in VC Summer has been
cancelled during a construction phase. While
the Chinese units were completed and brought
online in the late 2010s, the US projects were
delayed and over budget, with Vogtle Unit 3
going commercial in 2023 and Unit 4 in 2024.

Fig.3. The reactor and auxiliary buildings for the Westinghouse AP1000:
1. shield building, 2. containment building, 3. steam generator, 4. reactor pressure vessel, 5. auxiliary

building [12]

Puc. 3. Peaktop Ta nomomixHi criopynu Westinghouse AP1000:
1. 3axucHa o6onoHka (shield building), 2.repmernuna o6ononka (containment building),
3. maporeneparop (steam generator), 4. kopiyc peakTopa (reactor pressure vessel),

5. nonomixkuuit kopmyc (auxiliary building) [12].

ByniBenbHi koHCcTpyKuii. Teopis i npakTuka * 16/2025
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The EPR is a pressurized water reactor with
a thermal output of 4,500 MWth, yielding 1,660
MWe, shown in Fig. 4. Four EPRs have already
been constructed worldwide: one in Finland
(Olkiluoto), one in France (Flamanville), and
two in China (Taishan Units 1 and 2). The EPR
was developed through a collaboration between
Areva, EDF and Siemens to enhance safety
using a more traditional, yet robust reactor
design. Compared to previous French and
German designs, the plant's size was increased
to benefit from economies of scale and improve
overall competitiveness. Technical parameters
are presented in Table 2.

Table 2. Parameters of the EPR Reactor [10]
Ta6n.2. [Tapamerpu peaktopa EPR [10]

The first EPR to begin construction was at
Olkiluoto in Finland. Although initially
scheduled for completion in 2009, the project
last more than a decade late and significantly
over budget in 2022. Taishan Units 1 and 2,
completed in 2018 and 2019 respectively, were
the first EPRs to begin commercial operations,
owing to efficient project execution and
regulatory processes. Flamanville 3, which
construction was launched in 2007 faced
similar setbacks and rising costs, and as a result,
was completed only in 2024.

Parameter Specification
Reactor Thermal Power 4,500 MWth
Reactor Electrical Power 1,660 MWe
System Pressure 2,250 PSIA
Core Inlet/Outlet Temperature 295.6°C / 329.8°C
Number of Fuel Assemblies 241
Fuel Assembly Length 480 cm
Core Damage Frequency 5x107
Emergency Safeguards Active (4 Independent Trains)
Steam Generators 4
Main Coolant Pumps 4
Containment Double
Refueling Interval 18 Months
Construction Period 5 Years
Concrete 204498 m®
Steel Used 70903 MT
The  design  incorporates  multiple The APR1400 provides a thermal power

independent and redundant safety systems,
along with a core catcher to manage potential
fuel melt accidents in the event of system
failure. However, these added features
increased both the complexity and cost of
construction. The Olkiluoto and Flamanville
projects, in particular, experienced major
delays and cost overruns due to challenges
associated with FOAK construction [13].

The APR1400 (Advanced Power Reactor
1400) is a Generation Il pressurized water
reactor designed by Korea Electric Power
Corporation (KEPCO) and Korea Hydro &
Nuclear Power (KHNP), shown in Fig. 5. It is
an evolutionary design that builds on the proven
OPR1000, with significant improvements in
safety, performance, and operational efficiency.

10

output of 4,000 MWth and a net electrical
output of around 1,400 MWe. Technical
parameters are presented in Table 3.

The design places a strong emphasis on
enhanced safety systems, digital
instrumentation and control, and
standardization to reduce construction and
operational costs. Unlike passive designs like
the AP1000, the APR1400 utilizes active safety
systems with strong redundancy, such as four
safety injection pumps, two independent trains
of emergency core cooling systems (ECCS),
and a safety depressurization system [15].
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Fig.4. The EPR Reactor Section and Plan [14]
Puc.4. Ilepepi3 Ta mian peakropa EPR [14]

These systems are intended to address both
large-break and small-break loss of coolant
incidents. The containment structure is double-
walled and is capable of withstanding both
external events and internal pressure surges.

Table 3. Parameters of APR1400 Reactor [10]
Tao6a. 3. [apamerpu peakropa APR1400 [10]
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The reactor core consists of 241 fuel
assemblies, and the plant is designed for
refueling every 18 to 24 months [16].

Parameter Specification
Reactor Thermal Power 4,000 MWth
Reactor Electrical Power 1,400 MWe
System Pressure 2,250 PSIA
Core Inlet/Outlet Temperature 290°C / 323°C
Number of Fuel Assemblies 241
Fuel Assembly Length 365.8 cm

Core Damage Frequency

~1 x 107 / reactor-year

Emergency Safeguards

Active (2 x 100% Redundant Trains)

Steam Generators

Main Coolant Pumps

2 (U-tube type)
4

Containment Single
Refueling Interval 18-24 Months
Construction Period ~5 Years
Concrete unknown
Steel Used unknown

The APR1400 reactor design has been
successfully deployed in several projects, both
domestically in  South  Korea  and
internationally. In South Korea, Shin-Kori
Units 3 and 4 have been commissioned and are
operational since 2016 and 2019, respectively.
On the international front, the Barakah Nuclear
Power Plant in the United Arab Emirates hosts
four APR1400 reactors. Unit 1 became
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operational in 2021, followed by Unit 2 in 2022,
Unit 3in 2023, and Unit 4 in 2024. South Korea
is also expanding its nuclear energy capacity
with the construction of Shin-Hanul Units 1 and
2, scheduled for initial completion by 2026, as
well as two more reactors at the Shin-Kori site,
which are in the advanced stages of
construction.
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Fig.5. Cross-section and plan of the APR1400 reactor [17]
Puc.5. Tlonepeunuii nepepi3 Ta mwian peakropa APR1400 [17]

PURPOSE AND METHODS

The primary objective of assessing nuclear
power plant projects in terms of time and cost
performance is to quantify and analyze the
distinct impacts associated with FOAK and
NOAK deployments. Understanding these
effects is crucial for improving project
management strategies, forecasting future
outcomes, and enhancing overall efficiency in
nuclear power plant construction. While Earned
Value Management (EVM) [18] is a
comprehensive method traditionally employed
during project execution for continuous
monitoring [19], controlling costs, and
providing accurate forecasts [20], the present
analysis applies a simplified approach tailored
specifically for post-project evaluations [21].

This simplified evaluation methodology
centers around four critical post-completion
metrics:

Planned Time of Construction (T,), Final
Time of Construction (Ty), Planned Costs of
Construction (Cp), and Final Costs of
Construction (Cs). Utilizing these metrics, two
key performance indicators are defined: the
Schedule Performance ratio (SP) and the Cost
Performance ratio (CP), computed as equation
(2) and (3):

SP = T,/Ty, )

CP = C,/Cs. (3)
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These ratios provide intuitive and
straightforward insights into project schedule
adherence and budget management.

To derive a comprehensive performance
indicator that simultaneously captures both
time and cost dimensions, the aggregated
Performance Coefficient (PC) is introduced,
defined as equation (4):

—sp.cP=2.%
PC=SP-CP=22- )

This consolidated coefficient serves as an
effective tool for objectively evaluating overall
project efficiency [22]. All projects included in
the study are assessed using this unified metric,
allowing for clear, comparative analysis across
multiple nuclear plant projects. Finally, the
resulting data are visualized using graphical
techniques to facilitate a clear understanding of
performance trends, enabling the identification
of best practices, common pitfalls, and practical
insights that contribute to more effective
planning and execution strategies in future
nuclear reactor projects.

RESULTS AND EXPLANATIONS

The main conclusion drawn from the table 4
is that all analyzed nuclear reactor projects
experienced significant delays and considerable
cost overruns compared to their initial plans.
Specifically, reactors deploying AP1000 and
EPR technologies demonstrated substantial
deviations in both construction time and final
budget, exemplified by the Vogtle and
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Olkiluoto projects, respectively. The Vogtle 3
AP1000 unit took 125 months to complete
compared to a planned duration of 40 months,
with costs increasing from an estimated 14.3
billion USD to a final 36.8 billion USD.
Similarly, the EPR reactors, such as Olkiluoto
3 and Flamanville 3, showed extreme
extensions of timelines, from planned
construction periods around 4-5 years to actual
completion taking over 17 years, coupled with
budget escalations by a factor of approximately
three to four. Projects involving APR1400
technology, such as ShinKori and Barakah, also
experienced delays and budget increases, albeit
relatively smaller. The main outcome from
Table 5 is that nuclear reactor construction
projects experienced significant reductions in
capacity construction rates (MW/month) and
considerable increases in unit costs per MW

(kUSD/MW) compared to their planned
estimates.

Table 6 presents the Performance
Coefficient (PC), which integrates both

schedule (SP) and cost (CP) performance ratios,
clearly indicates significant challenges across
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all nuclear technologies and projects. Projects
closer to a PC value of 1 represent better
performance, yet none of the examined projects
achieved this ideal. APR1400 projects
generally performed better than AP1000 and
EPR projects, with ShinKori 5 and 6 attaining
the highest PC of 0.66 due to relatively better
control of time (SP = 0.76) and cost (CP =
0.86). In contrast, the EPR reactors had notably
low PC values, particularly Olkiluoto 3 (PC =
0.07) and Flamanville 3 (PC =0.09), driven by
severe deviations in both schedule and cost
management. AP1000 projects also struggled
significantly, especially Vogtle units (PC =
0.13), underscoring substantial inefficiencies.

Overall, the results demonstrate systemic
weaknesses in the planning and execution of
nuclear construction projects, with clear room
for improvement, especially in managing
schedules and controlling costs effectively.

The fig.6 illustrate comparative analyses of
construction time and cost performance,
capacity rates, and specific capital costs for
nuclear reactors based on AP1000, EPR, and
APR1400 technologies.

Table 4. The results of comparison planned and final costruction time and cost for nuclear reactors [23]
Ta6n.4. [lopiBHIBPHUN aHAJI3 TUTAHOBUX 1 (PAKTHYHUX MOKAa3HHUKIB TPUBAIOCTI OYIIBHMIITBA Ta BapTOCTI

SAIEpHUX peakTopis [23]

Net Planned Final
Technolo Unit capacit Construction Construction Planned Cost Final Cost
9y [,f’/lw]y Time Time [bln USD] [bln USD]
[Months] [Months]
1 2 3 4 5 6 7
AP1000 Vogtle 3 1117 40 125
14,30 36,80
AP1000 Vogtle 4 1117 44 125
AP1000 Sanmen 1 1157 52 107
5,84 7,30
AP1000 Sanmen 2 1157 56 103
AP1000 Haiyang 1 1170 55 113
: 6,00 ~9,00
AP1000 Haiyang 2 1170 57 109
EPR Olkiluoto 3 1600 47 212 3,55 12
EPR Flamanville 3 1600 67 205 3,6 13,6
EPR Taishan 1 1660 44 109
: 7,5 14,3
EPR Taishan 2 1660 63 113
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Table 4 (continuation)
[Mponosxenns Tabn.4

1 2 3 4 5 6 7
APR1400 ShinKori3 1416 60 97
- - 4,89 6,46
APR1400 ShinKori4 1418 60 121
APR1400 ShinKori5 1340 71 95
: : 7,58 8,80
APR1400 ShinKori6 1340 69 89
APR1400 ShinHanull 1340 57 125
: 6,26 7,60
APR1400 ShinHanul2 1340 56 130
APR1400 Barakahl 1345 72 105
APR1400 Barakah2 1345 75 100
24,40 32,00
APR1400 Barakah3 1345 58 93
APR1400 Barakah4 1345 59 102

Table 5. The results of determining planned and final capacity construction costs and rates for nuclear reactors
Ta6a.5. Pesynprarn BHU3HAa4YeHHS 3aIUIaHOBAaHMX Ta (PAKTUUYHUX BUTpPAT Ha OYHIBHHLUTBO Ta TEMIIU
OyMiBHUITBA SIEPHUX PEAKTOPIiB

Planned Final
Net Capacity Capacity Planned Cost Final Cost
Technology Unit capacity | Construction | Construction per MW per MW
[MW] Rate Rate [kUSD/MW] | [KUSD/MW]
[MW/month] | [MW/month]
AP1000 Vogtle 3 1117 27,93 8,94 640107 16472.60
AP1000 Vogtle 4 1117 25,39 8,94
AP1000 Sanmen 1 1157 22,25 10,81
2523,77 3154,71
AP1000 Sanmen 2 1157 20,66 11,23
AP1000 Haiyang 1 1170 21,27 10,35
2564,10 3846,15
AP1000 Haiyang 2 1170 20,53 10,73 ’ '
EPR Olkiluoto 3 1600 34,04 7,55 2218,75 7500,00
EPR Flamanville 3 1600 23,88 7,80 2250,00 8500,00
EPR Taishan 1 1660 37,73 15,23
2259,04 4307,2
EPR Taishan 2 1660 26,35 14,69 290 307,23
APR1400 Sh!nKor!S 1416 23,60 14,60 1725.48 297946
APR1400 ShinKori4 1418 23,63 11,72
APR1400 ShinKori5 1340 18,87 14,11
APR1400 ShinKori6 1340 19,42 15,06 2828,36 328358
APR1400 ShinHanull 1340 23,51 10,72
APR1400 ShinHanul2 1340 23,93 10,31 233,82 283582
APR1400 Barakahl 1345 18,68 12,81
APR1400 Barakah2 1345 17,93 13,45
4535,32 5947,96
APR1400 Barakah3 1345 23,19 14,46 ’ ’
APR1400 Barakah4 1345 22,80 13,19
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Table 6. The results of determining the final rates of nuclear projects performance
Ta6.6. Pesynbratu BU3HaYeHHS (iHAJIBHUAX MOKa3HUKIB €(pEKTHUBHOCTI SIEPHUX HPOCKTIB

ISSN 2522-4182

Average
Average Average AV(_arage Final
Planned Planned Cost Final Cost per
Technology Unit Construction er Unit Construction Unit SP CP PC
Time per Unit [Eln USD] Time per Unit [bin
[Months] [Months] USD]
AP1000 \zgglge 42 715 125 184 | 034 | 039 | 013
AP1000 5?2”;;9” 54 292 105 365 | 051 | 0,80 | 028
AP1000 H?iy;‘)”g 56 3 111 45 | 050 | 067 | 034
EPR Olkiluoto 3 47 355 212 12 | 022 030 | 007
EPR F'am%”"'"e 67 36 205 136 | 033 | 026 | 0,09
EPR T‘Z‘fg;’m 535 375 111 715 | 048 | 052 | 025
APR1400 Sh'g'zo“ 60 2 445 109 323 | 055 | 0,76 | 0,42
APR1400 Sh'g*go” 70 379 92 44 | 076 | 086 | 066
APR1400 Sh”‘lHZa”“' 56,5 313 1275 38 | 044 | 082 | 037
Barakah
APRI400 | 0 66 6.1 100 8 066 | 0,76 | 050

Figure 6(a) compares planned and final
construction durations, highlighting significant
schedule overruns. The EPR (Olkiluoto,
Flamanville) projects exhibit the largest
discrepancies between planned and final times.
Figure 6(b) contrasts planned and final
construction costs. The AP1000 (Vogtle) and
EPR reactors (Olkiluoto and Flamanville) show
severe cost escalations. Figure 6(c) presents
capacity construction rate (MW/month),
revealing that the APR1400 units generally
maintained closer consistency between planned
and achieved construction rates compared to
AP1000 and EPR reactors, with AP1000 and
EPR experiencing significant reductions in
efficiency. Figure 6(d) illustrates the specific
capital cost per MW, showing substantial
deviations between planned and final costs,
particularly for AP1000 (Vogtle) and EPR
(Olkiluoto, Flamanville) reactors, indicating
severe underestimation of initial budgets.
APR1400 reactors experienced less drastic
increases.
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Figure 7 provides a direct comparison
between planned and final construction times
and costs for nuclear reactor projects based on
AP1000, EPR, and APR1400 technologies.
Each arrow in the chart connects the planned
(starting point) and final (ending point)
scenarios, clearly visualizing the extent of
deviations. AP1000 reactors (Vogtle) exhibit
extremely large increases both in construction
time and cost, with final values significantly
higher than planned, emphasizing severe
underestimation and project management
challenges. But (Sanmen and Haiyang) projects
present better performance results comperable
to APR1400. EPR reactors (Olkiluoto 3,
Flamanville 3) also demonstrate substantial
deviations, comparable to AP1000, but slightly
lower, illustrating extensive schedule delays
and cost overruns. APR1400 reactors
(ShinKori, ShinHanul, and Barakah units) show
notably smaller discrepancies between planned
and actual outcomes, indicating more realistic
forecasting, better project control, and
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improved management practices. Figure 8
illustrates a clear performance evaluation of
nuclear reactor projects, comparing the
Schedule Performance Ratio (SP) against the
Cost Performance Ratio (CP), combined into a
Performance Coefficient (PC), visualized by
circle sizes. The best-performing project is the
APR1400 (ShinKori 5,6), indicated by the
largest circle and its position closest to the ideal
(top-right  corner), highlighting balanced
efficiency in both cost and schedule control. In
contrast, the EPR (Olkiluoto) project exhibits

Technology

— APL000 =

Construction Time Performance

=3 Manned Construction Time [Months]
=3 Final Construction Time [Months]

Cost (Billion USD)

15.0

125

10.0

the poorest performance, positioned at the
bottom-left corner with the smallest circle,
underscoring significant issues with cost
overruns and extensive delays. Overall,
APR1400 projects consistently outperform
AP1000 and EPR reactors in managing
construction schedules and costs effectively.
The figure 9 does not show a clear learning
trend or progressive improvement across
subsequent projects. Instead, fluctuations in
both construction time and cost are observed for
all technologies, with notable inconsistencies.

o EPR s APR1400

Construction Cost Performance

=3 Planned Cost [bin USD]
= Final Cost [bln USD]

Unit

a

Capacity Construction Rate Comparison (Sorted by Smallest Difference)

0
&
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—
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Fig.6. (a) Construction Time Performance, (b) Construction Cost Performance, (c) Capacity Rate
Comparison, (d) Specific Capital Cost per MW

Puc.6 () Bukonanus tepminiB OyaiBauirsa, (60) Bukonanus komrropucy OyaiBHuiTea, (B) [TopiBHAHHS
NOKAa3HHKIB NOTYKHOCTI, (r) [TuTomi KamitansHi BuTpati Ha 1 MBT
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Fig.7. Comaparison of planned and final construction time and cost
Puc.7. llopiBHsSHHS 3a1aHOBaHUX Ta (PaKTUYHUX MTOKA3HUKIB TEPMiHIB OYIiBHHUIITBA Ta BAPTOCTI

Project Performance Evaluation
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Fig.8. Project Performance Evaluation
Puc. 8. O1inka eeKTUBHOCTI MPOEKTY

The APR1400 curves demonstrate variability
with initially high values decreasing in some
projects but not consistently downward. The
EPR exhibit minimal evidence of a learning or
improvement trend. The AP1000 curves
displays significant increases, especially in cost
for the Vogtle units, reflecting deteriorating
rather than improving performance.
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CONCLUSIONS AND
RECOMMENDATIONS

Analysis of recent Generation [I/111+
nuclear reactor projects reveals substantial
delays and significant cost overruns, indicating
persistent FOAK challenges and limited
visibility of the anticipated NOAK effect,
which usually provides improved efficiency in
subsequent builds.
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Learning Curve for Average Final Construction Time and Cost by Technology
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Fig. 9. Learning curve for average projects time and cost by technology
Puc. 9. Jlocninna kpuBa JuIsl cepeIHIX OKa3HUKIB Yacy Ta BAPTOCTI MMPOEKTIB 32 TEXHOJIOT1IMHU

Factors contributing to these delays and cost
escalations include evolving regulatory
frameworks, particularly heightened safety
requirements following events such as the
inadequate  project management, design
modifications occurring  mid-construction,
supply chain immaturity, and insufficient
skilled workforce. Projects frequently began
construction prior to finalizing design details,
leading to significant rework and productivity
losses. Moreover, issues such as quality control
scandals and a high workforce turnover rate
further inhibited the transfer and retention of
experience.

Collectively, these challenges diminished
potential efficiencies typically gained in
repeated construction, demonstrating that each
project essentially encountered renewed
complexities  characteristic  of FOAK
implementations. Currently, there are 65
nuclear reactors under construction globally,
with an additional 90 reactors planned [24],
underscoring continuing investment in nuclear
energy. Simultaneously, there is significant and
growing interest in developing Small Modular
Reactor (SMR) technologies [25], intended for
diverse applications including remote regions,
industrial  processes, and flexible grid
integration. Given the challenges highlighted
by recent reactor construction projects, future
research is recommended to specifically focus
on analyzing FOAK and NOAK effects
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associated with large scale reactors and try to
rescale it to SMRs to better understand and
mitigate potential cost overruns and schedule
delays inherent in deploying this emerging
technology.
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OIIHKA BAPTOCTI TA BUKOHAHHS
I'PA®DIKIB BY IIBHUILITBA
K/IIOYOBUX AJEPHUX PEAKTOPIB

Kapone CKIBA,

Mixan POI'Y3,

Poman KIHAILLI
AHoTamiss. ATOMHa TIPOMHCIIOBICTH €
VHIKQJIBHAM  CEKTOpOM, SKHH  O0COOJIUBO

Bpa3JIMBUH 10 3aTpUMOK. Benmka KilbKiCTh
BIUTUBOBHUX (DaKTOpIB, TaKWX SK CKJIQJTHICTh
MPOEKTYBaHHS, CTUCTI TEPMIHH BUKOHAHHS
pOOIT HAa MalTAHYMKY Ta JIOTICTHYHO CKJIaIHUNA
HACKPI3HHUN JTAHIFO)KOK MOCTABOK, 1 1€ JIHIIE
Jesiki 3 HHX, pOOJIATH BECh MPOEKT ykKe
CXWIBHUM 10 YyckimaaHeHs. Y 2017 pomi
OIIIHEHO, [0 MakKe Bl TPETUHHU 3 55 aTOMHUX
€JIGKTPOCTAHIIIN, AKi OyayBamucs Ha TOM 4ac,
BiJIcTaBaM Bij rpadika.

Kpim toro, BBaxkaetncs, mo 3 2010 poky
Taki 3aTpUMKH TpPU3BEIH 10 301TbIICHHS
KIHIIEBOi BapTOCTI MPOEKTIB Maiixke Ha 20%. YV

i poOOTi  TWpoaHaNmi30BaHO  OCTaHHI
pe3ynbTaTé OYIIBHUIITBA TPOEKTIB SACPHUX
peakropie  mokominas /14,  30kpema,

mocimimkeno Ttexuoiorii AP1000, EPR i
APR1400. Knto4oBi MOKa3HUKU €(PEKTUBHOCTI

Cmamms naoittuna 0o peoaxuii 10.05.2025 p.
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Kl OyJl0 OIIIHEHO, BKJIIOYAJIN TOPIBHSIHHSA
3aIUIAaHOBaHMX 1 (AKTUYHHUX  TEpMIHIB
OyAiBHMIITBA, BUTPATH 1 TEMIIU CIIOPY/KCHHS
HOTY>KHOCTEH, sIKI BUSIBIIIN 3HAYH1 B1IXUJICHHS
MiX poaHajli30BaHUMHU POEKTAMHU.
EQexTHBHICTD KOXHOTO SAEPHOIO IPOEKTY
Oyna KUIBKICHO OIliIHEHa 3a JIOTIOMOTOIO
koedirienTa MPOAYKTUBHOCTI rpadika,
kKoedimieHTa e(EeKTUBHOCTI BapTOCTI Ta
IHTEerpoBaHOro KoedimieHTa ePeKTUBHOCTI IS
MOBHOTO TIOPIBHSHHA €(EeKTUBHOCTI PI3HUX
pPEaKTOPHUX  TEXHOJOriM. AHami3 Takox
BU3HAYMB KIFOYOBI MPUYMHUA IUX BiIXWUJICHb,
Taki SK MIHJIMBE HOPMAaTHUBHE CEpelOBHILE,
BUMOTH 10  Oe3mleKkd, HEeePEeKTUBHICTH
YIpaBJIiHHS TPOEKTAMU, HE3PUIICTh JIAHIIOKKA
mocradyaHHs 1 oOOMekeHa  JOCTYIHICTh
KBaJi(ikoBaHOI PoOOYOi CHIIM, AKI CHPHUSIIN
NOCTIMHUM  mpoOsemMaM,  MOB'SI3aHUX 3
nepuMMu y cBoemy pozi peakropamu (FOAK),
1 3aTbMaploBajld  OYIKYBaHI TOJIMIIECHHS,
HOB'A3aHI 3 N-MH Yy CBOEMY POl peakTOpamu
(NOAK). Ha ocHOBI 1mux BHCHOBKIB HaJaHO
pexomeHpamnii Ui MalOyTHIX JOCTiIKEHb,
HaroJOUIylOYM Ha HEOOXITHOCTI 3aCTOCYBaTH
3HaHHS, OTPUMaHi IiJ] Yac pPO3rOpTaHHA
BEJIMKUX pEaKTOpiB, J0 HOBUX TEXHOJOTIH
MaJIuX MOyJIbHHUX peakTopiB (MMP).

KmrouoBi caosa: NOAK; FOAK; wuac

BUXOQy Ha puHOK; OyniBHuuteo AEC;
BapTiCTh; rpadik poOdiT
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Summary. Transverse reinforcement with welded
meshes is used in areas of significant compressive
forces, usually in local places, where it is necessary to
increase the strength of concrete in axial compression.
In a calculated way, such an increase in the strength of
concrete is usually taken into account by introducing
coefficients that were obtained on the basis of
experimental researches. Calculation of the strength of
such elements on the basis of empirical dependencies is
a significant drawback that can lead -either to
overspending on materials or to insufficient reliability
of structures. Improving the calculation method with
transverse reinforcement is a rather promising direction.

The presented work presents a method for
determining the ultimate compressive stresses of
concrete in compression in places of transverse
reinforcement with welded meshes, based on the
theory of plasticity of reinforced concrete, within
which the mesh reinforcement is considered as an
internal bond that limits the transverse deformations
of concrete in compression and causes the
emergence of reactive compressive stresses in
concrete acting in the plane of the meshes. As a
result, concrete within the location of the
reinforcing meshes passes from a stressed state of
axial to triaxial compression, which causes an
increase in its strength, and at the same time the
strength of the entire element in the area of the
compressive force.

Based on the above-mentioned premises,
theoretical calculations were obtained to determine
the ultimate stresses in concrete in places of
reinforcement with welded meshes, which take into
account the intensity of transverse reinforcement
(diameter, mesh reinforcement pitch and their
location along the height of the element), the
strength characteristics of concrete and the
corresponding reinforcement.

©Y. KLYMOV, D. SMORKALOQV, 2025
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To verify the developed calculation tool, we
conducted local experimental researches of the
strength of reinforced concrete elements with
transverse reinforcement with welded meshes.

The analysis of the results of the experimental
and theoretical studies made it possible to establish
the general regularities of the stress-strain state and
the strength of centrally compressed elements with
transverse reinforcement.

As a result of comparing experimental and
theoretical data, it was established that the
developed calculation method for determining the
strength of compressed reinforced concrete
elements in zones of transverse reinforcement with
welded meshes has a sufficiently high accuracy,
since the ratio between the calculated and
experimental load at failure was 0.87...1.06, and
after further experimental testing it can be used for
calculating structures.

Keywords: transverse reinforcement; central
compression; strength of reinforced concrete
elements; welded meshes; "compression” effect;
limit state.
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INTRODUCTION

The use of transverse reinforcement of
reinforced concrete structures, especially in the
areas of joints, concentrated loads or in the
areas of anchoring of  prestressed
reinforcement, which is usually located
perpendicular to the direction of external
loading, has become common construction
practice. The increase in strength and
deformation characteristics of such elements is
due to the influence of the "compression "
effect.

The reinforcement of compressed reinforced
concrete elements with transverse
reinforcement contributes to the increase in the
strength of the concrete core (the result of
which is the increase in the load-bearing
capacity of the entire structure), and also creates
favorable conditions for the effective use of
high-strength reinforcement.

Among the large number of different types
of transverse reinforcement (rings, spirals,
frequently located clamps, transverse sheet
reinforcement, solid metal clamps, clamps
made of angles and connecting strips, etc.), the
most widely used in engineering practice is
transverse reinforcement in the form of welded
meshes.

According to existing methods, the
calculation of reinforced concrete elements
with transverse reinforcement by welded
meshes is based on the introduction of reduced
prismatic strength o. instead of prismatic
strength oceq, the determination of which is
based on empirical dependencies.

The disadvantages of the empirical approach
are well-known - the lack of a clear physical
meaning, the reliability of the obtained
solutions only for the processed array of
experimental data, etc., which does not allow
the application of this calculation method in all
cases that occur in practice and leads in some
cases to the overspending of material, and in
others to insufficient reliability of the design.

At the same time, one of the most promising
areas for improving the methodology for
calculating the strength of elements with
transverse reinforcement is the construction of

BypaiBenbHi koHCTpYyKUii. Teopis i npakTuka * 16/2025
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a calculation model based on the theory of the
limit state of reinforced concrete.

PROBLEM STATEMENT AND
ANALYSIS OF PREVIOUS RESEARCH

Most of the researches conducted to date on
the influence of reinforcement on the stress-
strain state of concrete in compressed
reinforced concrete elements are experimental
researches of the strength of elements
reinforced with flat welded meshes and
protective reinforcement, as well as pipe-
concrete elements. The experimental researches
conducted included, among other things, tests
for axial compression of reinforced concrete
elements reinforced with welded meshes, in
which ~ the intensity of  volumetric
reinforcement, the diameter of the rods, the
pitch of the reinforcement in the meshes and
their position along the height were varied [1,
2,3,4,5,6,7,8,9, 10].

As a result of the conducted researches,
experimental data were obtained on the type of
the destruction of the strength of elements,
changes in longitudinal and transverse
deformations of concrete, and stresses in the
reinforcement during loading, including cyclic
loading [9, 11]. It was found that the presence
of reinforcement in the form of meshes, due to
the limitation of transverse deformations, leads
to the occurrence of a triaxial stress state in
concrete and an increase in the strength of
samples under axial compression by 1.10-1.45
times, which corresponds to the results of
concrete tests under triaxial compression at
corresponding values of transverse compres-
sive stresses within 0.1 ... 0.5 of the ultimate
under axial compression [12, 13, 14, 15, 16,
17]. At the same time, with an increase in
transverse reinforcement with meshes or
protective reinforcement, the strength and
ductility of the elements increase.

The calculated assessment of the influence of
transverse reinforcement on the strength of
elements under central compression is reduced
to the introduction of empirical coefficients that
take into account the intensity, type,
configuration and construction of transverse
reinforcement [18, 19, 20, 21, 22, 23].
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At the same time, there are real prerequisites
for building a theoretical approach to
determining the strength of concrete of
reinforced concrete elements in the zone of
transverse reinforcement with welded meshes
based on taking into account the real stress-
strain state of concrete.

The object of research is centrally
compressed reinforced concrete elements with
transverse reinforcement with transverse
welded meshes.

The purpose of the work is to improve the
methodology for calculating the strength of
centrally compressed elements with transverse
reinforcement with welded meshes and to build
a calculation model based on the limit state of
reinforced concrete.

Research objectives:

- develop a method for calculating the
strength of centrally compressed reinforced
concrete  elements  with  transverse
reinforcement;

- obtain experimental data on the strength of
centrally compressed reinforced concrete
elements with transverse reinforcement;

- perform a comparison of the strength results
of the test samples with the theoretical
values obtained by the presented calculation
method.

Subject of research.

To construct a theoretical approach to
determining the concrete strength of reinforced
concrete elements in the zone of transverse
reinforcement with welded meshes based on
taking into account the real stress-strain state of
concrete. To verify the developed calculation
model, to conduct local experimental
researches of the strength of reinforced concrete
elements with transverse reinforcement with

welded meshes. To compare the results of
theoretical and experimental researches (local
and others) to obtain general patterns of the
stress-strain state and strength of centrally
compressed  elements  with  transverse
reinforcement.

MAIN MATERIAL AND
RESULTS OF RESEARCH

The method of calculating the strength of
centrally compressed reinforced concrete
elements with transverse mesh reinforcement
presented in this article is based on the
following initial assumptions, which were
obtained from the analysis of numerous
experimental data:

- the destruction of the element occurs when
the limit state is reached in the concrete core;
if certain design requirements are met, the
destruction of the element occurs when the
limit state is simultaneously reached in the
concrete core and transverse reinforcement;

-at the stage of limit equilibrium,
compatibility of deformations of transverse
reinforcement and concrete in the transverse
direction is ensured;

- transverse reinforcement located in a
concrete mass is an internal connection that
ensures the constraint of transverse
deformation and, as a consequence, a change
in the stress state of concrete under given
loading conditions;

- the core concrete is in a volumetric stress
state, for the assessment of which the
strength condition of Lukshi L.K. is used (1)
[24]:

2 2 2
Op1 + Ohy + 0h3 — 2(0p10p2 + Op20p3 + 0430p1) — 1)

- (UC - O-ct)(o-bl + Opp + GbS) — 0.0, =0

The calculation model of the element at the
limit equilibrium stage is shown in Fig. 1.

The ultimate load on an element is
determined from the equation of external and
internal forces on the vertical axis:

24

N, = UblAef + fyAs (2)

where gy, - axial stresses in the concrete core,
determined from the condition of concrete
strength (1), in which the main stresses oy,,, 033
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are determined based on the following
considerations.
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]
P 2 i |
O'yAs O UyAs

Fig. 1. Calculation model of a reinforced concrete element with transverse mesh reinforcement at the stage
of ultimate equilibrium: a - external and internal forces in a flat horizontal section; b - external and

internal forces in a flat vertical section

Puc. 1. Po3paxyHkoBa MOaeh 3a/1i300€TOHHOTO €IEMEHTa 3 HENMPSIMUM CITYACTHUM apMyBaHHIM Ha CTaiii
TrPpaHUYHOI PIBHOBAry: a - 30BHIIIHI Ta BHYTPILIHI 3yCHIIS Y ITIOCKOMY T'OPU30HTAILHOMY epepisi;
0 - 30BHIIIHI Ta BHYTPILIHI 3yCHJUIA Y TUIOCKOMY BEPTHKAJILHOMY TIepepisi

Loading an element with an axial
compressive load causes its deformation:
compression in the longitudinal and tension in
the transverse directions. As a result, tensile
stresses arise in the transverse reinforcement,
and reactive compressive stresses that are
mutually balanced with them are transferred to
the concrete (Fig. 1, b). Thus, the stresses ay,,,
o,3 are reactive stresses of concrete
compression and are determined from the
element equilibrium equations in flat vertical
sections (Fig. 1, b):

Op2 = HUs,2052,
3)

Op3 = Us3053,

where

Us2 U Ug3 - reinforcement coefficients in the
corresponding direction;
05, U 03 - Stresses in transverse reinforcement
of the corresponding direction in
the ultimate state.

In construction practice, welded transverse
meshes with the same reinforcement
coefficients in orthogonal directions are
predominantly used as transverse
reinforcement, i.e. s, = Us3 = Ug,;.

Based on the above, we write down:

Os2 = O0s3 = O5i U Opp = Op3 = Op;.

Solving (1) with respect to the main stresses
op; We obtain:

O, — 0
Op1 = Zo-bi +—F

BypaiBenbHi koHCTpYyKUii. Teopis i npakTuka * 16/2025
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(O-c - O-Ct) 2 (4)
4
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where o;,; - reactive stresses of lateral
compression of concrete core:

Opi = Ogills iy (5)

According to experimental data, the
magnitude of stresses in the reinforcement of
meshes in the limit state (oy;) is in a wide range

- Usi/ay = 0,55 ...1,0 and depends on various

design factors.
Let us represent the stresses ay; in the
following form:

O-Si = kSO-yy (6)

where kg < 1,0 - coefficient of efficiency of
using transverse reinforcement.

Based on the conducted generalization and
analysis of a number of experimental and
theoretical researches, it was established that
the following design factors have the most
significant influence on the value of the
coefficient kg: concrete compressive strength
(o, ), transverse reinforcement capacity (o, =
Us,i 0y,), mesh cell size (a1) and mesh pitch (s).

According to the experimental data, it is
advisable to present the above design factors in

. . . Og Qg 1
relative units, respectively, —, — and — =
Oc a X
_ a
T 2s

We determine the dependence of the
coefficient k on the above factors by means of
mathematical processing of the results of
experimental researches by various authors, in
which the efficiency coefficient is presented in
the form:

where a,- transverse reinforcement capacity;
ofest- stresses of reactive compression of
concrete, determined by substituting into
dependence (1) the experimental values of o,
o.+¥ gy, and its solution relative to gy;.

As a result of the theoretical researches, it
was established that, if the design requirements

a “/q<033 ul/, <100 aremet, the

coefficient kg is determined quite accurately
by the following dependencies:

26

a) under JO/UC < 0,10,
ks =1,0 (8)

b) under UO/UC > 0,10,

ke = 0,31 \F ©)
)

If at least one of the above design
requirements is not met, a significant spread of
the values of kg determined according to (7)
and a general tendency towards a sharp
decrease in the efficiency coefficient of
transverse reinforcement are observed.

To verify the developed calculation model,
local experimental researches of the strength of
reinforced concrete elements with transverse
reinforcement with welded meshes were
conducted.

Concrete prisms with a cross-section of 150
x 150 mm and a length of 600 mm, reinforced
with welded mesh, were adopted as test
samples.

The variable factor was the step of the
transverse meshes (s) and the coefficient of
transverse reinforcement ug. In total, 3 series
(P-1, P-I1, P-111) of experimental samples were
manufactured and tested, 3 twin samples in
each series, as well as reference samples made
of concrete.

Heavy concrete of class C20/25 was used
for the production of the samples, and welded
transverse meshes of wire reinforcement of
class Bp-1 with a diameter of 5 mm were used
as transverse reinforcement. Longitudinal
reinforcement was absent. The design
parameters of the test samples are given in
Table 1.

The designs of the experimental samples
are shown in Fig.1.

The experimental samples were tested for
short-term central compression on a PG-100
hydraulic press. The load was applied in steps
of (1/10...1/20) of the expected destructive
load, with each step of loading being
maintained for 3...4 minutes. During the test,
the ultimate load on the sample was
determined, longitudinal and transverse
deformations were measured, and a visual
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inspection of the samples was performed for
cracks and peeling of the protective concrete
layer. The ultimate load was defined as the
maximum force that the test sample was
capable of withstanding during loading.
Longitudinal deformations were measured

Table 1. Design parameters of experimental samples
Ta6a. 1. Po3paxyHKOBI mapaMeTpu JOCHITHUX 3pa3KiB

ISSN 2522-4182

with dial gauges (0.001 mm division value) on
a 200 mm base and strain gauges with a 50 mm
base. Transverse deformations were measured
with dial gauges (0.001 mm division value) on
a 150 mm base and strain gauges with a 50 mm
base.

Sample Concrete Transverse reinforcement
mark o, MIla | o, MIla ay, MlIIa S, MM Us,, %6 pso'y/ G0 sla ai/a
P-1-1
P-1-2 23 2,08 539,9 30 2,03 0,48 0,20 0,30
P-1-3
P-11-1
P-11-2 23 2,08 539,9 50 1,22 0,29 0,33 0,30
P-11-3
P-111-1
P-111-2 23 2,08 539,9 100 0,61 0,14 0,67 0,30
P-111-3
P-l Pl Pl 1-1
welded welded welded B
meshes \ |e——| & meshes meshes 8
— M —— o — — L
pa—— LN ~F
= o —_— 5 —_ s A A
P o Para—— o o
Attt s ) PR (\n) —a (\n] LN
pu——— -3
1) == |1 1 = 11 11— 11
— — welded /4545 |45
150 150 150 150

Fig. 2. The designs of the experimental samples
Puc. 2. Koncrpykiii 1ocmiaHux 3pa3kiB

Comparison of the calculated (determined
according to (6) taking into account (8, 9))
values of stresses in the transverse
reinforcement in the ultimate state (¢5*'€) with
the experimental (measured directly during
experimental researches) values of stresses
(aest) shows a fairly high agreement between

gtest
the S/ carc = 080 ..1,15),

St

which indicates a reliable display of the stress

results
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state of the mesh reinforcement by the above
dependencies when the element reaches the
ultimate state.

The values of g;,; calculated according to
(5) taking into account (6, 8, 9) are substituted
into (4) and we find the axial stresses in the
concrete core ag3,;. Substituting g3,; into (2) we
determine the value of the ultimate load on a
reinforced concrete element with transverse
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mesh reinforcement without taking into
account its flexibility.

The results of experimental researches and
comparison of experimental and theoretical
(determined by the developed method) values
of ultimate stresses in concrete g3, are givenin
Table 2.

Dependence of concrete compressive
strength on the percentage of transverse
reinforcement is shown in Fig. 3.

The deformations of concrete, both in the
longitudinal and transverse directions, until the

load reaches the level N/N = 0,50 are
u

practically independent of the percentage of

transverse reinforcement of the samples p,,,

and coincide with the corresponding
deformations of unreinforced concrete.

The ultimate deformations of concrete
directly depend on the percentage of transverse
reinforcement of the samples u,,, and their
value for the samples of the P-Il series is
somewhat greater than for the samples of the
P-I series.

The ultimate deformations of concrete for
samples of the P-111 series slightly exceed the
corresponding deformations of unreinforced
concrete, which can be explained by the large
(greater than the limit according to design
requirements) step of the transverse meshes, as
a result of which the influence of transverse
reinforcement  (the influence of the
compressive effect it creates) on the ultimate
deformation of concrete is significantly
reduced.

Table 2. Results of experimental and theoretical researches of centrally compressed reinforced concrete
elements with transverse reinforcement by welded meshes

Tabu. 2. Pesynbratn ekcliepuMEHTAIBHUX Ta TEOPETUUHUX JOCIIIKECHD [IEHTPaTbHO-CTUCHYTHX
3a1i300€TOHHMUX €JIEMEHTIB 3 TIOTIEPEYHIM apMYBaHHSAM 3BapHUMH CiTKaMHU

Sample O, 1, N,test, Ob1eSt, O1e5t/ Gy
mark MPa MPa kN MPa
P-1-1 753,0 45,2 0,98
P-1-2 4,92 46,1 777,3 46,7 1,01
P-1-3 813,8 48,9 1,06
P-11-1 7289 43,8 1,06
P-11-2 3,81 41,2 655,8 39,4 0,96
P-11-3 680,3 40,9 0,99
P-111-1 558,7 33,6 0,93
P-111-2 2,70 36,2 522,2 31,4 0,87
P-111-3 505,9 30,4 0,84

To assess the accuracy of the developed
calculation method, a comparison and
corresponding  statistical  processing  of
theoretical and experimental data on the
bearing capacity of centrally compressed
reinforced concrete elements with longitudinal
and transverse mesh reinforcement was
performed.

The processed data array included test
results of 120 prototypes from other authors.
The main factors that have the greatest

28

influence on the load-bearing capacity of
reinforced concrete elements varied in the
following ranges: the ratio between the length

and transverse size of the specimens - l/a =
3..6,7,
the relative capacity of transverse

reinforcement - °°/5_ = 0,04 ...0,92;

the relative cell size - 1/, = 0,07 ...0,31;
the relative step of the grids — 1/)( =
=1,00...5,3;
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the resistance of longitudinal reinforcement
to compression - f, = 235...447 MPa. The
elements were made of heavy concrete with
the strength £, = 16,5 ... 48,00 MPa.

As a result of statistical processing of
experimental data, the following results were

Gb;’

o)

ISSN 2522-4182

obtained: the average ratio of experimental
destructive loads to calculated ones according
to the developed method is 0.991; the standard
deviation is 0.097; the variation coefficient is
0.098.

Us*

0

i

2

Fig. 3. Dependence of concrete compressive strength on the percentage of transverse reinforcement
Puc. 3. 3anexHicTh Mil[HOCTI OETOHY Ha CTHCK Bil BiZICOTKY HEIPAMOTO apMyBaHHSI

CONCLUSIONS

Generalization, systematization and
analysis of the results of the conducted
experimental and theoretical researches
allowed us to establish the following general
patterns of the stress-strain state and strength
of centrally compressed elements with
transverse reinforcement:

- the experimental values of the concrete core
strength (o3,;) of the samples of the P-1 and
P-11 series are largely consistent (deviation
up to 5.9%) with the theoretical values
determined using the developed method;

- a significant deviation (underestimate) of
the experimental values of the strength of
the concrete core o;;0f the P-lIlIl series
samples from the theoretical ones
determined by the developed calculation
method (deviation up to 19.1%) is
obviously connected with the non-
fulfillment, in this case, of the design
requirements for the arrangement of the

BypaiBenbHi koHCTpYyKUii. Teopis i npakTuka * 16/2025

transverse reinforcement grids in height
(required /4 < 0,5);

- deformation of concrete, both in the
longitudinal and in the transverse
directions, before reaching the load level

N/Nu = 0,50, practically do not depend

on the percentage of transverse
reinforcement of samples pu,, and
coincide  with  the  corresponding
deformations of unreinforced concrete;
the ultimate deformations of concrete
directly depend on the percentage of
transverse reinforcement of the samples
Uy, and for the samples of the P-1l series
their value is slightly greater than for the
samples of the P-I series;

the ultimate deformations of concrete for
samples of the BIII series slightly exceed
the corresponding deformations of
unreinforced concrete, which can be
explained by the large (greater than the
limit according to design requirements)
pitch of the transverse meshes, as a result
of which the influence of transverse
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reinforcement (the influence of the
compressive effect it creates) on the
ultimate deformation of concrete is
significantly reduced.

As a result of comparing experimental and
theoretical data, it was established that the
developed calculation method for determining
the strength of compressed reinforced concrete
elements in zones of transverse reinforcement
with welded meshes has a sufficiently high
accuracy, since the ratio between the
calculated and experimental load at failure was
0.87...1.06, and after further experimental
testing it can be used for calculating structures.
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EKCIIEPUMEHTAJIBHO-
TEOPETUYHI JOCJILI>KEHHA
MIINHOCTI CTUCHYTHX
3AJIIBOBETOHHUX EJIEMEHTIB 3
HENIPAMHUM
APMYBAHHSAM 3BAPHUMMU
CITKAMUA

FOniu KJIIMOB,
JImumpo CMOPKAJIOB

AHoTtanisi. Hempsime apMyBaHHA 3BapHHMH
CITKaMHU 3aCTOCOBYETHCS y 30HAX il 3HAYHHUX
3YCHIIb CTHCKY, SIK IIPABUIIO MiCIIEBOTO XapaKTepy,
Jile HEOOXIJHO MiJBMIICHHS MIIIHOCTI OCTOHY Ha
OChOBHX CTHCK. PO3paxyHKOBHM MUIIXOM TaKe
MiZBUIEHHS  MIHOCTI  OCTOHY,  3a3BUYAH,
BpPaxOBY€ETHCS BBEICHHSIM Koe(iieHTIB, K1 Oymu
OTpUMaHi Ha  OCHOBI  EKCIIEPUMEHTAJIHHUX
nmocmimkeds [1]. Po3paxyHOK MIIHOCTI Takmx
eNIEMEHTIB Ha IiJICTaBi eMMIPUYHUX 3aJISKHOCTEH
€ CYTTEBUM HEIOJIKOM, KM MOKE MPUBECTH a00
JI0 TIEPEBUTPAT MarepiayiiB abo 10 HEAOCTaTHHOI
HaJIHHOCTI KOHCTPYKITiHA. Y nockoHaEHHS
METOJIUKU PO3PAXYHKIB 3 HEMPSMUM apMyBaHHSIM
€ JIOCUTD MEPCIIECKTUBHUM HAITPSIMKOM

Cmamms naoiiiwna 0o pedaxyii 15.05.2025 p.
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Y mnpezncraBneHiii poOOTI HaBEACHWH METO
BU3HAUCHHS TPaHUYHUX HANPYXEeHb CTUCKY
0eTOHy TMpH CTHCKY B MICIAX HENPSIMOTO
apMyBaHHS 3BapHUMH CITKaMH, OCHOBaHHH Ha
Teopii MIaCTUYHOCTI 3am300eTony [1], y pamkax
SIKOT apMaTypa CiTOK pO3TIIIAa€ThCS K BHY TPILIHS
B’513b, III0 OOMEXKYE TIoTIepedHi Aeopmariii OeToHy
NpU CTUCKY 1 BUKJIMKAE BUHUKHEHHS! PEaKTHBHUX
CTHUCKAIOYMUX HAIPYXKEeHb y OCTOHi, IO IifOTh B
IUIOIIMHI CiTOK. SIK Hacmigok, OETOH y Mexax
pO3TallyBaHHSA apMaTypHUX CITOK MEPEXOIUTH Bij
HaNpy»XEHOr0 CTaHy OCHOBOIO 10 TPHOXOCHOBOTO
CTHCKY, IO 1 OOYMOBIIOE IIJBHILEHHS WOTO
MIITHOCTi, & pa3oM 3 THUM 1 MIITHOCTI BCHOTO
€JIEMEHTY Y 30Hi JIii CTUCKAIO4OT0 3YCHILIA.

Buxomsum 3 3a3HaueHMX ~ IEPEAyMOB,
TEOPETUYHUM IUITIXOM OTPUMaHi PO3PaxyHKOBI
3aJEXKHOCTI I  BH3HAYEHHS  I'PAaHMYHHUX
Hampy)XeHb B O€TOHI B MiCHAX apMyBaHHS
3BapHUMU ciTkamu, AKi BPaxoBYIOTb
IHTEHCHBHICTh HENPSIMOTO apMyBaHHS (miamerp,
KpPOK apMaTypH CIiTOK i iX po3TaIryBaHHS 110 BUCOTI
€JIEMEHTY), XapaKTEpPUCTUKU MIIHOCTI OeToHy 1
BIJIITOBITHOI apMaTypH.

s nepeBipku po3po01eHOro po3paxyHKOBOTO

METOy Oy TIPOBEICHI JIOKAJTBHI
eKCIIepUMEHTAITbHI JIOCHIIKEHHS MILHOCT1
3a1i300€TOHHUX ~ €JIEMEHTIB 3 HempsSMUM

apMyBaHH;M 3BaAPHUMH CiITKAMH.

AHani3 pe3ynbTaTiB MPOBEICHUX EKCIIEPUMEH-
TaJIbHO-TEOPETUYHUX  JOCHI[DKEHb  JT03BOJIMB
BCTaHOBUTH 3araibHi 3aKOHOMIPHOCTI
HaNpy>KeHO-IeOPMOBAHOTO CTaHy 1 MIITHOCTI
LEHTPaJbHO CTHUCHYTHX €JIEMEHTIB 3 HENpsSMUM
apMyBaHHSIM.

B pe3ynbTati mopiBHSHHS €KCIIEPUMEHTAIBHAX
1 TEOPETMYHHMX [JAHWX  BCTAHOBJEHO,  ILO
po3po0ieHuid po3paxyHKOBHI METO] BH3HAYCHHS
MIITHOCTI CTUCHYTHX 3aJ1i300€TOHHHUX €JIEMCHTIB B
30Hax HEMpsMOTO apMYyBaHHS 3BapHUMHU CITKAMH
Ma€  JOCTaTHbO  BHCOKY  TOYHICTb,  TaK
CHIBBIIHOLIEHHS  MDK  pPO3PaxyHKOBHM 1
JIOCTIIHUM HAaBaHTAXEHHS NpU PpyHHYBaHHI
ckiaaganto 0,84...1,06, 1 miciad HOZAIBLIOL
eKCIICpUMEHTANIBHOI  ampolarii  Moxe OyTh
3aCTOCOBAHHUM IJIs1 pO3PaXyHKY KOHCTPYKIIH.

KmarouoBi cioBa: HenpsMe  apMyBaHHS;
IEHTPAIBHUHA CTHUCK; MIITHICTh 3a1i300€TOHHUX
€IEMEHTIB; 3BapHi CITKH, eQeKT «0O0idMmI»;
TpaHUYHUH CTaH.
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Abstract. The paper presents a methodology
and an example of determining the floor response
spectrum of building structures of nuclear power
plants under earthquake loads.

As the critical energy infrastructure facilities
are considered, the issues of regulation and
scientific support for seismic safety are quite
complex. For this class of structures, a
comprehensive approach to the study of the system
(soil-foundation- structure) is required. The type of
foundation and its connection with the base play an
important role.

Existing regulations do not always take into
account the specific features of the foundation, and
the seismic resistance of the overground structure
depends on the behavior of the foundation. For
analyses of critical infrastructure objects, it is
critical to take into account the soil properties and
evaluate the seismicity of the territory. The paper
presents peculiar features for dynamic analysis of
energy infrastructure facilities and the main stages
for analysis of floor response spectra. The paper
demonstrates examples of design models for
buildings and structures of critical infrastructure,
namely, structural solutions for generating a model
of a reactor. A mathematical model for dynamic
analysis is presented. It takes into account both
material damping and soil-foundation interaction
[5]. The analyses apply the direct method of
integrating the equations of motion, including the
mathematical equations from which the min value
of the damping coefficient is determined [6]. As a
method for modeling the interaction between the
base and the structure, the method of equivalent
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dynamic characteristics is adopted, according to
which four independent stages are proposed for
determining the design seismic  impact;
determining  the  coefficients of  mass
proportionality « and stiffness g; solving the
problem of forced vibrations obtained from linear
non-conservative  oscillators,  followed by
obtaining floor response spectra.

Keywords: floor response spectrum, dynamic
loads, earthquake, seismograms, damping, max
design earthquake, buildings and structures of
nuclear power plants.

33


https://orcid.org/0000-0003-2157-521X
https://orcid.org/0000-0002-9351-6633
mailto:3alekseytsapko@gmail.com
https://orcid.org/0009-0004-7706-8131

ISSN 2522-4182

CALCULATION FEATURES OF ENERGY
STRUCTURES FOR DYNAMIC
INFLUENCES

The current regulatory standards, specifically
DBN B.1.1.-12:2014 [1], permit the use of a
variety of techniques for dynamic analysis of
structures. They can be conditionally categorized
into three groups: various methods based on
spectral analysis; an approximate method for
taking into account the physical nonlinearity of
structures (Pushover analysis); and analysis by
direct integration of the equations of motion
(Time History Analysis). Additionally, current
regulatory documents assume that the seismic
acceleration of foundations (and the entire
structure) and the base coincide. Experimental
evidence, however, indicates that the
acceleration of soils and foundations can vary by
a number of times.

This can be explained by the fact that not all
of the seismic energy is transferred from the
soil to the foundation.

Due to the peculiarities of the connections
between the foundation and the base, some part
of the disturbance is transmitted. This can
occur for several reasons:

« due to the damping effect (natural or
engineered artificial nature) of the
connections between the foundation and
the base (including through seismic
isolation);

» due to the "slippage" of a horizontal
seismic wave under the foundation
(overcoming friction forces and the
specifics of one-sided connections
between the foundation and the base);

* due to the variation in stiffness and mass
values in the building models (high-rise
and stylobate parts) [13].

In an earthquake analysis, various
techniques for computer modelling are used to
take into account the different stiffnesses of the
high-rise and stylobate parts of the building.
To determine the floor response spectra of
building structures of nuclear power plants, we
consider the analysis by direct integration of
the equations of motion.

The analysis of floor acceleration response
spectra (FRS) [8]consists of the following
main steps:

34

» modelling the interaction between the
foundation and the structure using the
method of equivalent dynamic parameters
[11];

 obtaining nodal accelerograms (NA) as a
result of computing the forced vibrations
of the building due to the action of the
accelerograms;

« oObtaining the response spectra of n-
number of nodes as a result of computing
the forced vibrations of linear non-
conservative oscillators under the action
of nodal accelerograms;

» obtaining the envelope of the floor
response spectrum from the obtained
nodal response spectra.

The influence of the foundation on seismic
vibrations of a building has several aspects:

» the foundation transmits the earthquake
load to the structure; the structure, due to
its massiveness and stiffness, has a reverse
effect on the movement of soil, so the law
of seismic vibrations under the foundation
slab differs from the "“free field"
vibrations;

» the soil base has its own mass and stiffness
that reduce the free vibration frequencies
of the dynamic system “structure -
foundation";

« during an -earthquake, seismic waves
reflect off the foundation and dissipate on
the base, thereby absorbing a certain
amount of energy.

The influence of the foundation on the
dynamic response of the building depends on
the ratio of stiffnesses. This influence is
negligible for flexible structures, and it is often
assumed that the foundation is undeformed.

Even in relatively stiff soils, the influence
of the foundation is significant on massive,
rigid structures, such as the majority of NPP
buildings.

According to the world practice of taking
into account the interaction of the structure
with the foundation, there are 3 primary
aspects of influence that can be taken into
account when determining the response
spectra of a structure:

« considering the stiffness of the soil-
foundation system, which is implemented
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taking into account the influence of the
base according to the recommendations of
clause 6.4.13 of the DBN [1];

« filtering the soil vibrations, taking into
account kinematic effects in accordance
with recommendations [10], [11];

« removing the energy from the soil-
structure system by radiation of elastic
waves reflected from the structure and
hysteresis losses in accordance with
ASCE recommendations [10], [11].

MODELLING DESIGN MODELS OF

CRITICAL BUILDINGS AND
STRUCTURES

Fig.1. Design model of the reactor (section)
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For high-risk structures (responsibility class
CC3) and for residential and public buildings
with a height from 735 m to 100 m
(responsibility class CC3), it is important to
know what technical condition the load-
bearing structures and structural elements of
the building will be in under a specified
dynamic or earthquake load [9]. Since building
structures can be quite complex and the
number of installed equipment is quite
significant, it might be challenging to simulate
the design model of a building or structure.

In accordance with the technical
documentation, 3D design models are
generated to perform finite element analysis
using software systems.

Puc.1l. Komm’roTepHa po3paxyHKkoBa MOJIENs peaktopa (po3pis)
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DESIGN SOLUTIONS FOR THE
REACTOR

The foundation part of the reactor is a rigid
reinforced concrete box structure with
dimensions of 66.00x66.00m in plan and a
height of 17.4m from the -6,600 (bottom of the
foundation (lower foundation slab)) to the
+10,800 (top of the foundation (upper
foundation slab)).

The bottom slab of the foundation is
designed as a reinforced concrete monolithic
slab with thickness 2400 mm and dimensions
68.18 x 68.18 m in plan.

The walls of the foundation are made of
precast concrete in the form of wall cells with
fixed formwork made of flat reinforced
concrete slabs. The thickness of the external
walls of the foundation is 900 mm. The
internal walls have thickness 600 and 900 mm.

The floor slabs of the foundation are made
of precast monolithic slabs with ribs installed
with the edges upwards or flat slabs with
subsequent monolithic reinforcement frames
installed on top of the slabs. The slab thickness
is 600 mm; in some sections — 740 mm.

The upper foundation slab from elevation
10.800 to elevation 13.200 is the support part
for the containment and the reactor building. A
2.400 mm thick RC monolithic slab covers the
foundation part.

The construction of the reactor
compartment is placed around the protective
shell on a common baseplate. The structural
layout of the construction of the reactor
compartment, which is cut off from the
protective sealed shell by an anti-seismic joint,
is a multi-storey box structure with horizontal
seismic and shock wave loads transferred
through the floor slab discs to the wall
structures. Together with the floor slab discs,
the internal walls are also subjected to
horizontal forces.

BOUNDARY CONDITIONS AND

METHODOLOGY FOR ANALYSIS OF
THE FLOOR RESPONSE SPECTRA

The analysis was performed by direct
integration of the equations of motion (direct
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dynamic method). The term "direct dynamic
method" means that no equation is
transformed before integration.

The dynamic analysis is based on solving a
system of differential equations:

[M k@) +[CIx®) +[KIx®) =a®) (1)
where

[M], [C] Ta [K] —the mass, damping

and stiffness matrices of the

system;

X(t),X(t),x(t) — the vectors of
nodal accelerations,
velocities and
displacements at a certain
time;

q(t) — the load c orresponding to

time t.

The earthquake load (time history analysis)
is applied as seismograms (time dependence of
displacement).

The Newmark method [13] is used to solve
the differential equations of motion for the
corresponding nodes of the structure:

1 2¢w
= + —
alt? = yAt

+ w?; (5)

1
Biy1 = F(ti1) + (m)’i +

s (- 1)5)

(6)
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In time history analysis, the Rayleigh
dissipation matrix is used to consider the
damping by setting the coefficients for mass
proportionality  and for stiffness g (Figure 2);

g min=\/aB

|
|
|
|
|
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these coefficients are calculated for the first
two frequencies with a significant contribution
to mass collection.

= Zwiwn(giwn - fn(‘)i)

0 \/d/B

2
Wi — w;
B - 2(671‘071 - giwi)
> w2 — w?

i

w

Fig.2. Dependence of damping on frequency when using the Rayleigh damping proportionality matrix
Puc.2. 3anexHicts nemMndyBaHHS BiJ YaCTOTH MPH BUKOPUCTAHHI MATpHILi IporopuiiiHocTi Penes

The damping coefficients due to the
radiation of elastic waves reflected from the
structure are calculated for horizontal, vertical
displacements and rotation relative to the
horizontal and vertical axes:

§x = 0.5b,(mK) ™% ©

§; = 0.5b,(mK,)™"/%; (10)
§p = 0.5b,(mKy)™/%; (11)
&y = 0.5by,(mKy) "% (12)

The above-mentioned formulas determine
the min damping coefficient through the direct
method of integrating the equations of motion.
The max values are standardized in global
practice because the resulting damping might
have considerable values (0.2+0.4). For
example, in Germany, ¢,<0,35; &,<0,15;
§»=0,15 are accepted.

The damping coefficients as a percentage of
the critical one are taken in accordance with
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Table 3.3 [4]:

»  for structures with a stress level greater
than or equal to the yield strength, 10% for
reinforced concrete structures and 7% for steel
structures are assumed; the decrements of
vibrations will be 0.63 for reinforced concrete
structures and 0.44 for steel structures;

»  for structures with a stress level less
than the vyield strength, 7% for reinforced
concrete structures and 5% for steel structures
are assumed; the decrements of vibrations will
be 0.44 for reinforced concrete structures and
0.31 for steel structures.

The method of equivalent dynamic
parameters is adopted as a method for
modelling the interaction between the
foundation and the structure. This method
splits the problem of interaction between the
foundation and the structure and response
spectrum  determination into the four
independently solved problems listed below:

1) Determination of the design seismic
impact on the foundation based on its
shape, soil base structure, and the
directions of seismic wave incidence.

2) To determine coefficients for mass
proportionality « and for stiffness g; to
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perform modal analysis of a structure.

3) Solving the problem of forced vibrations
of a building under initial impact and
foundation characteristics[18].

4) Research on forced vibrations of linear
non-conservative oscillators with
obtaining floor response spectra.

At the first stage, the earthquake loads (time
history analysis) are determined, namely, a
seismogram is applied at each node of the
foundation slab in three directions. By

1.20
0.80

Zzz ) ‘ ‘| | .II‘ |’. J A
i

LY AT
I IL

-0.40

MpuUcKopeHHA, m/c?

-0.80

-1.20

30

adjusting the base line using a cubic
polynomial method, the first accelerograms
(Figure 3) are converted into seismograms in
three directions for the level motions SL-1 and
SL-2 [5]. These accelerograms either
correspond to the seismic monitoring data (for
buildings of nuclear power units) or to the
accepted synthesized accelerograms according
to the DBN [1,17] (when there is no
monitoring data).

An example of such a seismogram in one
direction is shown in Figure 4.

TIRIT.
lll' i

—

40 50 60 70

Yag, ¢

Fig.3. The initial accelerogram of the high-frequency spectrum of one direction (horizontal impact) with

intensity SL-2 PGA = 0.10g

Puc.3. IloyaTtkoBa akceneporpaMa BUCOKOYaCTOTHOTO CIEKTPY OAHOTO HANPSIMKY (TOPU30HTAILHUN yAap)

3 inTencuBHicTio SL-2 PGA = 0,10g.

0.15

[TepeMileHHA, M

-0.15

Fig. 4.

Hac.c

Seismogram for one direction of the level motions SL-2 PGA= 0.10g

Puc. 4. Celicmorpamma ajist OIHOTO HanpsiMKy pyxy piBHs SL-2 PGA= 0.10g

The seismogram can be obtained using the
"Accelerogram Editor" program in SCAD or
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using the ReSpectrum module in the LIRA-
FEM [7] software. The ReSpectrum module is
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mentioned to generate the response spectra of
a single-mass oscillator from dynamic loads
specified by accelerograms, seismograms,
velocigrams and three-component
accelerograms, as well as to mutually
transform these effects.

At the second stage, a modal analysis of the
structure [16] is performed to determine the
first mode shapes for vibration of the building
and further determine the coefficients of mass
proportionality o and stiffness f.

The modal analysis is performed for the
model without taking into account the soil
behaviour (for the analysis of the building's
natural frequencies), the number of active
masses is at least 85% of all masses, which
meets the requirements [1].

The calculations at the third stage are
performed for all calculated nodes of the
building (characteristic points of equipment
installation) and all design seismograms.

Determination of equivalent dynamic
characteristics of the base - a set of springs and
dampers attached to the foundation slab,
characterizing the stiffness and energy
dissipation in the base. In general, there are
twelve of them: six springs that define stiffness
during translational and angular displacements
of the foundation along three axes and six
corresponding dampers. The parametric values
of the stiffness of the springs and dampers are
found by solving the problem of stamp
oscillations on an elastic homogeneous or
layered base, semi-infinite or underlain by
rock.

The attached mass of the base is not taken
into account, since for massive and rigid
structures (NPP), the influence of this mass on
the result is within the range of scatter due to
the inaccuracy of the initial data.

The mass matrix is generated on the basis of
the design combinations of loads with account
of all loads according to [1,2,3,4]. After the
mass matrix is generated, the earthquake loads
are applied as the seismograms of stage 1.

As a result of the third stage, a set of nodal
accelerograms should be obtained for each
design point of the building.

The analysis of the floor response spectra is
performed at the fourth stage. The forced
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vibrations of linear  non-conservative
oscillators are studied. The equation that
describes the relative displacements of the
mass in the coordinate system associated with
the oscillator base is as follows:

X+ 20 X + 0°X = —%,(t) (13)

where

x — the relative displacement of the mass;

{ — the damping coefficient;

o — the natural circular frequency of the
oscillator without damping;

X'O(t) — acceleration of the oscillator base
(nodal accelerogram).

The solution to equation (13) — the mass
displacement function is expressed by the
Duhamel integral that is calculated at
successive time points t according to the
formula (14).

t
K= [ sinaplt-elie, (1)
2
where

w, — the natural circular frequency of the

oscillator with account of the
damping, which is equal to:

0y = @ 1-¢? (15)

The floor response spectra (FS) are
calculated for the natural frequencies of the
oscillator from the set given below (Table 1).

The set meets the requirements indicated in
clause 6.4.12 of DBN [1]. The values of the
frequencies specified to account for resonance
are added to the building's computed natural
frequencies.

Table 1. The set of natural frequencies of the
oscillator
Ta6u.1. CykynHiCTh BIACHUX YaCTOT OCHUJIATOPA

Frequency f, Hz Increase 4 f, Hz

1 2 3 4

0,2 - 3,0 0,10
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Table 1. (continued)
[Iponoskenns tada. 1.

1 2 3 4
3,0 - 3,6 0,15
3,6 - 5,0 0,20
5,0 - 8,0 0,25
8,0 - 1 150 0,50
15,0 - | 180 1,00
18,0 - | 220 2,00
22,0 - |1 340 3,00

At the fourth stage, the floor response
spectra (FS) are calculated for two orthogonal
variants of the horizontal seismogram
direction and for n number of characteristic
points at each elevation, resulting in a set of
nodal accelerograms. For each FS, all
oscillator frequencies specified above are
considered (Table 1). At the same time, for
each calculated frequency of the oscillator, the
solution to equation (13) over the entire range
of the accelerogram is the function of mass
acceleration. Then, the max absolute value of
the acceleration is selected. This value is the
ordinate of the nodal response spectrum; the
ordinate corresponds to the calculated
frequency of the oscillator. As a result, the
solution for all calculated frequencies of the
oscillator is the nodal response spectrum of
this nodal accelerogram at the given
calculation point of the building.

The resulting floor response spectrum is
determined by generating an envelope; i.e., at
each calculated frequency, the max
acceleration of all selected nodal response
spectra is determined. The calculations at the
second and third stages can be performed in the
LIRA-FEM software [13], which implements
the above method.

Uncertainties associated with the scatter of
values of mechanical parameters of materials
[12] and dynamic parameters of the building
lead to errors in the analysis results. To
compensate for the errors, the theoretical floor
response spectra (FS) are processed. In the
course of processing, the FSs are smoothed and
their peaks are widened. The FS are processed
according to the rules used in the design of
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nuclear power plants in the United States and
indicated in [4], [8].

The peaks are expanded as follows: the
peak is transformed into a 0.3fi wide area, with
the centre of the area as the peak point. The
peak accelerations are reduced by 15% [15].

The peak expansion is performed for
damping values of 0.5%, 2%, 3%, 5%, 7%.

In combination with the expansion of the
response spectrum peak, a 15% reduction in
the narrow frequency peak amplitude is
acceptable if the damping of the subsystem is
less than 10% [Omm6ka! MCcTOYHUK CCHIIKH
He HaiiieH.].

This 15% reduction applies only to narrow
frequency peaks in the unexpanded response
spectrum with the ratio of the frequency
difference to the centre frequency, B, of less
than 0.30:

B=¥<o,3o

C

(16)

where:
Af,, - total frequency range with spectral

amplitudes exceeding 80% of the peak spectral
amplitude;
f. - centre frequency for frequencies that

exceed 80% of the peak amplitude.

The characteristics of the design floor
response spectra (FS) are determined as a
result of processing the theoretical floor
response spectra (FS).

CONCLUSION

Due to the methodology applied for
analysis and the functional capabilities of the
LIRA-FEM program, nodal accelerograms
were obtained for all nodes of the reactor
model. Figures 5 and 6 show the values of max
accelerations of the nodal accelerograms of the
model fragments.

In the ReSpectrum module of the LIRA-
FEM  program, the obtained nodal
accelerograms are processed according to the
methodology described in the fourth stage of
analysis. Figure 7 shows the floor response
spectra along the X-axis at different damping
values in the range from 0 to 34 Hz
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Bime 0.000

Fig. 5. Contour plots for max nodal accelerations of  Fjg 6. Contour plots for max nodal accelerations of

nodal accelerograms along the Z-axis accelerograms in the interior walls of the

Puc.5. Konrypui rpadiku (Mo3zaiku) A reactor along the Z-axis
MaKCHMAaJIbHHUX BY3JIOBUX OPUCKOPCHb
BY3JIOBHUX aKCEJIEPOrpaM B3JI0BXK ociZ Puc.6. KOHTypHi Fpa(biKI/I MaKCHMaJIbHUX By3J:IOBI/.IX
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Fig. 7. Floor response spectra at different values of damping along the X-axis
Puc. 7. [loBepXxoBi CIEKTPHU-BIATYKY IPHU PI3HUX 3HAYCHHAX AeMII(pyBaHHS 0 0ci X
In the future, when the seismic resistance of experience, it is possible to use the obtained
equipment is evaluated by the test method, the floor response spectra depending on their

analysis method or the method of operational location in the reactor.
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Element Method. John Wiley and Sons,
Chichester, England, 2003, 364 p

BYIIBJII TA CIIOPY U OB'EKTIB
KPUTUYHOI IHOPACTPYKTYPU:
YUCEJIBHE MOJAEJIIOBAHHA TA
AHAJII3 COEKTPIB PEAKIIII
IHEPEKPUTTDH

Mapiss BAPABAILL
lean TPYCOB,
Jloboe I[IEPBYIIIOBA

Y crarTi HaBeJIEHO METOAWKY Ta TPHUKIA]
BU3HAUCHHS  CIEKTpa  BIATYKY  TEPEKPUTTS
OymiBebHUX KOHCTPYKITIH aTOMHUX
€JICKTPOCTAHIIIH MPH CEHCMIYHNX HABAHTAKCHHSX.

OCKIUTBKH PO3TIAIAIOTECA 00'€KTH KPUTHYHOI
€HepreTUYHO1 iHpPACTPYKTYypH, MUTaHHS
pEryJIOBaHHS Ta HAYKOBOTO  3a0e3MeueHHS
ceiicM00Ee3TeKH € NOCUTh CKIaMHUMU. I 1IHOTO
KJIaCy CTOpYyI HEOOXITHUH KOMIUICKCHUH ITiaXim
IO JOCHIDKEHHSI CHCTeMH "TPYHT-(QyHIaMeHT-
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KoHCTpyKIis". Tun pyHmaMenTy ta ioro 3B's130K i3
OCHOBOIO BilirPalOTh BaXKIIUBY POJIb.

IcHyroui HOpMaTHWBHI JOKYMEHTH HE 3aBXKIH
BpPaXOBYIOTh cnenudivHi 0CO0JIUBOCTI
¢byHIaMeHTy, Tpu [ObOMY CEHCMOMIIHICTD
HAQ/I36MHOT KOHCTPYKIII 3aJIS)KUTh BiJl MOBETIHKH
dbyamamenty. s aHamizy 00'€KTiB KPUTHIHOI
iHQpacTpyKTypH Ha/I3BUYAIHO Ba)KJIMBO
BpaxOBYBAaTH BJIACTUBOCTI TPYHTY Ta OIIHIOBATH
CeMCMIvHICTh TepUTOpii. Y CTaTTi IpencTaBlieHi
0COONHMBOCTI  TUHAMIYHOTO aHaNli3y O0'€KTiB
SHepreTUYHO1 iHPpacTpyK-TypH Ta OCHOBHI eTanu
aHaJIi3y CIEKTPiB BIATYKY MEPEKPUTTIB.

VY crarTi HaBeJeHi NPUKIagd PO3paxyH-KOBHX
MoJenet  OyaiBenb 1 CHOPYA  KPUTHYHOT
iH(ppacTPyKTypH, 30KpemMa KOHCTPYKTHBHI
pillleHHS Ui CTBOPEHHS MOJENI peaKTopa.
[IpencraBneHo  MaTeMaTHYHY  MOJAENb  JUIA
MUHAMIYHOTO  aHami3y, SKa BpaxoBye SK
MaTepianbHe JaeMIipyBaHHS, TaKk 1 B3a€EMOJIIO
"rpyHT-QpyHaament”" [5]. Y anamizax BUKOpH-
CTOBY€ThCS IPSIMUIA METOJ IHTETpYBaHHS PiBHSAHb
PYXY, BKJIIOYAIOUM MaTeMaTU4YHI PIBHSHHS, 3 SIKUX
BH3HAYAETHCS MiHIMaNbHE 3HAYCHHS KoedirieHTa

Cmamms naodittuna 0o peoakuii -02.05.2025 p.
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nemndysanHs [6]. Sk MeTrom MoAemOBaHHS
B3a€MOJIii MiXK OCHOBOIO Ta KOHCTPYKIIEHO
MPUAHATO METOJ EKBIBAJICHTHUX THHAMIYHUX
XapaKTePUCTUK, 3TITHO 3 SKUM 3alpPOMOHOBAHO
YOTHPHW HE3aJIeXHI eTamd [ BU3HAYEHHS
PO3paxyHKOBOTO ceficMivHOTO BILIHBY;
BH3HAYCHHS KOS(DIIi€HTIB MPOTOPIIIHOCTI MacH o
Ta YKOPCTKOCTI [3; pOo3B'sI3aHHs 3aa4i BUMYILICHUX
KOJIMBAaHb, OTPUMAaHUX BiJ JHHIAHIX
HEKOHCEPBATUBHUX OCIUIATOPIB, 3 IMOAAIBIIUM
OTPUMAaHHSAM CIEKTPIB BiAT'YKY HEPEKPHUTTIB.

Kiro4oBi cjioBa: criekTp peakuii mepeKpuTTiB,
JUHAMIYHI HABAHTAXKCHHSI, 3eMIIeTpyC,
ceiicMorpamu,  AeMndyBaHHs,  MaKCHUMaJbHE
PO3paxXyHKOBE  3EMIICTPYCHE  HABAaHTAXCHHS,
OyIiBIi Ta CHOPYAM ATOMHHUX EJICKTPOCTAHIIH,
METO/T CKIHYEHHUX EJIEMEHTIB

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 16/2025
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Annotation. The article describes the
methodology for experimental studies of an arch
made of high-strength rapid-hardening concrete,
presents the results of the studies in tabular form,
and describes the mechanical characteristics of the
materials used in the manufacture of experimental
arch specimens. The process of manufacturing
experimental specimens from high-strength rapid-
hardening concrete is briefly described. Drawings
of the installation on which the stress-strain state of
reinforced concrete double-hinged arches under the
action of static single short-term loading was
studied are also presented. Drawings of deformed
and/or destroyed experimental specimens are
demonstrated.

Currently, there is a need for the fastest possible

construction rates for various purposes, which can
be achieved by introducing high-strength rapid-
hardening concrete into the technological process,
which allows you to significantly increase the
construction rate and, accordingly, reduce the
construction time of buildings and structures. The
deformation patterns under short-term static loading
of high-strength concrete have not been studied
enough to date, which complicates the calculations
of reinforced concrete structures made of such
concretes. This article is devoted to solving these
problems.
There is a need to study the stress-strain state of
reinforced concrete arches made of high-strength
concrete under the action of static single and
repeated loads of various levels and to in-depth
determine  the  physical, mechanical and
deformation
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characteristics of high-strength concrete. This will
allow for a more accurate assessment of the stress-
strain state of elements of reinforced concrete
structures made of such concretes, increase the
reliability of design

and obtain a significant economic effect in the
construction of buildings and structures, which is an
urgent task today.
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INTRODUCTION

Reinforced concrete arch structures are
widely used in industrial, civil construction, as
well as in the construction of special buildings
and structures [1, 2, 3, 4, 5]. Reinforced
concrete arches are hinge less, single-, double-,
triple-hinged. Most often in construction,
double-hinged arches with and without a
tightening are used, and in the case of large
spans, triple-hinged. That is why double-hinged
arches are more often used in the coverings of
buildings and structures, the horizontal strut of
which is perceived by a tightening or structural
elements of the structure [6].

Currently, there is a need for the fastest

possible pace of construction of structures for
various purposes, which can be achieved by
introducing  high-strength  quick-hardening
concretes into the technological process, which
make it possible to significantly increase the
pace of construction and, accordingly, reduce
the time for the construction of buildings and
structures [7, 8, 9, 10, 11]. The deformation
patterns under short-term static loading of high-
strength concretes have not been studied
sufficiently to date, which complicates the
calculations of reinforced concrete structures
from such concretes.
The finite element method (FEM) is a method
developed for numerically solving complex
problems in structural mechanics and other
mathematical problems. In FEM, the structural
model is written as a set of corresponding finite
elements interconnected at discrete points,
nodes. The structure is divided into elementary
sections, which in turn are interconnected at
separate points - nodes. The level of
development of science and technology
currently allows for the widespread use of
software based on the finite element method,
namely: LIRA-SAPR, ANSYS, Nastran,
SCAD, Zebulon, etc.

ANALYSIS OF PREVIOUS RESEARCH
The dissertation work and scientific articles

of Kyslyuk D. [12, 13, 14, 15, 16] are devoted
to the study of the operation of double-hinged
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reinforced concrete arches with adjustment of
forces under the action of repeated loads.

According to the results of experimental
studies, the author concludes that repeated
loads affect the stressed-deformed state of the
arches, as a result of which the compliance of
the tightening increases, that is, its rigidity
decreases. It was established that the
stabilization of the stressed-deformed state of
the arch elements occurs depending on the level
of repeated loads in the fifth - seventh cycles,
and the additional loading of the arches during
repeated loads above the operational level
accelerates the stabilization of the stressed-
deformed state. The formation and
development of inclined cracks and the growth
of plastic deformations in concrete cause a
redistribution of internal forces in the upper belt
of arches and tightening, while the increase in
the strut decreases and the bending moment
increases.

A. Pournaghshband, in his Ph.D. thesis in
Engineering at the University of Warwick
(Coventry, UK) [17], investigated two-hinged
arches with the aim of finding the optimal
moment-free design form. The finite element
method implemented using GSA software was
used to numerically analyze the three most
common arch forms. The author recommends
that, in order to maintain the structural
efficiency of the arch, the ratio 1/h = 4 should be
chosen. The author also concluded that,
provided that the arch has a constant cross-
section and in the case of a constant radial load,
the optimal form is a circular arch. In the case
of a uniformly distributed load, the optimal
form of the arch is a parabolic one, and for cases
where only the load from its own weight acts,
the optimal form is a contact arc arch

Y. Bouras [18], presented an analytical and
numerical study in the ANSYS software
package of the operation of arches made of
silica-containing concrete, which are subjected
to combined mechanical loads and the influence
of elevated temperature. Thermal and
mechanical properties of silica-containing
concrete were taken from Eurocode, all
parameters are summarized in the ANSYS table
for an environment with a temperature of 22 °C

BypiBenbHi KOHCTPYKUii. Teopis i npakTuka * 16/2025



and for temperature effects in the range from
100 °C to 1100 °C with a step of 100 °C.

According to the results of the experiments,
the author concluded that the axial force and
bending moment in the arch increase
significantly with increasing temperature, and
the arch deforms downward during heating.
Thermal load significantly reduces the rigidity
of the structure.

In [19, 20], the authors presented the results
of experimental studies of the operation of three
damaged and reinforced reinforced concrete
arches under the action of asymmetric loading,
as well as the operation of a reinforced concrete
arch (RC) reinforced with UHPC in its various
sections. One arch was strengthened with C50
(RC1-C50), and two arches with UHPC (RC2-
UHPC, RC3-UHPC). The results of the studies
showed that the cracking moment and the
bearing capacity of composite arches reinforced
with UHPC were increased by 185% and 186%,
respectively, thereby confirming the significant
effect of strengthening and strengthening the
initial damaged arch. Under the condition of
closing the cracks in the damaged arch, the
stiffness of the composite arch reinforced with
UHPC (RC2-UHPC) was improved by 58%.
Unlike the arch reinforced with C50 (RCL1-
C50), in the arches reinforced with UHPC, no
cracking and delamination was observed at the
contact surface of the composite with concrete
when subjected to loads. The bearing capacity
of the arch reinforced with UHPC increased by
85.25% compared to the RC arch.
Strengthening with UHPC according to
different schemes and in different areas of the
RC reinforced concrete arch prevents the
formation of plastic hinges in its belt.

PURPOSE AND METHODS

The aim is to investigate the stress-strain
state of two-hinged reinforced concrete arches
made of high-strength concrete under the action
of short-term single loads using modern,
progressive calculation complexes. To achieve
this goal, analytical studies were carried out
based on the study of existing methods of
stress-strain state of structures, analysis of open
literature sources, and theoretical studies. A

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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numerical experiment was also carried out to
calculate experimental arches using the finite
element method, and finally, a statistical
analysis of the convergence of experimental
and theoretical studies was performed.

RESULTS AND EXPLANATIONS

Reinforced concrete monolithic circular
arches of both series had the following
geometric parameters: nominal length — 216
cm; span | = 200 cm; nominal height — 52 cm;
lifting boom f = 40 cm; ratio /I = 1/5; radius of
arch R = 145 cm; dimensions of the cross-
section of the belt #xb = 14x10 cm (Fig. 1).

420

31

50

S| Jeol10 1740

“ 2000

10 1740 2
2150

1-1

40

100

Fig. 1. Geometric dimensions of the
reinforcedconcrete arch prototype.
Puc.1. 'eomeTpuyHi po3MipH AOCTiAHOTO 3pa3Ka
3aJ11300€TOHHOT apKH.

The reinforcement of the experimental
arches was carried out using one knitted flat
frame. Two rods @10 A500C (As + As/ = 1.57
cm?) were used as working longitudinal
reinforcement.

Fig. 2. General view of the manufactured frame.
Puc.2. 3araabHuii  BUIVIAL  BUTOTOBJIEHOI'O
Kapkaca.
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Arod @10 AS00C was used as a tightening. The
reinforcement coefficient of the arch belt was p
= 1.13%. (Fig. 2).

Based on the results of testing prismatic
specimens from heavy fine-grained rapid-
hardening concrete of class C80, a diagram of
concrete deformation under a single short-term
load to failure was constructed [21] (Fig. 3).
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Fig. 3. Stress-strain diagrams of high-strength
rapid-hardening concretes under axial
compression at the age of 28 days.

Puc.3. diarpamu HanpyxeHHs-qeopmarii
BHUCOKOMIITHUX HIBUJAKOTBEPAIFOUNX
0OeTOHIB IpX OCLOBOMY CTHCKY Y Billi 28
JIHIB.

To test the double-hinged reinforced
concrete arches, a hydraulic press PG-200 was
used, on the basis of which special equipment
was mounted. The arch was tested under the
action of a static step-increasing load until
failure (Fig. 4).

press *

plate press ;ﬂ:IL|
2 piNg jt

\_movable support _fixed supporf /'

N_installation beam

Fig. 4. Scheme of arch test with tightening.
Puc. 4. Cxema BUnpoOyBaHHS apKH 13 3aTHKKOIO.
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After processing the experimental data of the
field tests, a numerical experiment was
conducted. The essence of the experiment was
to calculate the arch for a static one-time short-
term load in the ANSYS.

The ANSY'S software complex is currently
one of the leaders in its field. It allows you to
solve a wide range of tasks aimed at calculating
and modeling nodes of structural elements, as
well as modeling the flow of liquids and gases
in the corresponding modules.

The advantage of using built-in geometry
modeling tools is that they have additional
capabilities for model parameterization and, in
the event of changing any of the specified
parameters, automatic modification of the
entire model. Model parameterization also
allows you to use the model shape optimization
module or optimization by an objective
function or criterion.

The calculation model was built in Autodesk
Revit 2023 using a standard load-bearing
structure template, which contains all the
necessary parameters of reinforcement and
concrete to create a structural diagram for
further export to the ANSYS program (Fig. 5).

Rebar

Context model

Fig. 5. General view of the design scheme of the
arch in Autodesk Revit.

Puc. 5. 3aranpHuil BUriag po3paxyHKOBOI CXeMHU
apku B [IK Autodesk Revit..

The next stage is the generation of the model
in the “Space Claim” graphical shell, which is
an improved version of the “Workbench”
module and allows you to combine the “dwg”
and “acis(sat)” formats into a single ANSYS
format calculation scheme and assign
reinforcement properties to the lines and
remove them from the main volume of concrete

(Fig. 6).
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Fig. 6. Summary model of the structure in
ANSYS “Space Claim”

Puc. 6. 3Beaena mozaens KOHCTPYKIii B ANSYS
«Space Claimy.

Concrete elements are modeled using the
SOLID 65 finite element and reinforcement

Fig. 7. Layout of SOLID 65 and Link 180 end elements.

ISSN 2522-4182

using Link 180. The SOLID 65 element is used
for 3D modeling of bodies with or without
strong bars (reinforcement).

The body can undergo tensile cracking or
compression failure (loss of load-bearing
capacity). The LINK180 finite element (beam
element) consists of two nodes and has three
degrees of freedom at each node. This type of
FE is used for modeling uniaxial
tension/compression.

Solid 65

Link 180

Puc. 7. Cxema posrtanryBanss Kiniepux enxementie SOLID 65 Ta Link 180.

The calculation of the reinforced concrete
arch was performed at a load of P = 10 kN,

50 kN, in accordance with the previously
performed structural calculations in the LIRA-
CAD software (Fig. 8...10).

Fig. 8. Normal stresses (MPa) in the arch under load P=10 kN.
Puc. 8. Hopmanbhi Hanpyxennst (MI1a) B apuii npu HaBantaxkenHi P=10 kH.

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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Fig. 9. Normal stresses (MPa) in the arch under load P=50 kN.
Puc. 9. Hopmaiehi Hanpyxenns (MIla) B apui npu HaBanTtaxeHHi P=50 kH.

Apmatypa d=10 mm
A500C

Fig. 10. Force in reinforcement (kg) in the arch at a load of P=10 kN.
Puc. 10. 3ycunns B apmarypi (kr) B apui npu HaBanTtaxxeHHi P=10 kH.

Apmarypa d=10 mm
A500C

Fig. 11. Force in reinforcement (kg) in the arch at a load of P=50 kN.
Puc. 11. 3ycunns B apmarypi (kr) B apui npu HaBanTaxxkeHHi P=50 kH.

Fig. 12. Deflections (mm) in the arch under load P=10 kN.
Puc. 12. [Iporunu (Mm) B apui npu HaBaHTaxenHi P=10 kH.

50 ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 16/2025
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Fig. 13. Deflections (mm) in the arch under load P=50 kN
Puc. 13. [Iporunu (MM) B apui npu HaBaHTaxeHHi P=50 kH.

The results of comparing the numerical
experiment data with the values ANSYS
obtained

from experimental studies [22, 23, 24, 25] are
given in Table 1.

Table 1. Comparison of the results of numerical and experimental studies
Ta6smus 1. [TopiBHAHHS pe3ybTaTIB YUCIOBOTO Ta CKCIIEPUMEHTAILHUX JTOCIIIKEHb

_ JcANS _ EcAns _ Nsians _ fans
Load P, k OcEXP &cEXP’ k= %, k k Ns1exp’ " fExp’
kN MPa x10° *EXP kN mm
10 52 _ 08 25 o7 | BEogan | 0076 | 2B oss
40 683 50 1,65 051
50 175 _ 6,74 27 o | B2_54 D 87| 22061
2346 86,1 23 7 4 11,54 3,84
k 0,81 0,87 1,93 0,86 0,73
o 0,066 0,149 0,39 0,082 0,094
Ve, % 9,94 20,87 24,75 11,6 15,83

CONCLUSIONS AND
RECOMMENDATIONS

The results of the calculation of the arch by
the finite element method in the ANSYS have a
satisfactory agreement with the data obtained
from the results of experimental studies, with
the exception of the values of tensile forces in
the tightening, which, according to the results
of the calculation in the ANSYS, significantly
exceed the experimental values at the
corresponding stages of the arch loading. The
values of internal forces in the reinforcement
and stresses in the compressed concrete of the
arch belt obtained from the results of the

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025

calculation in the ANSYS correspond to the
experimental data.

The values of internal forces in the
reinforcement and stresses in the compressed
concrete of the arch belt obtained from the
results of the ANSY'S calculation correspond to
the experimental data, the standard deviation of
the ratios is o = 0.066...0.094, and the average
value of the coefficient of variation is Vc =
12.5%.

The prospect of further research is the need
for a more detailed study of the stress-strain
state of reinforced concrete arches made of
high-strength rapid-hardening concrete and the
study of this structure on dynamic force effects.
It is also necessary to investigate the nature of
the stress-strain state of reinforced concrete
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arches with a uniformly distributed load on the
belt.
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YUCJIOBI JOCJILI)KEHHS
POBOTH 3AJII30BETOHHUX APOK
HA JIIO CTATUYHHX
KOPOTKOYACHUX HABAHTAKEHbD

bozcoan KAPABAH
Bikmop KAPABAH
Cepeaini QLUITYYVK
AHoTanissi. B crarTi ommcaHo METOIUKY
eKCIICpUMEHTAIBHUX ~ JOCH/DKeHb  apkh i3
BHUCOKOMIIIHOTO  HIBHJKOTBEPJHYYOTO  OETOHY,
HaBeJIeHO B TabmuuHid  Qopmi  pesymnbraTi
JIOCHIKEHD Ta OIIMCAaHO MEXaHI4yHI
XapaKTEPHUCTUKH MaTepiajliB, ki Oy BHKOPHUCTaHI

MpY  BHUTOTOBJICHHI JIOCHIJHUX 3pa3KiB  apokK.
Kopotko  ommcaHo  mpolec  BHUIOTOBICHHS
JOCHITHUX 3pa3KiB 3 BUCOKOMILIHOTO

MIBUIKOTBEPAHYYOro OeToHy. Takok HaBemeHO
PUCYHKH YCTaHOBKM, Ha SIKidi TNPOBOAWIUCH
MOCIIKEHHS HaIpPYXeHO-Ie(hOPMOBAHOTO CTaHy
3a7i300€TOHHUX JABOMLIAPHIPDHUX apoK Ha i
CTaTUYHOTO  OJHOPA30BOTO  KOPOTKOYACHOTO
HaBaHTOXEHHS. |IpONEMOHCTPOBAaHO  PHCYHKH
3neopMOBaHUX Ta/ab0 3pYyHHOBAHMX IOCIIITHUX
3pasKiB.

Hapasi BuHHMKae moTpeba B MaKCHMaJbHO
MIBUIKAX TEMIIaX 3BEICHHS CIOpPYJ PI3HOTO

Cmamma naditiwna 0o peoakuii 09.04.2025 p.
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NPU3HAYCHHS, 110 MOXJIMBO JOCATHYTH MIISXOM
BBEJICHHSI B TEXHOJIOTTYHHI MPOLIEC BUCOKOMIITHUX
MIBUIKOTBEPIHYYHUX OETOHIB, fKi HAalOTh 3MOTY
ICTOTHO  30LIBINUTH  TeMOW OyIiBHUITBA 1
BiJINIOBiTHO 3MEHIIINTH TEPMiHH 3BEJICHHS Oy 1iBEIb
i crnopyd. 3akoHoMipHOCTI AedopMyBaHHS mpU
KOPOTKOYaCHOMY  CTaTHYHOMY  HaBaHTa)KCHHI
BHUCOKOMIIIHUX O€TOHIB JI0 I[LOI'O 4Yacy BHBYCHI
HEJOCTATHRO, 10  YCKIAQJHIOE  PO3PaXyHKH
3a1i300€TOHHMX KOHCTPYKLIH 3 TakuxX OETOHIB.
BupilieHHo 1uX 3aa4 NpUCBIYEHA L5 CTATTS.

IcHye HeoOXiAHICTh BUBYECHHSI HAIPYKEHO-
ne(OpPMOBAHOTO CTaHy 3ali300€TOHHHX apoK 3
BACOKOMIIIHOTO OETOHYy Ha [il0 CTaTUYHHAX
OJTHOPA30BUX i MOBTOPHUX HABAHTAKEHb PI3HOTO
piBHS Ta MOTIMOJIEHOTO BW3HAYEHHS (i3HKO-
MeXaHIYHUX 1 JeGopMaTHBHUX XapaKTEPUCTHK
BUCOKOMIIIHMX OeToHiB. lle m03BOIUTL OLIBII
TOYHO OLIHIOBAaTH  HAaINpyXeHO-Ae()OpMOBaHHIA
CTaH eJEeMEHTIB 3aJi300€TOHHUX KOHCTPYKIH 3
TaKuX OeToHiB, M IBUILATH HaJIAHICTD
MPOEKTYBAHHSA 1 OJIEpP>KaTH ICTOTHUN €KOHOMIYHUMN
edeKkT Tmpu 3BeACHHI OyaAiBenb 1 cHopyd, IO €
aKTYaJbHOIO 33]1a4€t0 ChOTOJICHHSI.

Kuro4oBi cioBa: J10CIiKEHHS, €KCIICPUMEHT;
apka; 0eToH; BUIPOOOBYBaHHS;, PO3PAXYHOK.

55



ISSN 2522-4182

DOI: 10.32347/2522-4182.16.2025.56-65
YIIK 624.014, 621.039.58

NUMERICAL INVESTING OF TRUSS FLANGE JOINTS
WITH TRIMMED FLANGES

Yevhen TSIUPYN

Kyiv National University of Construction and Architecture,
31, Povitryanykh Syl Avenue, Kyiv, Ukraine, 03037
standartbc@gmail.com, http://orcid.org/0000-0001-9428-6166

Summary. In modern construction, steel trusses
remain one of the most common types of load-
bearing structures used in the construction of
industrial, civil, and public buildings. Their use is
driven by high load-carrying capacity, relatively
easy installation, and economic feasibility in long-
span structures.
One of the most critical elements of such structures
is the flange joint, through which the main internal
forces are transferred from one part of the truss to
another. The reliability and durability of the entire
system largely depend on the accuracy of its
calculation and design.
Special attention must be paid to situations where
the joint is subjected not only to axial loads but also
to bending moments and torsion, which create a
complex stress—strain state. In such cases,
traditional calculation methods, based on simplified
models and assumptions of uniform stress
distribution, do not always allow for the
identification of local concentrations that may lead
to premature structural failure. In this context,
improving numerical analysis methods that consider
the real spatial geometry of the elements, the
specifics of the connections, and the nature of the
loading becomes especially relevant.
The proposed approach is based on constructing an
analytical model of the joint, enabling the
calculation of internal forces in critical zones
without the need to model the entire truss. This not
only reduces the time required for calculations but
also improves their accuracy. Such an approach
contributes to the early detection of potentially
hazardous zones where stress levels may exceed
permissible limits, thereby reducing the risk of loss
of serviceability.

Keywords. equivalent  stress, flange,
component-based finite element method,
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PROBLEM STATEMENT

Flanged joints of steel trusses are critical
components of spatial structures, as they serve
as the primary means of transferring forces
between the frame's bar elements. These joints
often exhibit complex stress—strain states
caused by the combination of axial, bending,
and transverse forces. The geometric
configuration of the joint—particularly the
flanges, stiffening ribs, and bolts—Ieads to a
non-uniform distribution of stresses within the
elements.

Traditional analytical and code-based design
methods often rely on simplified assumptions,
such as uniform force distribution or
conventional load transfer areas. However,
numerical modeling, especially using the
component-based finite element method,
reveals the presence of local stress
concentration zones that are not accounted for
in standard calculations. This is particularly
evident in areas remote from the load
application center, such as those affected by
edge effects or contact zones between elements.
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The lack of universal engineering methods
for accurately determining stresses at these
points limits the ability to make informed
decisions about joint design. This poses risks of
underestimating or overestimating structural
load capacity and complicates the assessment
and diagnostics of existing buildings or
structures during technical inspections.

Moreover, the use of circular or rectangular
steel tubes in truss structures complicates the
situation, as these elements are prone to local
buckling. In the presence of rigid flanged joints
with stiffening ribs, highly stressed zones may
develop, often exceeding permissible stress
limits—especially in areas of rib insertion or
welded joints. These zones are difficult to
accurately calculate due to the complex
geometry and interaction between elements.

Existing  standards provide  general
principles for joint design but do not always
allow for precise assessment of the actual stress
distribution in specific cases, such as eccentric
loading, force eccentricity, or combinations of
forces and moments. This highlights the need to
improve design approaches that integrate both
numerical methods (FEM) and practical criteria
for evaluating the strength and stiffness of
joints. Developing a more reliable methodology
will enhance structural safety and reduce the
risk of premature failures during the operational
phase of structures.

ANALYSIS OF PREVIOUS RESEARCH

It is important to acknowledge the
contributions of the "pioneers™ in the study of
flanged joints in trusses made of tubular and
closed cold-formed  welded  sections,
particularly in developing analytical models for
determining  boundary  conditions  and
evaluating the strength of such joints [11, 12].

In addition to the regulatory documents [2,
3], significant progress has been made in
improving the calculation methodology for
welds in flanged joints [1].

Structural solutions for steel structures and
forms and domes have been investigated[5, 13,
14, 15, 16, 24, 25].

Of particular importance is the advancement
of research on the analysis of bolt behavior in
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flanged joints under complex stress—strain
conditions using the finite element method, as
well as the mechanics of flanged joints in steel
tubes under axial tension [4, 6, 7, 8, 9, 17, 18,
19, 20, 21, 22, 23].

Studies have also addressed the stability of
elastic members with initial imperfections in
steel trusses with rigid joints [10].

Moreover, experimental methods are used in
the research to verify the results of numerical
modeling, including full-scale tests, which
allow for a more accurate assessment of joint
behavior under real loading conditions. These
approaches provide a foundation for the
development of new design recommendations
for flanged joints in steel tubular structures,
taking into account both strength and stability,
as well as technological aspects of fabrication
and welding.

PRINCIPAL RESEARCH

In the classical definition of normal stresses
in a cross-section:

o=7 ()

The classical definition of normal stresses in
a cross-section lacks a specification for the
distribution of forces over the surface of an
element. It assumes only a uniform stress
distribution, which accounts for idealized
working conditions and does not consider areas
of localized stress concentrations.

In the complex stress—strain state typical of
flange joint connections and structural
elements, it should be understood that stresses
across the cross-section are often non-uniform.
This is due to the presence of stiffening ribs,
welds, and bolt holes, which affect the stiffness
characteristics of the section.

langed joints require particular attention
when subjected to combined loading—axial
compression or tension in combination with
bending and torsional moments. Under such
conditions, a complex interaction occurs
between bolts, welds, and stiffening ribs, which
do not engage uniformly. In real structures,
some ribs may begin to transfer loads earlier
than others due to initial geometric
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imperfections or stiffness variations.

Additionally, it is essential to consider the
impact of assembly and manufacturing
inaccuracies, which can lead to asymmetric
loading of joints. In the spatial behavior of a
truss, even minor misalignments can cause
changes in the direction of internal forces and
overstressing of individual areas.

Forces in flange connections are transmitted
through the flanges themselves, the bolts, and

the stiffeners. To accurately determine the
internal  equivalent  stresses, numerical
modeling using the finite element method
should be employed. This approach allows
consideration of all specific features of the
joints, namely the geometric configurations and
force effects in the design model 1 (Fig. 1).
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Fig. 1. Distribution of internal equivalent stresses in the top chord of truss Model 1.
Puc. 1. Po3moain BHYTPIIIHIX €KBIBAJICHTHUX HAIpyKeHb BEPXHBOT'O MOSICY pepMu Mozei 1.

This particular feature of the joint
connection is characterized by end-plate

flanges welded to the upper chord and through
stiffeners (Fig. 2).

Fig. 2. General view of Model 1 of the analysed joint with bolted connection and welds (a). Cross-section

of the flange connection (b).

Puc. 2. 3aransanii Bua Mozeni 1 po3paxyHKOBOTO By3ia 3 OOJITOBHM 3’€JHAHHS Ta 3BAPHUMH IIBaMU ().

[lepepi3 pnanuesoro 3’equanus (b).
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The areas located farther from the load
application point experience greater forces; in
such cases, the local force at point i should be
determined as follows:

di )
N=N, ——
i ed foam a(a)da
e
a;- the distance from the load

application point to point i (mm);
an,- the boundary of the investigated
area (rad).

Thus, the area of the investigated section
region is determined as:

4
e, R
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Ai =t- li (3)
e
t — wall thickness of the pipe cross-
section;
[; — length of the section subjected to
force.

In the investigated Model 2, if the stiffening
ribs are not continuous, this will significantly
affect the stiffness characteristics of the joint
and will change it from a more rigid connection
to one that is closer to a hinged (pinned) joint

(Fig. 3).

b

Fig. 3. General view of Model 2 of the analysed joint with bolted connection and welds (a). Cross-section

of the flange connection (b).

uc. 3. 3arajabHui BU MOI[CJ'Ii 03PaxXyHKOBOI'O By3Jjia 3 OOJITOBUM 3 €IHAHH Ta 3BapHHMHU IIBAMH (Q).
Puc. 3.3 2 0 ’

Iepepi3 dmanmesoro 3’eauaanus ().

The distribution of internal equivalent
stresses in the joint shows that when the
stiffness characteristics of the joint change, the

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025

critical stress zone shifts from the edge areas of
the pipe near the flange to the central zone of
the flange. However, a more uniform stress
transition along the length of the pipe is
observed (Fig. 4).
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Fig. 4. Distribution of internal equivalent stresses in the top chord of truss Model 2.
Puc. 4. Po3niosin BHYTPIIIHIX €KBIBAJICHTHUX HAIPYKEHb BEPXHBOTO MMOsICy hepMu Mozemi 2.

The next stage of calculation Model 3 understand the influence and distribution of
involves the introduction of additional internal equivalent stresses in the flange
stiffening ribs with a 30° inclination angle to connection (Fig. 5).

21,8

123

Fig. 5. General view of Model 3 of the analysed joint with bolted connection and welds (a). Cross-section
of the flange connection (b).

Puc. 5. 3aranpanmii BuI Mozeni 3 po3paxyHKOBOTO By3Ja 3 OOJNTOBUM 3’€THAHHS Ta 3BAPHUMH IIBaMH (a).
Tepepi3 dmanteroro 3’eauanust ().

The numerical analysis using the component additional stiffening ribs indicates that the
finite element method with the introduction of uniformity of the distribution of internal
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equivalent stresses occurring in the cross- from the attachment point to the flange (Fig. 6).
sections has further improved along the length

-4,9
{ [MPa]
%5
200
175
: 4,9
150
125
100
75
50
25
0,0
Fig. 6. Distribution of internal equivalent stresses in the top chord of truss Model 3.
Puc. 6. Po3moain BHYTPINIHIX €KBIBAJICHTHUX HAIPYK€Hb BEPXHBOT'O MOSICY (pepMHU MoJiei 3.
In Model 4, a variant with additional non- condition for this addition must be that ¢t < ¢,

continuous stiffening ribs is also considered, (Fig. 7).
while a stiffness ring is introduced along the
outer perimeter of the pipe. An important

201,1

Fig. 7. General view of Model 4 of the analysed joint with bolted connection and welds (a). Cross-section
of the flange connection (b).

Puc. 7. 3aranpHuiil BUI MoJieni 4 po3paxyHKOBOTO By3Jia 3 OOJTOBHM 3’€/IHAHHS Ta 3BaPHUMH IIBaMH ().
Iepepi3 ¢uannesoro 3’equanns (b).
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The most optimal joint stiffness has been
determined, transitioning from the semi-
hinged form of connection observed in Models
2 and 3 with non-continuous ribs to a rigid
connection. This is accompanied by the most

uniform distribution of internal equivalent
stresses, which provides an advantage in the
even performance of the joint. The maximum
stresses that occur are within the range of 125
MPa (Fig. 8).

[MPa]

235,0
225

200
175

49
150
125
100
75

o 2142

50

25

0,0

Fig. 8. Distribution of internal equivalent stresses in the top chord of truss Model 4.
Puc. 8. Po3nozin BHYTPIlIHIX €KBIBAJICHTHUX HAMPYKEHb BEPXHBOTO MOSCY (hepMu Mojiei 4.

A consolidated comparison of the finite
element numerical analysis and the resulting
stresses in the investigated Models 1, 2, 3, and

a b

4 is presented as unfolded views of the upper
chords of the truss (Fig. 9) and as the stress
distribution in the flange plane caused by the
weld seam (Fig. 10).

[MPa]

c d

Fig. 9. Unfolded equivalent stress distribution on the upper face of the top chord for Model 1 (a), Model 2

(b), Model 3 (c), and Model 4 (d).

Puc. 9. Po3ropTka ekBiBaJIEHTHUX HAINPYXeHb BEPXHBOTO MOsACY Bepxy Mozeni 1 (a), momeni 2 (b), momerni

3 (c), momemi 4 (d).
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Fig. 10. Stress distribution in the flange plane due to welds: Model 1 (a), Model 2 (b), Model 3 (c), and

Model 4 (d).

Puc. 10. Po3moaia Hanpy»keHb B TUTONTHHI (hIaHI Bif [il 3BapHuX MmIBiB Mojeni 1 (a), moaemi 2 (b), momerni

3 (c), mozemni 4 (d).

For analytical calculation, the
determination of equivalent stresses at any
point of the elements should be improved as
follows:

_ Ngq - q; 4)
A foam a(a)da

OEd,i

ogq i—€quivalent stress at the investigated
point i;

a — angular coordinate along the
perimeter of the flange or pipe;

a(a) — radial distance from the center of
the load in the direction of angle
a,

foam a(a)da — integral value accounting
for the distribution of forces
along the angular perimeter of the
element.

CONCLUSIONS AND PERSPECTIVES
FURTHER RESEARCH

In Models 1 through 4, a trend is observed
toward the reduction of peak concentrations of
equivalent stresses and an improvement in the
uniformity of their distribution.

This study makes it possible to move away
from the classical approach of analyzing the
overall stiffness of the joint and allows not
only for the analysis of stresses in the joints but
also for influencing and structuring the stress
distribution—without changing the cross-
section of the main load-bearing element.

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025

An improved analytical method for
determining equivalent stresses is proposed as
an alternative to the numerical finite element
method for identifying critical local stress
concentrations.
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YUCJIOBI JOCJIIZKEHHS
®JIAHLEBUX BY3JIIB ®EPM
3 OBPI3AHUMM ®JIAHISIMUA

E€eeen I[IOITHMH

AHoTanis. Y cygacHoMy OyIiBHUIITBI CTaEBI
(hepMH 3aTUIIAIOTHCS OJTHUM 13 HAUTIOIIHMPEHIIINX
TUTIB HECYYMX KOHCTPYKIIH, IO 3aCTOCOBYIOTHCS
TIpH 3BEICHHI OyiBEIh MPOMHCIOBHUX, IIUBUTHHIX
Ta TPOMAJCLKUX OyJiBenb. IX BHKOPHCTaHHS
00yMOBJICHE BHCOKOIO HECYYOI0 3JaTHICTIO,
BiJTHOCHOIO JICTKICTIO MOHTaXy Ta €KOHOMIYHOIO
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JIOTIJTbHICTIO BUKOPUCTAHHS Y BEIMKOMIPOTOHOBHX
criopynaax.

OmHuM 13 HAWBIAMOBIJAJIBHIMINX €JIEMEHTIB
TaKUX KOHCTPYKIIN € (IaHIeBI BY3JH, Yepe3 SKi
MepenaroThCsl OCHOBHI 3YCWILIA Bix OfHIi€l bac-
TUHU hepmu A0 iHmoi. HagiiHicTh 1 JOBrOBIYHICTD
yCi€l CHCTeMH B 3HAYHIM Mipi 3aJIC)KUTHh caMme Bif
SIKOCTI BUKOHAHHS PO3PaXyHKY.

Oco0mmBoi yBaru moTpeOyOTh CUTYAITii, KON
Ha BY30JI IiOTh HE TiILKH OChOBI HABAHTAXKEHHS, a
H 3ruHaJbHI  MOMEHTH Ta KpY4YEHHS, IO
CHPUYHHSIOTh CKJIaTHUHT HanpyXeHo-
nepopMoBaHui  cTaH. Y  TaKMX  BHIAIKax
TPaIUIiiiHI METOJM PO3PaXYHKY, SKi IPYHTYIOTHCS
Ha CHPOIICHUX MOJENISAX Ta MPUIYIICHHIX PO
PIBHOMIPHUI pO3IIOMAIN HANpy>KeHb, HE 3aBXKIU
JIO3BOJIIOTH BUSBUTH JIOKAJIbHI KOHIICHTpAIIi1, SKi
MOXYTh  TPHU3BOAUTH  JIO TepeIIacHOTO
pyHHYBaHHS KOHCTpYKUii. 3 ormsigy Ha I,
0COOJIMBO aKTyaJIbHUM € yIOCKOHAIEHHS METOINK
YUCEIHHOI'0 aHajli3y 3 ypaxyBaHHSAM pEaJbHOT
MPOCTOPOBOI TEOMETPii €IEMEHTIB, OCOOTMBOCTEH
3’€JJHAHHS Ta XapaKTepy HaBaHTAXKCHHSL.

3anpormoHOBaHWNA  MAXim — Oa3yeTecs  Ha
nmoOy/MoBI  aHANITUYHOI ~ MOAeni  By3na 3
MOJKJIMBICTIO PO3paxyHKy BHYTPIIIHIX 3yCHIb Yy
KPpUTHYHUX 30HaX 0e3 TmoTpeOu TOBHOTO
MopemoBadHs BCiel pepmu. Lle mo3Bose He umre
CKOPOTHUTH 4Yac, HEOOXiTHUA /s BHKOHAHHS
PO3paxyHKiB, a ¥ MIIBUIIMTH iX TOYHICTh. Takuii
MiAX17 CIpUsie paHHOMY BUSBJICHHIO TMOTEHIIIIHO
HeOe3MEeYHUX 30H, J¢ MOXKIUBE IEPEBUILCHHS
TPaHUYHOTO PIiBHS HaNpyXeHb, WO, CBOEIO
Yeproro, 3HWKYE PU3UKU BTPATH SKCILTyaTaliiHOl
MIPUIATHOCTI.

Karouosi cJIoBAa:. €KBIBaJICHTI
HaNpYy>XeHHS; (JIaHeIb, KOMITOHCHTHHIA METO/T
CKIHYEHHHMX €JIEMEHTIB, YHCEIbHE MOIEIIO-
BaHHs, JKOPCTKICTh BY3/a; cTajeBa (depma,
JIOKAJIbHE HATPY>KECHHS.
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Summary. This article presents the results of a
numerical study on the performance of various
configurations of lightweight monolithic slabs of
the BubbleDeck system, which use hollow plastic
ball inserts to eliminate inefficient concrete from the
slab's neutral zone. This approach makes it possible
to significantly reduce the weight of the structure
without compromising its load-bearing capacity.

The aim of the study was to investigate the
influence of geometric parameters of the slab—
namely, the diameter of the plastic balls, slab height,
and span—on the stress-strain behavior and techno-
economic indicators of BubbleDeck-type slabs.

To achieve this goal, nine design variants of
lightweight slabs were modeled using plastic balls
with diameters of 180 mm, 315 mm, and 500 mm,
embedded in slabs sized 6x6 m, 7x7 m, and 8§x8 m,
respectively. The slab height varied depending on
the ball diameter, ranging from 230 mm to 600 mm.
All variants were modeled in the LIRA structural
analysis software. The models accounted for actual
loading conditions, including self-weight, service
load, and snow load.

The analysis showed that the use of plastic
inserts can reduce the weight of the slab by up to
36% compared to conventional solid slabs. At the
same time, deflections in all variants remained
within the permissible limits. The best overall
techno-economic performance was observed in the
variant with 315 mm diameter balls and a 7x7 m
span. In this case, the volume of concrete was
reduced by 28%, and reinforcement consumption by
10-12%.
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The article also provides deformation diagrams
and comparative tables of characteristics for all slab
variants.

Conclusions are drawn regarding the feasibility
of using the BubbleDeck system in civil building
design, especially in conditions with limited
foundation load capacity or when material and
logistics costs need to be minimized.
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PROBLEM STATEMENT

One of the pressing issues in modern
construction is the excessive weight of
monolithic reinforced concrete structures,
particularly monolithic floor slabs. Traditional
solid monolithic slabs contain a significant
volume of concrete in the central part of the
cross-section, which does not actively
contribute to the slab's strength and stiffness.
This inefficient material distribution leads to
resource overuse and increases the load on the
structural frame and building foundations. As a
result, additional costs are incurred during
construction.

At the same time, the modern construction
industry is influenced by environmental,
economic, and technical factors. The growing
demand for energy efficiency, reduction of
carbon emissions, the need for waste recycling,
and lower construction costs are driving the
search for new structural solutions that can
ensure a balance between reliability, cost-
effectiveness, and sustainability. In this
context, the BubbleDeck system has attracted
considerable scientific and practical interest.
This modern technology lightens monolithic
slabs by inserting hollow plastic elements
(typically spherical in shape) into the neutral
zone of the reinforced concrete slab body.

As shown in the work of Tina Lai [1] and
S.0. Buhaievskyi [2], the use of such solutions
allows for a significant reduction in the self-
weight of the slab (up to 40%) without
compromising its strength characteristics. This
creates favorable conditions for more
economical design of the load-bearing frame
elements and building foundations. Moreover,
the possibility of manufacturing plastic balls
from recycled polyethylene helps to reduce the
environmental impact of the construction
industry.

However, despite the obvious advantages of
the BubbleDeck system, several issues remain
unresolved regarding its adoption in design
practice. Primarily, this concerns the lack of
standardized approaches for selecting the
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optimal diameter of the ball inserts, depending
on the slab span, its height, and the type of
loading.

Often, an excessive slab thickness caused by
a large ball diameter leads to inefficient use of
such a structural system. In addition, engineers
frequently lack sufficient information about the
actual impact of the geometry of the ball inserts
on deflections, crack resistance, and slab
deformability.

There is a lack of systematic comparative
studies in the literature that would allow for an
accurate assessment of how slab stiffness and
strength vary depending on its geometric
parameters.

Thus, a scientific and practical task arises: to
determine the optimal parameters of
BubbleDeck-type lightweight monolithic slabs
(insert diameter, slab thickness, span
dimensions) while considering the regulatory
requirements for stiffness, strength, and
economic efficiency. To achieve this, it is
necessary to conduct a comparative numerical
analysis of several slab variants with different
geometries, identify the key factors influencing
the stress—strain behavior, select rational
reinforcement schemes, and assess the potential
material savings.

REVIEW OF PREVIOUS RESEARCH

The issue of reducing the weight of
reinforced concrete slabs through the use of
various types of hollow inserts, particularly
plastic balls, occupies a prominent place in
contemporary scientific research. Over the past
decade, there has been active investigation into
the efficiency of BubbleDeck-type systems,
driven by both engineering advantages and the
relevance of resource-saving technologies.

A number of sources (in particular, [3-5])
highlight the relevance of the issue of excessive
weight in traditional reinforced concrete floor
slabs. In his textbook [6], A.M. Pavlikov
emphasizes the rationality of removing
concrete from the neutral zone of structural
elements in order to reduce the load on the
foundations.

Among Ukrainian researchers, a significant
contribution to the development of this topic
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was made by S.O. Buhaievskyi, who, in his
work [2], provides a detailed classification of
modern reinforced concrete lightweight slab
systems with void formers, analyzes their
structural behavior and technical advantages.
Particular attention is paid to the various
geometric shapes of inserts, especially
spherical balls, as an effective way to reduce the
volume of non-structural concrete.

The study by Kripak, Kolyakova, and Gaidai
[7] complements the theoretical framework
with a practical analysis of the effectiveness of
reinforced concrete slabs with hollow inserts.
The authors demonstrate that, with proper
design, the weight of the structure can be
reduced by up to 30% without compromising
the slab's strength characteristics.

The study by Kripak, Kolyakova, and
Skopets [8] is devoted to the analysis of
calculation methods for such slabs. The authors
compare different approaches to accounting for
voids in the slab body and propose
improvements to the models by considering
stiffness distribution irregularities. Similar
modeling challenges are addressed in the
publication by Basiuk and Vylotnyk [9], who
used the finite element method to develop
computational models of hollow slabs. Their
work confirms the feasibility and value of
numerical analysis in the design of such
structures.

In article [10], a flat slab with plastic spheres
in the neutral axis was modeled, the stress-
strain state was analyzed, and relationships
between the geometry of the inserts and the
distribution of bending moments were
obtained.

Interest in the topic of slabs with void
formers is also observed in international
research. In particular, the study by lbrahim,
Ali, and Salman [11] experimentally
investigated the bending capacity of two-way
slabs with plastic inserts. The results confirm
that the studied structure can withstand loads at
the level of 80-95% compared to solid slabs,
while significantly reducing weight. Similar
conclusions were reported by Surendar and
Ranjitham [12], where numerical and
experimental modeling were combined with
good agreement of results.
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The study by Shetkar and Hanche [13] is
devoted to the use of not only spherical but also
elliptical inserts. The authors concluded that the
shape of the void has a minor impact on
strength but affects the overall thickness of the
slab. These results may be useful for further
optimization of the structural depth of the slab.

The research by Neeraj Tiwari and Sana
Zafar [14] provides an analysis of the
implementation of BubbleDeck slabs in high-
rise construction practice. The study by
Harishma and Reshmi [15] also highlights the
advantages in reducing loads on foundations,
particularly for large spans.

Based on the analysis of technical manuals
from BubbleDeck UK [16, 17], it can be
concluded that the system demonstrates high
technological adaptability: it allows for the
implementation of both fully monolithic and
combined  (prefabricated-monolithic)  slab
options, while providing standard solutions for
reinforcement and installation.

Thus, previous studies demonstrate:

a consistent trend towards the use of plastic
sphere inserts as a rational solution for reducing
the weight of floor slabs;

confirmed effectiveness of the BubbleDeck
technology based on both numerical modeling
and laboratory testing results;

existing gaps in the standardization of insert
geometry selection, particularly in relation to
span length, load type, and concrete grade.

This provides a basis for further research,
which should focus on the comparative analysis
of slab variants with different insert diameters,
optimization of reinforcement, and ensuring
compliance  with  regulatory  stiffness
requirements.

MAIN RESEARCH

Modern approaches to the design of
reinforced concrete slabs increasingly rely on
economical solutions for efficient material use
and reduction of loads on structural building
elements. One of the promising solutions in the
construction sector is the BubbleDeck system,
which involves the introduction of hollow
plastic sphere inserts made from recycled
polymer materials into the concrete volume.
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This approach enables a reduction in slab
weight without compromising load-bearing
capacity by removing concrete from the neutral
axis of the cross-section.

The study examined nine design variants of
lightweight monolithic floor slabs
incorporating plastic sphere inserts. The main
objective was to establish the relationship
between the diameter of the plastic spheres,
panel geometry (spans and slab thickness),
load-bearing  capacity, and  economic
efficiency. The research included: numerical
modeling using the Lira software package;
determination of the stress-strain state of the
slabs; analysis of deflections and bending
moments;  reinforcement  design;  and
comparative evaluation of variants based on
techno-economic criteria such as concrete and
reinforcement consumption, and the cost per 1
m? of the floor slab.

The study considered slabs with dimensions
of 6x6 m, 7x7 m, and 8x8 m, with three varying
diameters of plastic sphere inserts—180 mm,
315 mm, and 500 mm. The slab thickness

ISSN 2522-4182

ranged from 230 mm to 600 mm depending on
the size of the sphere inserts, which was
calculated based on the placement of the inserts
between the top and bottom flanges of the floor
slab. For all variants, concrete of class C20/25
[18] and reinforcement of classes A400c and
Bp-1 were used. The slab is supported on all
four edges by monolithic beams, ensuring a
two-way slab behavior (see Fig. 1).

For each of the nine variants, loads were
modeled in accordance with the DBN “Loads
and Effects” [19]. The loads included:
permanent actions (self-weight of the slab,
finishing, thermal insulation); variable loads
(service loads for a residential building); and
snow loads (as applicable for the city of
Dnipro).

Finite element modeling of slabs with sphere
inserts [20, 21] enabled the determination of the
main performance characteristics of the slabs:
bending moment distribution in two directions;
maximum deflections; and stress concentration
zones (see Fig. 2).

4]

182 136 14 136 14

F NS

18

a

Fig.1. Structural diagram of a floor slab with voids made of plastic balls:
a — layout plan of structural elements with an insert ball diameter of 315 mm,;
b — section of a floor slab with an insert ball diameter of 315 mm.
Puc.1. KoHCTpyKTHBHA cXeMa IUTUTH TIEPEKPUTTS 3 TOPOKHEUAMH 13 IUTACTHKOBUX KYJIb:
a — TIaH PO3TaNTyBaHHs KOHCTPYKTUBHUX €JICMEHTIB IPH JiaMeTPi KyIb-BCTaBOK 315 MM,
0 — mepepi3 IINTH MEPEKPUTTS MIPH AiaMeTpi KyJIb-BCTaBOK 315 MM.

The slab with sphere inserts of 180 mm
diameter and a thickness of 230 mm exhibited
a maximum deflection of upto 9.2 mmata 6 m
span, which is within the allowable deflection
limit (the limit according to regulatory

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025

documents [22] is 24 mm). For the 8x8 m slabs
with 500 mm diameter sphere inserts and an
overall thickness of 600 mm, deflections
reached 15.1 mm, also within permissible
limits. However, these cases require increased
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reinforcement in the support zones. Deflections inserts. As the span length and the diameter of
of the slab variants are presented in Table 1. the sphere inserts increase, the load on the slab

Figure 3 presents a comparative chart of the also increases, which is reflected in the rise of
maximum bending moments (M_max) for nine the bending moment values.

variants of lightweight slabs with plastic sphere
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Fig.2. Lightweight reinforced concrete floor with plastic-ball void formers:
a — Calculated model with an insert ball diameter of 315 mm;
b — Deformed floor plan with an insert ball diameter of 315 mm.
Puc.2. Tlonermene 3a;1i300€TOHHE IEPEKPHUTTS 3 MOPOKHEUAMH 13 ITACTHKOBUX KYJIb:
a — po3paxyHKOBa cXeMa TpH JIiaMeTpi KyJIb-BCTaBOK 315 MM,
6 — neopMoBaHa cxema IpH JliaMeTpi KyJIb-BCTaBOK 315 M.

Table 1. Results of deflection determination in various slab configurations
Ta6a. 1. PesynpraTtu BU3HAUEHHS IPOTHHIB B PI3HUX BapiaHTaX MEePEKPUTTS

Maximum slab deflections, mm
Span length, m Diameter of sphere inserts, mm
180 315 500
6 9,2 10,9 12,0
7 10,3 11,2 13,6
8 11,5 13,3 15,1
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Bending moments (Mmax) for slabs with different parameters

GxEm, D= 180mm h=230 m|

Gx6M, D=315mMm h=390mm

GxGm, D=500MM h=&00mm

Tx7M, D=180MM h=230m

TxTM, D=315MM h=390mMm

TxTm, D=5030 MM h=&00mm

BxEm, D=180MM h=230mm

BxEm, =315 MM h=390mm

BxEM, =500 MM k=00 M

17.3

158

392

0 5 10

20 25 30 35 a0

Maximum bending moment, kHm

Fig.3. Maximum bending moments in various slab configurations
Puc.3. MakcuMaibHi 3rHHAIbHI MOMEHTH B Pi3HHUX BapiaHTax TUIAT MEPEKPUTTS

Based on the calculations of concrete
consumption per 1 m? of slab with voids in the
form of sphere inserts for each variant, it was
established that concrete savings can range
from 20.9% to 39% compared to a solid
monolithic slab of the same thickness (see
Table 2). The calculated concrete savings

indicate significant potential for material
volume reduction when using plastic inserts. As
shown in the table, the maximum concrete
savings (up to 39%) can be achieved with the
use of sphere inserts; however, this requires
careful control of deflections and reinforcement
[23]..

Table 2. Comparative table of concrete usage for different design options
Tab6:. 2. [lopiBHsUTEHA TAOIUIIT BapiaHTIB BUTPAT OETOHY

Slab size, D, h, Concrete Solid slab Concrete

Ne consumption s savings,
m/ mm. mm. ) m3/m
m3/m %

1 6x6 180 230 0.182 0.230 20.9
2 7x7 180 230 0.171 m0.230 25.7
3 8x8 180 230 0.169 0.230 26.5
4 6%6 315 390 0.246 0.390 36.9
5 Tx7 315 390 0.238 0.390 39.0
6 8x8 315 390 0.246 0.390 36.9
7 6%x6 500 600 0.454 0.600 24.3
8 Tx7 500 600 0.439 0.600 26.8
9 8x8 500 600 0.428 0.600 28.7
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Reinforcement selection was carried out in
accordance with current regulatory documents
[24, 25]. The calculation considered both the
tensile and compressive zones in the upper and
lower parts of the slab. Particular attention was
paid to: densification of reinforcement in the
support zones; ensuring the protective concrete
cover (>25 mm). The analysis showed that the
size and spacing of the reinforcement mesh
depend on the location within the slab. In the
column zones (support areas), the peak moment
concentrations required strengthened
reinforcement.

Based on the reinforcement results, the
reinforcement consumption for slabs of
different variants was calculated. Taking into

account the consumption of both concrete and
reinforcement for the various slab options, the
cost per 1 m? of slabs with sphere inserts was
determined.

The cost diagram of the different slab
variants is presented in Figure 4.

The diagram shows a comparison of the
manufacturing cost per 1 m? of slab variants
using plastic sphere inserts with different insert
diameters and spans. A trend of increasing cost
with larger insert diameters is observed, which
is associated with the need to increase slab
thickness and the corresponding volume of
work.

Cost per 1 m® of slab for different voided slab options with plastic ball inserts

1200

1000

E00

600

Slab cost per 1 m*, UAH

400

200

1167.90

1113.30

1081.05 1088.10

@180mm, &M @180Mm,7m @180mm, &M @315 MM em S315Mm,7m &315mm,em @500mm,6m @500mm,7m @500mm,gm

Fig.4. Unit cost per square meter for various BubbleDeck slab options
Puc.4. Bapricts | M? nepekpuTTs /sl Pi3HUX BapiaHTiB Mt nepekpurts tuiy BubbleDeck

The slab design using plastic sphere inserts
as void formers allows for the use of recycled
polyethylene, significantly reducing the
environmental impact of  construction.
Additionally, the lightweight structure:

- decreases transportation costs;
- educes the overall load on the supporting
frame elements and foundation structures;
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- shortens concreting durations due to smaller
concrete volumes.

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

During this study, a comprehensive analysis

was carried out on nine variants of lightweight
monolithic slabs incorporating plastic sphere
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inserts, which involve the use of hollow plastic
spheres in the neutral axis of reinforced
concrete slabs.

As a result of the conducted study, a clear
relationship was established between the
geometric parameters of slabs with plastic
sphere inserts as void formers (diameter of
plastic spheres, slab thickness, span) and their
key techno-economic indicators: weight,
stiffness, concrete and  reinforcement
consumption, and overall cost-efficiency
metrics.

The numerical modeling conducted
demonstrated that this system allows a
significant reduction in slab weight (by 20—
40%) without critically affecting the stiffness
and load-bearing capacity of the structure. It
was found that the optimal variant in terms of
the “weight—deflection—cost” ratio is the slab
with a sphere diameter of 315 mm, a thickness
of 390 mm, and a span of 7x7 m.

The obtained results confirm  the
effectiveness of slabs with plastic sphere
inserts for use in multi-storey residential and
public buildings, especially under conditions
where foundation load limitations apply. The
reduction in the slab’s self-weight positively
influences the reduction of reinforcement
volumes, simplifies installation, lowers
transportation costs, and improves the
environmental aspect (due to the use of
recycled polyethylene).

Prospects for further research include
studying the effects of temporary loads
(seismic, thermal) on the behavior of slabs
with plastic sphere inserts; and assessing the
durability and fire resistance of such slabs
considering their long-term service life.

Thus, the structural design of slabs using
plastic sphere inserts represents a promising
approach to the rational design of slab
constructions, combining economic efficiency,
environmental friendliness, and structural
effectiveness.
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25.ICTY 3760:2019. [IpokaT apMaTypHUid IS
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BIIJIMB TEOMETPUYHUX
ITAPAMETPIB IIEPEKPUTTS HA
TEXHIKO-EKOHOMIYHI
INOKA3HHUKH ITOJIEI'NEHUX IIVIMT
HEPEKPUTTSA TUITY BUBBLEDECK

Olena BUTSKA,
Mykola MAKHINKO,
Kostiantyn SHLIAKHOV

AHoOTamisi. Y cCTarTi HagaHO pe3yNbTaTH
YHCIIOBOTO JIOCTIJKEHHSI POOOTH BapiaHTIB TLIAT
MOJIETTIICHOT'O MOHOJIITHOTO MEPEKPUTTSI CHCTEMHU
tuny  BubbleDeck, ski  BupoOnsOTH 3
BUKOPDHCTAaHHSAM  IUTACTUKOBUX  TOPOXKHUCTUX
KyJIb-BCTABOK JIJI1 BHIYYCHHS Hee()EKTHBHOTO
0eToHy 3 HeHTpalbHOI 30HH TUTH. Takui miaxin
JIOTYCKA€ CYyTTEBO 3MEH-IIIMTU Macy KOHCTPYKIIii,
HE 3HIDKYIOUW TPU IbOMY ii HECydy 3HaTHICTb.
MeTtoro JOCHiKeHHS OyJ0 BHUBYEHHS BIUIUBY
TCOMETPUIHMX TTapaMeTpPiB MEPEKPUTTS, 30KpeMa,
JiaMeTpa IUIACTHKOBHX KYJb, BHCOTH IUIMTU Ta
MIPOJILOTY — Ha HANpPyKeHO-IePOopMOBaHUH CTaH
Ta TEXHIKO-€KOHOMIUYHHMX IIOKA3HMKKA ILIUTH
MEPEKPUTTSI 3 BHKOPHUCTAHHSAM BCTAaBOK i3
TUTACTUKOBUX KYJIb.

Cmamms naoiiiwna 0o pedaxyii 26.04.2025 p.
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Jnst mocsrHeHHs. MeTH OyJI0 CTBOPEHO JIeB’SITh
BapiaHTiB ~ MoJeNeHd  IUIUT  MOJIETHICHOTO
epeKkpuTTs 3 Aiamerpamu Kyab 180 mm, 315 mum i
500 MM, SKi po3MillieH] B IITUTaX PO3MipoM 6X6 M,
7x7 m T1a 8%8 M BimnosigHo. Bucora maur
3MIHIOBaACh B 3aJICKHOCTI B/l AlaMeTpy KyJb Bif
230 MM mo 600 mm. VYci Bapianta Oyio
3MO/IeIbOBaHI B IporpaMHOMy Komiuiekci Jlipa. Y
MOJIETISIX BPaxOBaHO peajbHI HaBaHTAKECHHS,
BKJIFOYHO 3 BJIACHOIO Baroro, €KCIUTyaTalliifHUM i
CHITOBHM HaBaHTa)KCHHSM.

V pesyibTari aHanily MoJeNieil BCTAHOBIICHO,

[0 BUKOPHUCTAaHHS  IUIACTHKOBUX  BCTaBOK
JIO3BOJISIE 3MEHUIMTH Macy IUmTH A0 39% vy
NOPIBHAHHI 3  TPaIUIIHHUMH  CYIIbHUMH
HepekpuTTsIMHU. [Ipy [BOMY MNPOTHHM Yy BCIX
BapiaHTIB HE MEPEBUIIYIOTh HOPMATHBHHUX MEX.
Haiikpamii pe3ynpTaTH 3 TOYKH 30py 3arajbHUX
TEXHIKO-CKOHOMIYHUX TOKAa3HHUKIB OTPUMAHO IS
BapiaHTa 3 JiaMeTpoM Kyib 315 MM i mpoapoTOM
7x7 M. [ng uporo tumy twumTtH 00csAr OeTOHY
3MeHmmBCs Ha 39%, a BUTpaTH apMaTypu — Ha
10-12%.
VY cTaTTi TakoX HaBeAEeHO cxeMu aedopmarriii
Ta MOPIBHUIbHI TAOJIMIIl XapaKTEPUCTUK YCIX
BapiaHTIB IUIUT. 3pOOJIEHO BHUCHOBKH II[OJIO
JOIUTBHOCTI BUKOPUCTAHHS CHUCTEMH THITY
BubbleDeck mnpu mnpoextyBanHi OymiBemb
[UBUTHPHOTO TIPU3HAYCHHS, 30KpeMa B yMOBaxX
00MEXEHOT0 HaBaHTAXXCHHA Ha (QyHIAMEHTH
ab0o 3a HEOOXIAHOCTI 3HIM)KEHHS BHUTpAT Ha
MaTepiaiu Ta JOTiCTUKY.

KuarouoBi ciioBa: TOJIETHICHI TEPEKPUTTS;

MOHOJIITHA  IUIATA;  IUIACTUKOBI  KYIIi;
BubbleDeck; unciose MmoaenoBaHHs.
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Summary. The article focuses on the impact of
loads from railway rolling stock on the condition of
the ballast prism, the propagation of vibrations in
the foundation, and their effect on the dynamic
behavior of a high-rise reinforced concrete frame
building. The study examines the dynamic response
of a 17-story monolithic reinforced concrete
residential building located near railway traffic in an
urban environment. The building is elongated in
plan and has sections of varying heights, which may
influence the stress-strain state of the structural
frame under different directions of ground
vibrations. Additionally, the effect of ground
vibrations on the structural frame depending on the
building’s orientation relative to railway tracks is
analyzed.

To model the dynamic behavior of the high-rise
building under the influence of rolling stock loads,
a two-stage approach was applied. First, a finite
element model of the ballast prism and soil
foundation was developed as a two-dimensional
elastoplastic half-space with a length of 200 m and
a depth of 60 m. The load from the rolling stock was
introduced as a wvertical periodic disturbance
concentrated at the center of mass of the system,
consisting of the bogie frame, wheelsets of a freight
train car, and the ballast prism.

The influence of rolling stock loads on the
foundation was examined using a nonlinear static
formulation based on the Newton-Raphson method.
Modal analysis of the foundation and ballast prism
was performed using the Lanczos method.

© O.LUKIANCHENKO, A.KOZAK, D.KOSTIN, 2025
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The dynamic behavior of the foundation was
analyzed using the fourth-order Runge-Kutta method.
Horizontal and vertical ground accelerations were
obtained at various distances and depths within the
foundation model.

In the second stage, a 3D model of the building was
developed. The stress-strain state of the structure was
examined using the spectral method under the influence
of design loads and kinematic ground disturbances,
applied along the height of the building’s foundation in
the form of acceleration vectors.
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The conditions for the reliability and structural
safety of the building were evaluated under a
combination of loads, including the impact of
ground vibrations induced by railway rolling stock.
Additionally, the optimal orientation of the building
in relation to railway tracks was analyzed.
Keywords: dynamics; finite element method;
rolling stock; ground acceleration; high-rise frame
building.

PROBLEM STATEMENT

Today, as Ukraine actively collaborates with
European Union countries in the transportation
sector, an important direction is the deepening
of cooperation through the utilization of transit
potential. The implementation of infrastructure
projects, along with military and technical
assistance, raises the issue of an increasing
number of railway transport vehicles operating
near civilian buildings and structures in densely
built urban areas. Therefore, research aimed at
determining the impact of ground vibrations
caused by rolling stock on buildings located
within railway zones is highly relevant.

Developing a mathematical model that
enables the study of the effect of rolling stock
loads on the dynamic behavior of a high-rise
building situated at a considerable distance
from the load's source is a complex task. This
challenge involves creating a model of a high-
rise building while accounting for its
interaction with the ground, as well as a model
of rolling stock-ground interaction. Since the
interaction between rolling stock and railway
tracks is a complex problem requiring
numerous differential equations, mathematical
modeling using computational frameworks is
widely applied in vibration studies. To simplify
the process, various calculation schemes with
different levels of detail are used.

Due to the identical vertical excitations
under the left and right wheels of the wheelset,
many researchers reduce the rolling stock-
ground interaction model to a two-dimensional
representation, where the bogie frame and
wheelset are assumed to be perfectly rigid
bodies with their masses concentrated at their
centers of mass. Several approaches exist for
incorporating the elastic properties of the
ground foundation. The simplest option is the
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Winkler foundation model, which can be
implemented using finite elements with single-
point linear elastic springs. However, the
primary drawback of this model is its inability
to consider the soil's distributed properties. An
alternative to the Winkler foundation model is
the elastic half-space or elastic layer model,
which is the approach adopted in this study.

REVIEW OF PREVIOUS STUDIES

The dynamic effects of moving loads have
been extensively studied by researchers. Since
1847, when the Chester Bridge in England
collapsed due to the dynamic impact of moving
loads, the issue of safe operation of structures
under the influence of rolling stock has
remained relevant. Early attempts at theoretical
solutions to this problem led to the conclusion
that dynamic effects are twice as significant as
static ones. Since then, theoretical and
experimental research has primarily focused on
the impact of moving loads on railway tracks
and bridges.

The loads exerted by rolling stock on railway
tracks and the stress-strain state of track
superstructures are often determined using
well-established methodologies by V. V.
Bolotin, S. P. Timoshenko, B. G. Korenyev,
and I. M. Rabinovich.

The stability of train movement was
thoroughly studied in the 1930s by G. Marais
and remains a relevant topic today. Numerous
scientific studies and papers have been
dedicated to this issue in recent years. Marais’
research is particularly noteworthy as it
comprehensively considers all conditions
affecting railway rolling stock movement,
jointly analyzing the structural quality of both
rolling stock and railway tracks. Based on this
research, a safety criterion for train motion was
established. He was the first to introduce the
term "rolling stock stability on railway tracks".
This issue is critically important, as modern
railways increasingly apply higher axle loads
and higher speeds. A significant concern is the
risk of resonance phenomena. However, due to
internal friction primarily within springs,
suspension joints, and support elements
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vibration absorption is possible, significantly
reducing the risk of resonance.

Rolling stock loads on railway tracks consist
of vertical and horizontal longitudinal and
transverse forces [1]. These forces generate

both stationary periodic and stochastic
vibrations in structural elements.
Numerous studies have focused on

analyzing rolling stock vibrations alongside
railway tracks, determining dynamic wheel-to-
rail loads, and evaluating equivalent track
loading [2]. Other works explore the stress-
strain condition, behavior, and degradation
mechanisms of ballast prisms [3].

Vibrations caused by high-speed train
movement present a serious environmental
issue. Many researchers have examined
numerical, empirical, and hybrid methods for
predicting ground vibrations induced by trains.
The theoretical study of vibration propagation
generated by harmonic or constant moving
loads along a layered beam supported by a
layered half-space is discussed in [5]. The soil
is modeled as a series of parallel viscoelastic
layers resting on either an elastic half-space or
a rigid foundation. The railway track, including
rails, track plates, sleepers, and ballast, is
represented as an infinite layered beam
structure.

Several foreign studies [6-14] have
investigated the effects of ground vibrations
from trains moving through underground
tunnels on buildings. Research in [8] has found
that piles generally dampen vibration
propagation compared to shallow foundations.

The study presented in [15] explores the
impact of reinforced subgrades and vibration-
protection blocks on ground-transmitted
vibrations in surface railway tracks.
Reinforcing railway subgrades with higher
stiffness materials is commonly applied in soft
soil areas to reduce track settlement and
deflection while simultaneously mitigating
ground-induced vibration transmission.

Despite the extensive body of research on
various types of structural impacts such as
seismic effects and wind-induced pulsations the
issue of vibrations generated by above-ground
railway  transport  remains  relatively
understudied. There is a lack of reliable data on

ByaiBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025

ISSN 2522-4182

how these vibrations propagate across the
earth’s surface and affect buildings.
Investigating these effects will provide
opportunities to ensure safe building operation,
prevent structural failure, and protect human
lives.

MAIN STUDY

The objective of this research is to examine
specific aspects of the impact of train
movement and the resulting ground vibrations
on a high-rise frame building located near
railway tracks.

The characteristics of the foundation and
rolling stock are presented in [16]. Soil
foundations are considered as a flat elastic half-
space.

Figure 1 illustrates the finite element model
of the soil foundation along with the ballast
prism, developed using the MSC NASTRAN
software package [17].

b

Fig.1. Computational model of the ballast prism
and foundation: a) finite element model
(FEM); b) fragment of the FEM

Puc.1. Po3paxyHkoBa Mojiens 6a1acToBOl MPU3MHU
Ta ocHOBH: a) CKIHYCHHOCIEMEHTHA
monenb (CEM); 6) ®parmenr CEM
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The characteristics of the soil were investigated
at a distance [0 — 100]m from the action of the
vertical load in the static and dynamic
performances. The nonlinear problem is solved
by the Newton-Raphson method of phase-static
loading. Dynamic task of determining the
eigenfrequencies and mode shapes of the model
was performed using Lanczos method. Ground
motion together with the ballast under the
influence of the vertical load, which is modeled
as a periodic load with a frequency equal to the
eigenfrequency of the vertical oscillations of
the freight a rolling stock were investigated.
The task of forced vibration is solved by direct
numerical integration of differential motion
equations of the Runge Kutta 4th order method.

In the computational model of the building,
ground accelerations corresponding to a
distance of 50 m were applied at the foundation
level. This distance from the railway track axis
is the minimum permissible distance for new
buildings to mitigate the effects of vibration.

The finite element model of the high-rise
reinforced concrete frame building was
developed using the SCAD software package
[18]. The model comprises 87,148 beam and
shell finite elements and 81,478 nodes, each
with six degrees of freedom (Fig. 2).

The building has a height of 60.45 m and an
elongated plan, with axial dimensions of 50.3 x
22.85 m on one side and 50.3 X 10.65 m on the
other. It consists of one underground and
sixteen above-ground floors. The first ten floors
maintain identical slab contours. Above the
11th-floor slab, the slabs decrease in plan
dimensions, forming sections of varying
heights. The underground level, which houses a
parking area, has a height of 3.6 m, while the
first floor, containing commercial and office
spaces, has a height of 4.2 m. The typical
residential floor height is 3.75 m.

The structural scheme of the building is
frame-braced, ensuring adequate rigidity due to
a massive core formed by monolithic
diaphragms of elevator shafts and stairwells.
The infill between the frame elements consists
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of brick and aerated concrete blocks. The
foundation is a monolithic reinforced concrete
raft, 1.2 m thick, supported by 171 bored piles.

4
4
4
4
4
4
4
4
4
4
4
4
4
r
4

Fig.2. Spatial scheme of the building with
numbering of control points

Puc.2. IIpocropoBa cxema OyAMHKY 3 HyMEpalli€to
KOHTPOJIBHUX TOYOK

The dynamic behavior of the building was
analyzed under the influence of design static
and dynamic loads specified in national
regulatory documents [19-20].

Ground vibrations were defined as
acceleration vectors applied along the height of
the foundation in the computational model.

A modal analysis of the spatial model of the
building was performed using the subspace
iteration method. Figure 3 presents the 10
eigenmodes obtained from the dynamic
calculation.
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mode 1 mode 2 mode 3 mode 4 mode 5
period 2,611821s  period 2,462735s  period 1,139335s  period 0,480412s  period 0,427995 s

mode 6 mode 7 mode 8 mode 9 mode 10
period 0,392489 s  period 0,361636 s  period 0,313957 s  period 0,306870s  period 0,289606 s

Fig.3. Vertical projections of the building's eigenmodes and corresponding vibration periods
Puc.3. Beprukanbhi npoekiii GopM BIaCHUX KOJUBaHb OyIUHKY 1 MEPioy KOJIUBAHb BiIIIOBIIHO

Two calculation scenarios were conducted:
in the first scenario, accelerations were applied
in the directions of the global X and Y axes; in
the second scenario, accelerations were applied
at a 45-degree angle to the X and Y axes.

10 044 |G 19 763 065 168
044 188 763 906 168 4.02
188 331 o086 105 402 636
231 475 05 11.94 636 869

B0 1102

s 610 1194 1337

a

The horizontal displacements of the building
frame were verified (Fig. 4, 5), providing a
basis for determining the optimal orientation of
the building in relation to railway tracks.

103 1337 071 116 [ls &2 1049

13.37 157 1.16 3.02 1049 12.35
Pis7 1804 302 480 1235 1422
Bl 04 2037 489 675 422 16.08
027 2271 s 862 [llic08 1795

8

Fig.4. Horizontal displacements of the building frame along the X axis, mm: a) without ground accelerations;
b) with accelerations in the X direction; c) with accelerations at an angle to the X direction

Puc.4. T'opusoHTaNIBHI NepeMillieHHs KapKacy 1o X, MM: @) 0e3 IPUCKOPEeHb TPYHTY; D) 3 MpUCKOpeHHAMH Yy
HanpsMKY Y HanpsMKY X; C) 3 IPUCKOPEHHSMH i KyToM 70 X

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025 81



ISSN 2522-4182

061 0 244 305 01 13 [ls9 831 019 07 [Hl423 511
0 081 3.05 366 13 27 831 971 07 158 511 599
061 122 [laee 427 27 4n a7 11 158 245 599 658
122 183 427 488 411 551 H111 1251 246 335 s 776

8.64

Bl e 24+ st -5 691 1251 13.91 B <2 s
a b c

549

Fig.5. Horizontal displacements of the building frame along the Y axis, mm: a) without ground accelerations;
b) with accelerations in the Y direction; c) with accelerations at an angle to the Y direction

Puc.5. TopusoHTaNBHI MepeMillleHHs KapKacy 1mo Y, MM: @) 6e3 PHCKOPEHb TPYHTY; D) 3 mpucKopeHHAME y
HaMpsIMKY Y HampsIMKy Y'; C) 3 MPUCKOPEHHSIMH TiJl KyToM 10 Y

applied in different specified directions at
control points marked in the computational
model (Fig. 2), are presented in Table 1.

Results of the study: horizontal
displacements of the building frame, both
without and under the influence of accelerations

Table 1. Total displacements of the building frame at control points
Tabu. 1. 3aranbhi nepeMileHHs KapKacy y KOHTPOJbHHUX TOYKaX

Point Displacement Displacement Displacement Displacement Displacement Displacement
Number | Along X, mm Along X, mm Along X, mm Along Y, mm Along Y, mm Along Y, mm
(No (With (With (No (With (With
Acceleration) | Acceleration) | Accelerationat | Acceleration) Acceleration) | Acceleration at
an Angle to X) an Angle to Y)
Slab at elevation 30.450
1 5,70 11,44 8,69 4,65 10,32 6,66
2 5,73 11,25 8,55 4,9 10,64 6,92
3 5,71 11,44 8,69 -0,03 4,48 191
4 5,59 10,91 8,27 -0,05 4,46 1,90
Slab at elevation 49.200
5 9,8 17,68 13,78 5,24 12,71 8,00
6 9,8 17,41 13,57 3,44 12,71 8,00
7 9,76 17,64 13,74 0,76 6,92 3,34
8 9,76 17,16 13,37 0,68 6,86 3,28
Slab at elevation 56.700
9 11,98 20,91 16,44 5,49 13,91 8,64
10 12,12 20,72 16,32 5,46 13,89 8,62
11 12,1 21,00 16,53 2,27 9,62 5,23
12 12,1 20,64 16,27 2,30 9,64 5,25
Slab at elevation 60.450
13 13,31 22,71 17,95 3,25 11,26 6,41
14 13,35 22,33 17,67 3,27 11,23 6,43
15 13,30 22,71 17,95 2,47 10,25 5,59
16 13,37 22,35 17,69 2,51 10,29 5,63
82 ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 16/2025



As a result of the displacement analysis, it
was determined that the orientation of the
building at an angle to the railway tracks is
more favorable. The impact of kinematic
ground excitation applied at an angle to the
building was found to be lower compared to
the influence of accelerations along the global
X and Y axes.

CONCLUSIONS AND FUTURE
RESEARCH PROSPECTS

The conducted research has identified a
significant impact of ground vibrations
induced by rolling stock on a frame building
located in the railway traffic zone. The
obtained data on the dynamic behavior of the
building frame allow us to conclude the
following:

e acomparison of displacements without
ground accelerations and under their
influence revealed a substantial
increase in frame displacements at
control points.

o displacements along the orthogonal
axes of the global coordinate system (X
and Y), caused by ground accelerations
in these directions, nearly doubled.

« displacements along the X and Y axes
due to ground accelerations applied at
a 45-degree angle to the axes increased
by a factor of 1.5.

o the most favorable building orientation
is at an angle to the railway tracks, as
this positioning proved to be less
vulnerable to the effects of ground
vibrations.

Further research may focus on refining the
mathematical model of the soil foundation,
specifically by incorporating multiple soil
layers with varying physical characteristics.
Additionally, it would be valuable to examine
the behavior of brick and panel buildings
within railway traffic zones.
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B OCHOBI Ta X BIUTMBY Ha JWHAMIYHY TOBEIIHKY
0araTonoBepXoBO1 KAPKACHO-MOHOJIITHOI OY/IiBJIi.

Hocmimkeno  auHaMidyHy mOBemiHKy 17-
MOBEPXOBOTO MOHOJITHO-KapKAaCHOTO >KUTIIOBOTO
OyAMHKY, IO pO3TalIOBaHUA IOOIU3Yy pyXy
3aJI3HUYHHX MOTATIB Y MichKill 3a0ynoBi. ByniBms
BHJIOBXXEHA y TUIaHI, Ma€ Pi3HOMMOBEPXOBI TUITHKH,
OI0  MOXE  BIUIMHYTH  Ha  HamlpyXeHo-
nedopMOBaHW CcTaH Kapkacy TIpH  Pi3HHX
HarnpsIMKax KOJIMBaHb TPYHTY. Taxox
MIPOaHAaJIi30BaHO BILIUB BiOpaIliii TpyHTY Ha KapKac
B 3aJIGKHOCTI BiJ opieHTalii OyJUHKY BiZHOCHO
3aJTI3HUYHUX KOJIiil.

Jns MoznenioBaHHS AMHAMIYHOI IOBEXiHKH
OaraTornoBepXxoBoi Oy/IiBIIi TIpH Ail HABAHTaKEHHS
BiJl PyXOMOIO CKJagy 3acTOCOBAHO IBOETAITHHUIH
MmiAXia:  crmovatky  cpopMoBaHa  CKiHUYEHHO-
eJIEMEHTHa MOJIeNIb 0anacToBOI IPU3MH 1 IPYHTY Yy
BUTJTISII TUIOCKOTO MPY>KHOTUIACTHYHOTO
HamiBIpocTopy noBxuHO 200 M. i rmbuHOI0 60
M. HaBaHTa)keHHSI BiJl pyXOMOTO CKJIaJy TOAaHO y
BHTJISIII BEPTUKATLHOTO MEPiOAUIHOTO 30ypEeHHS,
30CEepeKeHOr0 B IEHTPI Mac CHCTEMH, IO
CKIIAZIA€ThC 3 paMH Bi3Ka, KOJICHHUX ITap BaroHy
BaHT)XHOTO MOTATY Ta 0aJIacTOBOI MPU3MHU.

Cmammasa naoiinuna 0o pedaxuii 10.05.2025 p
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BrutuB HaBaHTa)KEHHS BijI pyXOMOTO CKJIay Ha
OCHOBY JIOCIIIJDKEHO B HENIHIWHIA CTaTHYHIN
TTOCTaHOBIII METOI0M Hrrotona-Padcona.
MopanpHul aHali3 OCHOBH 1 0aacTOBOI MPU3MHU
BHKOHAHO  MerogoM  Jlanmomra.  J{pmHamiuHa
TIOBE/[IHKA OCHOBH JOCTi/PKEHA METoJoM PyHre-
Kyt YEeTBEPTOTO TIOPSIIKY. OTtpumani
TOPH3OHTAIbHI 1 BEPTUKAIBHI MPUCKOPEHHS TPYHTY
Ha PI3HMX BIJICTAaHHAX 1 TTIMOMHAX Moeli ocHOBH. Ha
npyromy etarti chopmoBana 3D mMoaens OyauHKY.

3a  IOMOMOrOI  CHEKTPAILHOTO  METOIY
JOCTI/DKEHO — Hampy>KeHO-IeOpMOBaHMN  CcTaH
OyxiBmi mpu Ail po3paxyHKOBHX HaBAaHTAXEHb Ta
KiHEMaTUYHOTO 30ypeHHs IPYHTY, PUKIAJICHOTO
no BHCOTI (yHAaMeHTy OyOWHKY Yy BHIIISAL
BEKTOPIB MPUCKOPEHB.

Iepepipeni YMOBH HaIHHOCTI i
KOHCTPYKTHBHOI Oe3meku OyxiBmi mpum  fil
KOMOIHamii HaBaHTa)X€Hb, IO BKJIIOYAE BILIUB
BiOpallii TPYHTY OCHOBH BiJl pyXOMOTO CKJIamy. A
TaKOK MPOAHaTi30BaHO MPIOPUTETHUN HAIPSIMOK
opieHTaIlii OyiBIIi CTOCOBHO 3aJIi3HMYHUX KOJIIH.

KirouoBi cioBa: auHamika; METOJ CKIHYEHHUX

€JIEMEHTIB; PYXOMHUI CKJIa]l; IPUCKOPEHHS TPYHTY;
OaraTornoBepXoBHH KapKacHUHA OYAMHOK.
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Abstract. This article considers the influence of
local one-sided damage on the stress-strain state of
a reinforced concrete beam.The research is aimed at
analyzing changes in load-bearing capacity,
deformations, and potential failure mechanisms
caused by unilateral damage.Reinforced concrete is
one of the most widespread and important
construction materials used in various engineering
structures, from residential and public buildings to
bridges and other infrastructure facilities.However,
despite its high durability and significant reliability,
reinforced concrete may undergo substantial
damage under the influence of various aggressive
environmental factors [1].

All these factors lead to increased deformations,
a decrease in load-bearing capacity, and may result
in the failure of the reinforced concrete
structure.Particular attention should be paid to
defects caused by unilateral moisture exposure [2],
when moisture penetrates from only one side of the
structure, leading to an unpredictable stress-strain
behavior during design and operation.As a result,
concrete spalling may occur [3].

Unilateral moisture exposure can have various
effects on different types of structures depending on
their dimensions, loads, and operating conditions.
To study such damage, a special experimental
method was developed to simulate localized
damage on the side surface of reinforced concrete
beams.

Within the framework of the study, an analysis
was carried out between theoretical modeling using
the finite element method in the LIRA software and
the experimental results. The Digital Image
Correlation (DIC) method was applied, which
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allows for the detection of cracks and
deformations[4].

The DIC method provides high accuracy in
tracking the distribution of deformations on the
surface of a specimen in real time, which makes it
extremely useful for studying the development of
damage and its impact on the load-bearing capacity
of reinforced concrete structures [5].

The obtained research results make it possible
not only to improve the understanding of the
behavior of reinforced concrete elements under
conditions of one-sided wetting but also to
significantly increase the efficiency of structural
health monitoring.
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This will allow potential problems to be detected
more promptly [6] and ensure the necessary
preventive measures to avoid severe damage,
thereby improving the safety and durability of
structures during operation.

Keywords: damage; deformation; defects;
digital image correlation; reinforced concrete
beams.

INTRODUCTION

In modern construction, reinforced concrete
plays a key role as one of the most reliable and
widespread structural materials.

Its extensive use is due to the combination of
high strength, stiffness, and durability.

However, over time, reinforced concrete is
exposed to adverse environmental influences
that may lead to its gradual degradation [7].

The main threats to reinforced concrete
structures include concrete carbonation,
reinforcement corrosion, moisture exposure,
aggressive  chemicals, and temperature
fluctuations [8]. These factors cause changes in
the internal structure of the material, the
formation of cracks, and a reduction in the bond
between concrete and reinforcement, which
significantly affects the load-bearing capacity
and safety of structures [9].Special attention
should be given to elements damaged as a result
of moisture exposure on the lateral surface [10].

Such conditions can cause local stresses,
crack development, delamination of the
concrete surface layer, and reinforcement
corrosion [11].

Early diagnostics and detailed investigation
of such damage are crucial for ensuring
structural reliability.Modern non-destructive
testing methods [12], particularly Digital Image
Correlation (DIC), allow for high-precision
assessment of the deformation state of
structures and identification of potential failure
zones at early stages [13].Studying these
processes will contribute to the development of
effective monitoring methods and ensure
detailed analysis of the condition of reinforced
concrete structures.To study the damage
mechanisms caused by unilateral wetting, an
experimental investigation was conducted
simulating localized damage on the lateral
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surface of a beam, which allows for analysis of
changes in its stress-strain state.

Under real operating conditions, reinforced
concrete structures are often subjected to a
combination of adverse factors.

The cumulative effect of these factors leads
to the gradual deterioration of concrete, the
formation of cracks, and the destruction of the
protective layer.As a result, the stress-strain
state of the structure changes [14,15],
significantly deviating from the conditions
anticipated during the design phase.In
particular, local stress  concentrations,
redistribution of internal forces, displacement
of the neutral axis, and deformation asymmetry
may occur, which can lead to skew bending
[16], deflections in unexpected directions, and
a reduction in load-bearing capacity [17].

Thus, operational damage causes nonlinear
and spatial changes in the stress-strain state
[18], which are difficult to consider using
standard design procedures.

This necessitates the implementation of
experimental control methods, periodic
diagnostics, and updated calculation models
that take into account the actual operating
conditions of the structure [19,20].

MAIN STUDY

To validate the theoretical assumptions and
compare them with the results of experimental
investigations, numerical modeling of a
reinforced concrete beam with localized
damage was performed using the finite element
method (FEM) [21,22,23].

This approach made it possible to assess the
stress distribution, deformation pattern, and the
influence of the damage on the overall stiffness
of the structure prior to conducting the physical
experiment.The obtained computational data
were compared with the results of full-scale
tests to verify the accuracy of the model and
validate the theoretical assumptions. The study
used a specimen of a reinforced concrete beam
with a rectangular cross-section and geometric
dimensions of 2100x100x200 mm.

The beam was simply supported on two
supports with a clear span of 1900 mm.

BypiBenbHi KOHCTPYKUii. Teopis i npakTuka * 16/2025



To create a bending load, two concentrated
forces were applied symmetrically at one-third
of the span from each support.

Load control was performed using
dynamometers, and the load was applied
incrementally in steps of 10% of the expected
load-bearingcapacity. This setup allows for the
creation of a constant pure bending region in the
central part of the beam and ensures a more
uniform distribution of internal forces.To
simulate localized damage caused by one-sided
wetting, a defect measuring 200%x200%30 mm
was made on the side surface of the beam in the
pure bending zone (Fig.1).

The damage was introduced prior to the
beginning of the loading process.

i

Fig. 1. General view of the damage
Puc.1. 3araabHuii BUTIIS TTOIIKOKEHHS

This damage simulates conditions in which
reinforced concrete is exposed to prolonged
moisture from one side, a scenario typical of
many real operating environments, such as
water infiltration or cycles of freezing and
thawing. Such exposure leads to delamination
of the concrete layer, increased deformations
and cracking, and, as a consequence, to a
reduction in load-bearing capacity, a change in
the inclination of the neutral axis, and an
alteration of the stress-strain state that deviates
from the design assumptions.For the
experimental procedure, three-dimensional
digital image correlation (3D-DIC) was used on
the damaged side of the reinforced concrete

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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beam.This system allows for precise tracking of
displacements and deformations on the
specimen surface during loading (Fig. 2).

i gk
Fig. 2. View from the damaged side
Puc.2. Burisin i3 CTOpOHHU ITOIIKOKEHHSI.

To implement digital image correlation, a
system consisting of four cameras was used:
two of them were oriented to capture the entire
length of the beam, while the other two focused
on the pure bending zone for detailed analysis
of deformations in this critical area.

On the opposite side of the reinforced
concrete beam, deformations were measured
using micro-indicators (Fig. 3), which provided
wireless data transmission to a personal
computer in real time.

Fig. 3. Placement of the micro-indicators.
Puc.3. Cxema po3rantyBaHHS MIKpOIHIUKATOPIB

The instrument layout provided for the
installation of the first micro-indicator at a
height of 20 mm from the top edge of the beam,
while the remaining sensors were mounted at
30 mm intervals along the height of the cross-
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section.To monitor horizontal displacements
deflection micro-indicatior were installed on
the side surface of the beam in three zones: ts of
the study showed that the presence of localized
damage leads to a reduction in the load-bearing
capacity of the beam compared to the reference
undamaged beam, as confirmed by both
numerical and experimental data presented in
the article [24].Notably, significant horizontal
displacements of the beam were recorded
during the  experiment.This  behavior
inddirectly under the points of load application
and in the central part of the span.

Similarly, micro-indicators were placed to
record vertical displacements.

Thanks to the combination of digital image
correlation, non-contact measurements using
micro-indicators, and numerical modeling by
the finite element method, a comprehensive
picture of the behavior of the reinforced
concrete beam with localized damage was
obtained.In particular, deformations of the
compressed concrete zone, reinforcement, as

16 {M=15.2 kN*m

14
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well as vertical and horizontal deflections of the
structure were analyzed.The resulicates a
disturbance in the stiffness balance across the
width of the cross-section, which potentially
leads to a change in the geometric position of
the neutral axis.Such damage causes the neutral
axis to shift, resulting in the beam effectively
working under conditions of skew bending.
This can be critical from the standpoint of
further structural serviceability, as it causes
displacements and stresses not anticipated in
the design.Such a change in deformation
behavior is an important indicator of the
transition of the structure to a more complex
stress state, in which stresses and deformations
develop not only in the principal bending
plane.Figure 4 presents a comparative graph
illustrating the relationship between the
bending moment M and the reinforcement
strain gyk, obtained using three methods: from
micro-indicators,  from  digital  image
correlation, and from the LIRA software.

—&— cyk{micro)
—8— cyk(3d)

—u— cykiLira)

| Eira)=17.3%107
€max(3d)=798,56*107
Ernax{micrt:ﬂ:?%JWMU5

T T
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Fig. 4. Comparative graph of reinforcement strains
Puc.4. llopiBusunbHui rpadik gedopmariii apMarypu
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The analysis of the graphs makes it possible
to determine the moment at which the yield
strength of the reinforcement is reached for
each method, as well as the maximum
reinforcement strain values for each approach.

The graph shows the yield moment values as
fOIIOWS:Msﬁy(micro):6.1kNm;Ms,y(LIRA)=5.9kN'm

ISSN 2522-4182

,Ms y30)=5.8kN-m.The results obtained using
micro-indicators,image  correlation,  and
theoretically using the LIRA software
demonstrate close agreement and are also
presented in Table 1.

Table.1. Reinforcement strains: experimental and numerical data
Ta6n.1l. ledopmariii apMaTypu: eKCriepUMEHTAJIbHI Ta YHCIIOB1 JIaHi

M,kH*m gyk(micro) &yk(3d) gyk(Lira) 3d Ta micro Lira vs micro
1,5825 21,63 34,5 25,85 59.5% 19.5%
3,165 75,19 99,78 95,25 32.7% 26.7%
4,7475 174,07 1924 162,23 10.5% 6.8%

6,33 277,07 300,1 288,25 8.3% 4.0%
7,9125 378,01 370,28 393,9 2.0% 4.2%
9,495 467,6 421,2 472,65 9.9% 1.1%

11,0775 588,13 563,74 573,6 4.1% 2.5%
12,66 678,77 658,35 642,3 3.0% 5.4%
14,06 702,4 688,3 691,2 2.0% 1.6%
15,12 796,19 758,57 717,3 4.7% 9.9%

Figure 5 shows the strain graph of the
compressed concrete zone near the undamaged
edge.
7 Met512 hiem |t
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Fig. 5. Comparative graph of concrete compression zone strains
Puc.5. lopiBusuibHul rpadik qeopmariiii CTHCHYTOI 30HH OETOHY
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The obtained graphs demonstrate a high
level of consistency between the results of
different methods, indicating the reliability of
the measurements and the effectiveness of each
approach for assessing the deformational
behavior of concrete.

The maximum strains recorded by all
methods fall within a narrow range (264-280 x
107°), which further confirms the accuracy of
both the experiment and the numerical
modeling.

The maximum compressive strains of the
concrete, obtained by all methods, exceeded the
normative limit established for concrete of class
C35/45 according to DBN [25].

Table 2 presents the comparative values of
compressive strains in the concrete, which
confirm the overall increase in strain with the
growth of the bending moment.

Minor  discrepancies  between  the
experimental and numerical data remain within
acceptable limits and support the validity of the
applied approaches.

Table.2. Concrete compression zone strains: experimental and numerical data
Ta6n.2. Jlepopmariii cTucHyTOi 30HH OETOHY:eKCIIEpUMEHTAITBHI Ta YHCIIOBI JIaHi.

M,xH*m Eck(micro) Eck(3d) Eck(Lira) 3d vs micro Lira vs micro
1,5825 23 31,2 24,6 35% 7.0%
3,165 41 47,3 44,17 15% 7.7%
4,7475 62,5 62,8 58,83 0.5% 5.9%

6,33 81,5 91,2 87,88 11% 7.8%
7,9125 101,5 104,8 103,1 3.3% 1.6%
9,495 1195 122,8 118,1 2.8% 1.2%

11,0775 144 148,4 152,1 3.1% 5.6%
12,66 165 179,5 168,4 8.8% 2.1%
14,06 188,5 202,4 198,33 7.4% 5.2%
15,12 280 271,6 264,3 3.0% 5.6%

Figure 6 shows the graph of vertical deflections of the reinforced concrete beam.

18 -
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141

M, kNm
i
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Fig. 6. Comparative graph of vertical deflections
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Puc.6. [MopiBHsubHHI Tpadik BepTUKATBHUX NPOTHHIB
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Throughout the entire load range, the results
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This is due to the fact that the modeling
assumes somewhat idealized conditions for the

show overall agreement between the
experimental data and the numerical method. behavior of the reinforced concrete beam
Before reaching physical failure, the (Table  3).Table.3.  Vertical  deflections:
theoretical deflection values exhibit slightly experimental and numerical data
greater deviation from the experimental
results.
Ta6x.3. BepTukanbHi IpOTHHU: €KCIIEPUMEHTAIIBHI Ta YHCIIOBI JJaHi
M,kH*Mm f,r_nm f,mm ”T‘m 3d vs micro Lira vs micro
’ (micro) (3d) (Lira)
1,5825 0,448 0,56 0,387 25% 13,6%
3,165 1,176 1,34 1,37 13,95% 16,5%
4,7475 2,568 2,3 2,89 10,44% 12,4%
6,33 3,571 3,81 3,9 6,69% 9,21%
7,9125 4,592 4,05 4,85 11,8% 5,62%
9,495 5,57 5,32 5,93 4,49% 6,46%
11,0775 6,88 6,48 6,94 5,81% 0,87%
12,66 7,11 6,97 7,15 1,97% 0,56%
14,0666 8,314 7,87 9,89 5,34% 18,6%
15,121 11,27 10,98 13,3 2,57% 18,1%

Figure 7 presents the results of horizontal displacements.

N

Horizontal Displacement (mm)

b~
T

=

(o))

(S,

B

W

N

Horizontal Displacements of RC Beam Along the Length

0.8 0.9 1.0 1.1 1.2 1.3
Beam Length (m)
Moments
M=1583kN-m —e— M=4.747kN'-m —e— M=7912kN-m —e— M=11.078 kN'-m M = 14.067 kN-m

—o— M = 3.165 kN'm

Fig. 7. Horizontal deflections of the specimen along the beam length
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The results show that horizontal
displacements  gradually increase  with
increasing load, with the largest values
observed in the damaged zone (Table.4).

The lateral displacement of the beam
indicates a shift of the neutral axis and the
beam's behavior under skew bending
conditions.

Table 4. Horizontal displacements of the beam .
Ta6xa.4. ['opu3oHTabHI IEpEeMilIeHHS OaJIKH

Thus, tracking horizontal displacements is a
critical step in studying the performance of
damaged reinforced concrete elements.

Their analysis allows for a more accurate
assessment of the impact of a local defect on
the overall deformation behavior of the beam,
as well as for incorporating this influence into
numerical models.

M,kN*m Horizontal displacement,mm
1,5825 0,074
3,165 0,194
4,7475 0,316
6,33 0,458
7,9125 0,606
9,495 0,74
11,0775 1,05
12,66 2,08
14,06667 4.4
15,12167 7,139

The experiment recorded the presence of a
residual deflection of the reinforced concrete
beam after unloading (Fig. 8).

This  residual  deflection  indicates
ireversible changes in the structure of both the
concrete and the reinforcement. Such residual
deflections are important for assessing the

Fig. 8. Residual horizontal deflection
Puc.8. 3anumkoBuii ropu30HANBHIN IPOTHH
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remaining load-bearing capacity of the
structure after loading.

A visual inspection of the specimen after
testing also confirmed the presence of residual
vertical deflection in the loading zone, which
correlates with the measurement results

. Y
Fig. 9. View of the reinforced concrete beam after
the experiment from the damaged side.

Puc.9. Burnag 3amizo0eroHHOI Oanku — micis

CKCIICPUMCHTY 13 CTOPOHHU MMOMIKOIKCHHS
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CONCLUSIONS

In this study, localized damage was
successfully modeled on the side surface of a
reinforced concrete beam to simulate the effect
of one-sided moisture exposure. The
experiment, conducted using the three-
dimensional Digital Image Correlation (DIC)
method, enabled both qualitative and
quantitative assessment of strain distribution
and tracking of damage development in the
area of the local defect. The results confirm
that unilateral moisture exposure can
significantly influence the stress-strain state of
the structure.

A promising direction for future research is
the study of the influence of local damage on
the behavior of reinforced concrete elements
under loading. The continued use of the three-
dimensional DIC method will make it possible
to observe the initiation and propagation of
cracks in real time due to operational damage.

This approach will contribute to a deeper
understanding of structural behavior and
support the development of more effective
diagnostic methods and predictions of the
residual service life of reinforced concrete
structures. The obtained results established a
correlation between the damage and the
deformation behavior A shift of the neutral
axis, skew bending formation, development of
horizontal displacements, and the appearance
of asymmetric deformations were observed. A
comparative analysis was carried out for the
strains obtained using micro-indicators, DIC,
and LIRA software.

The average deviation of reinforcement
strain between DIC and micro-indicators was
13.7%, and between LIRA and micro-
indicators — 8.3%.The average deviation of
compressive concrete strain between DIC and
micro-indicators was 9.3%, and between LIRA
and micro-indicators — 5.3%. All values fall
within the allowable experimental error.

Vertical deflections in the damaged zone
reached 11.27 mm (according to micro-
indicators), which correlates well with the
calculated values of 10.98 mm (3D DIC) and
13.3 mm (LIRA model).The maximum
reinforcement strains were 280x107°, while
horizontal deflection exceeded 7 mm. The
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obtained numerical results confirm the shift of
the neutral axis and the beam’s behavior under
skew bending conditions.
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3MIHA
HAITPYXXEHO - JE®@OPMOBAHOI'O
CTAHY IIPX OJHOBIYHOMY
INOMKO/J’KEHHI 3AJII3OBETOHHUX
BAJIOK

Hasapiiti MUXAJIEBCHKHH
Ilasno BEI'EPA
3inositi BJIIXAPCHKHUH

AHoTamisi. Y Wil CTaTTi pO3IIISAJA€THCS BILTUB
JIOKaIbHOTO OJHOOIYHOIO IOIIKOJUKEHHS Ha
HanpyXeHo-aeopMoBaHuil cTaH 3a1i300eTOHHOI
Oanku. JlocmimKeHHs CpsiMOBaHe Ha aHaji3 3MiH
Hecyd4oi 37aTHOCTI, nedopMaliiii Ta MOTEHIIHHIX
MeXaHi3MiB pyWHYBaHHS BHACITI/IOK
OJTHOCTOPOHHBOT'O TOIIKOKEHHS. 3ai300eToH €
OJTHUM 13 HAaWMOUIMPEHIMMX 1 HaWBaXXIJIMBIIINX
OyZiBeNbHUX MaTepiaiiB, 0 BUKOPUCTOBYETHCS B
PI3HOMaHITHUX 1H)XCHEPHUX KOHCTPYKIIsX, BiJl
JKUTIIOBUX 1 TPOMaJChKUX OyiBedh 10 MOCTIB i
iHIMX  iHQpacTpyKTypHUX 00'ekTiB. OnHAK,
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HE3BaKAIOUM HAa CBOKD) BHCOKY JIOBTOBIUHICTH i
BENMKY  HaAilHICTh,  3ai300€TOH  MOXKe
miamaBaTUCS 3HAYHUM  IIOINKODKEHHAM  IIIJT
BIUIMBOM  PI3HUX  arpecuBHUX  (aKToOpiB
30BHINIHBOT'O CEPEIOBHIIA.

VYci mi (akTopu CHpUYMHAIOTH 301BIIEHHS
nedopmartiii, 3HMWKEHHS HECY4Joi 3JaTHOCTI, IO
MOJKE€ MIPHU3BECTU JIO0 PYWHYBAaHHS 3alli300€TOHHOT
KOHCTpYKIii. OcoOmuBy yBary CIiJl TPUILUISATH
nedekraMm, 10 BUHHUKAIOTh BHACIIJOK OJHOOIY-
HOT'O 3BOJIOXKEHHSM, KOJIM BOJIOTA IPOHHUKAE JIUIIIC
3 OAHOTO OOKY KOHCTPYKIIii, II0 MPU3BOAUTH JIO

HenepenOauyBanoro  mpoekryBanusiM  HJIC.
BHacniiok 11bOro BUHUKAE JYIICHHS OCTOHY.
OnHoOiuHe HaAMOKaHHS MOXeE MaTu

PI3HOMAaHITHUH BIUTUB HA Pi3HI THUITH KOHCTPYKIIIi,
3aJIeKHO BiJ| iX PO3MipiB, HABAHTAXKCHb T4 YMOB
eKkciuryatanii. 3 METO JOCITI/DKEHHS TaKuX
MOIIKO/PKEHh  OyJI0  pO3pO0JICHO  CIieIiaibHy
eKCIICPUMEHTAIIBHY ~ METOJANKY  MOJENIOBAHHS
JIOKAJBHOTO TOIIKO/DKEHHS Ha Oi1uHiM moBepxHi
3am300eTOHHNX Oanok. [l 1boro B Mexkax
JIOCHIDKEHHS OyJ0 TMpOBENEHO aHami3 MikK
TEOPETHYHNUM MOJICNIIOBAaHHSAM, 1[0 BHKOHAHE 3a
JOTIOMOTOI0 METO/Y CKiHUeHHUX eneMeHTiB B [1K
«JIIPA» Ta excriepuMeHTOM. Y XOZi JOCIIIKESHHS

Cmammas naoditiwna 0o peoaxuii -22.05.25 p.
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3acTOCOBaHO  MeTox  uudpoBoi  Kopemsmii
300paxens (Digital Image Correlation — DIC),
o 103BoIste (pikCyBaTH TpimuHH Ta Aedopmartii.
Metox DIC 3abesneuye BHCOKY TOYHICTH Yy
BIJICTEKCHHI PO3MOAUTY AcopMariiii Ha TOBEPXHi
3pa3ka B peaJbHOMY 4aci, 10 poOUTH HOTO
Ha/3BUYalHO KOPUCHHUM Il BUBYEHHS PO3BUTKY
MOUIKOJKEHb Ta iX BIUIMB Ha HECy4y 3JaTHICTH y
3113006 TOHHUX KOHCTPYKITIsIX.

OtpumaHni pe3ynbTaTd JOCHIIPKEHHS Hal0Th
3MOTy HE JIHMIIE MOKPAIIUTH PO3YMIHHS poOOTH
3aJ11300€TOHHUX €IEMEHTIB B YMOBaX OJHOOIYHOTO
HAMOKaHHS, a i 3HAYHO MiJBUIIUTH ¢PEKTUBHICTh
MOHITOPHHTY TEXHIYHOTO CTaHy OyIiBeIbHHUX
KOHCTPYKIIIH.

Ile mo3BONMTH OiNBII ONEPATHBHO BUSIBILITH
MOTEHITIHHI Tpo0sieMH 1 3a0e3meyuTH HEeoOXiaHi
3aX0OM JUIS TIOTNEPEDKEHHS 3HAYHUX IOLIKOJ-
JKEHb, 1110 B CBOIO UepPry 30UILIINTEL OE3MEUHICTh Ta
JIOBTOBIYHICTh KOHCTPYKIIIM y TIpOIleCi eKCIuTya-
Tauii.

Karo4doBi ciioBa: momkopkeHHs edopMartis;

nedektn; mmdpoBa  KoOpendmis  300pakeHb;
3aI1i300€TOHHI OaJIKH.
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Abstract. The article presents the results of an
experimental and theoretical study of the prediction
of deflections of timber beams made of three types
of wood: massive, glued laminated and cross-
laminated timber. The aim of the work is to compare
the adequacy of the classical Euler-Bernoulli and
the Timoshenko beam theory in predicting
deflections under static loading.

Deflections of simply-supported beams under
concentrated loading in the middle of the span were
experimentally investigated. Experimental values of
deflections and mechanical characteristics were
determined for each type of timber. Theoretical
deflections were calculated according to the Euler-
Bernoulli and Tymoshenko beam theories for
identical conditions.

Comparative analysis showed that the Euler-
Bernoulli beam theory underestimates the
deflections, with relative errors within 9%...15%,
indicating a significant influence of shear
deformations. On the other hand, the Timoshenko
beam theory demonstrated much better convergence
with experimental data, with errors
within -2%...+4%.

To increase the accuracy of prediction by Euler-
Bernoulli beam theory, it is proposed to introduce
averaged empirical shear coefficients determined on
the basis of experimental results. The application of
these coefficients allowed to significantly reduce
the discrepancies between the theoretical and
experimental values of deflections for all studied
timber types.

The obtained results confirm the importance of
considering shear deformations in the analysis of
beams made of timber-based materials. The
application of the Timoshenko beam theory or the
modified Euler-Bernoulli theory with considiration
of empirical shear coefficients is more reasonable
for accurately predicting their deformation
behavior.

© D.BITIUKQV, 2025
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INTRODUCTION

In modern construction and reconstruction,
significant attention is paid to the use of timber
as an ecological and renewable construction
material. Timber beams are important load-
bearing elements in plenty types of structures,
and accurate prediction of their behavior under
load is critical to ensure the reliability and
durability of structures. Despite the centuries-
old history of the use of timber, the study of the
peculiarities of its mechanical behavior and the
application of modern theoretical models for its
analysis remain relevant, taking into account
the appearance in the last century of a number
of new timber-based materials [1, 17].

In modern engineering analysis and design
of structures, beams play a key role as elements
that work in bending.

For adequate design and analysis of the
behavior of beams under load, numerous
theoretical models have been developed, each
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one has its own scope of application and is
based on certain simplifying assumptions
regarding the material, geometry and
deformations of the element.

The Euler-Bernoulli beam theory (EBT) and
the Timoshenko beam theory (TBT) stand out
among the classical and most widely used
theories. The Euler-Bernoulli theory, which is
the foundation for many engineering
calculations, is based on the hypothesis of the
invariance of the normals to the neutral axis of
the beam during deformation and the absence of
shear deformations. Ehe Timoshenko beam
theory takes into account the effect of shear
deformation and rotational inertia, which
makes it more accurate for the analysis of short
and thick beams, as well as beams subjected to
high-frequency dynamic loads [2, 3, 18, 19, 20].

Beside these fundamental models, there are
other, more complex theories that include
additional factors, such as the effects of
curvature of cross-section, nonlinearity of the
material, more complex cross-section shape.
The development of computational technology
has also led to the emergence of numerical
methods, such as the finite element method
(FEM), which allow to analyze beams with
complex geometry and support/connection
conditions without significant simplifying
assumptions.The Rayleigh beam theory is an
extension of the Euler-Bernoulli theory, which
takes into account the rotational inertia of beam
cross-sections [4, 5].

The Reddy-Bickford third-order beam
theory is a variant of the higher-order beam
theory that takes into account the effects of
shear deformation during beam deformation.
Unlike the classical Euler-Bernoulli beam
theory, which neglects shear deformation, and
the first-order Timoshenko beam theory, which
assumes a constant distribution of shear strains
over the cross-section, the Reddy-Bickford
beam theory uses a cubic function to describe
the longitudinal displacement along the
thickness of the beam. This allows for the
nonlinear distribution of shear strains and
stresses to be considered, which is more
realistic for thick beams or composite materials
[15, 16].
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High-order beam theory models extend
Timoshenko theory by introducing additional
degrees of freedom or higher derivatives for a
more accurate description of deformations
[6, 7].

Theories of composite beams - the analysis
of such beams requires considiration of the
features of their structure, such as the difference
in the deformation modulus of the layers, the
strength of the connection between the layers,
etc. [8, 9].

Although the finite element method is not a
“theoretical model” in the traditional sense (as
a set of analytical equations), it is a powerful
tool for the analysis of beams of any
complexity, based on the discretization of a
continuous system into a finite number of
elements [10, 11].

In this article, as a continuation of research
[12], the results of comparing experimental data
and theoretical calculations according to the
two most common beam theories: Euler-
Bernoulli and Timoshenko are presented.

THE PURPOSE

To investigate the possibility of application
of the Euler-Bernoulli and Timoshenko beam
theories for theoretical calculations of
deflections of beams made of three different
types of timber: massive (MT), glued laminated
(GLT), and cross-laminated timber (CLT).

To conduct a comparative analysis of
experimentally obtained deflection values with
the results of theoretical calculations according
to both beam theories to assess their adequacy
in predicting deformations of timber beams.
Based on this comparison, to determine
empirical refinement coefficients for the Euler-
Bernoulli beam theory, which would consider
the influence of shear deformation and allow to
increase the accuracy of its predictions for the
studied types of wooden beams.

THE MAIN CONTENT

Previously, three types of timber beams
produced of local pine were experimentally
investigated: massive, glulamand CLT (Fig. 1).

The experiments were performed for simply
supported hinged beams with a concentrated
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load in the middle of the span. The calculated
beam span [ = 1960 mm, width b = 90 mm,
height h = 145 mm.

o
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Fig. 1. Beams cross-section: a — massive; b — glulam; ¢ — CLT
Puc.1. Ilepepizu Oamok: a - macuBHa; 0 - kieeHa; B - CLT (kneeHnii GararomapoBuii KOHCTPYKTUBHUN
Martepiain)

The deformation modulus, shear modulus
and deflections are determined (Tables 1).

The Euler-Bernoulli beam theory is the most
common and basic approach for analyzing the

bending of long and thin beams.

Table 1. Experimentally determined deformation
modulus and shear modulus
Ta6u.1. Moaynbs npyXHOCTI Ta MOIYJb 3CyBY

Timber type Epmean, GPa Gmean, GPa
MT 7.658 0.479
GLT 7.292 0.456
CLT 6.108 0.382

| undeformed |

The main assumptions (Fig. 2):

- the beam is straight, prismatic and made of a
linear-elastic homogeneous material;

- the cross-sections that were flat and
perpendicular to the beam axis before loading
remain flat and perpendicular to the beam axis
after loading (shear deformation is ignored);

- the deformations are small;

- the loading acts in the bending plane;

- the beam axis is a neutral axis, where bending
does not cause tension or compression.

Z, Wy

EBT

TBT

(up,wq)

Fig. 2. Beams schemes: a — undeformed; b — Euler-Bernoulli beam; ¢ — Timoshenko beam [13]
Puc.2. Cxemu 6anok:a — HenmedopMoBaHa;0 — 6anka Einepa-beprymri;B — 6anka Tumorenka [13]
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The main differential equation of beam
bending according to EBT [3]:

d—2<E1 dz_w> —qgx)=0 @

dx? dx?
where x — coordinate along the beam axis;
w — beam deflection;
EI — bending stiffness;
q(x) — distributed load.

For a simply supported hinged beam
subjected to a concentrated load applied at the
midspan, according to the Euler-Bernoulli
beam theory, the maximum deflection is
determined by the expression [3]:

JE )
Wmax = 4ep]

where P — concentrated load;
[ — beam span.

The Timoshenko beam theory extends the
classical Euler-Bernoulli theory by considering
shear deformations and rotational inertia,
making it more accurate in the analysis of short,
thick, or high-frequency beams.

The main assumptions (Fig. 2):

- the beam is straight, prismatic and made of a
linear-elastic homogeneous material;

- the cross-sections remain flat, but not
necessarily perpendicular to the neutral axis of
the beam after loading;

- small deformations and rotations;

- the rotational inertia of the cross-section
considered;

- the loading acts perpendicular to the beam
axis.

In the case of the Timoshenko beam theory,
we have two main differential equations [3]:

;—x["“ (%* o)|+am=0 4
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d do dw
L (51%9) ~voa (2 1+ 6) =0

dx dx dx (4)

where  x — coordinate along the beam

axis;

w — beam deflection;

E1 — bending stiffness;

q(x) — distributed load;

¢ — rotation of the beam section;

GA — shear stiffness;

K — correction coefficient of shear
stiffness (depends on the cross-
section shape, k¥ =5/6 for
beams with rectangular cross-
section).

The maximum deflection is determined by
the expression [3]:

P13  PL

_ P 5
Wmax = 2801 ¥ 2rcA ®)

Comparing the expressions for determining
the deflections for EBT expression (2) and TBT
expression (5), we see that in the expression of
Timoshenko beams:

- the first part is the simple deflection for the
Euler-Bernoulli beam, which takes into
account only bending deformations;

- the second part is the deflection subjected to
shear, which occurs due to the fact that the
cross-section of the beam is deformed (this is
ignored in the classical theory).

BukoHaBmIM TOpIBHSHHS  BUpPa3iB s
Bu3HavyeHHs nporuHiB i TBED Bupas (2) Ta
TBT Bupas (5), 6aunmo mo y Bupaszi Oamku
TumoreHka:

For a more detailed analysis and the ability
to trace the influence of the load level on the
values of theoretical deflections determined by
EBT and TBT, it was decided to perform
calculations for three load levels: ~35%, ~70%
and 100% of the maximum applied load during
the experimental study. The calculation results
are given in Table 2.
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The theoretically calculated results were
compared with the experimentally obtained
ones. Having analyzed the theoretical
deflection results, we can conclude that for the
studied types of beams, the EBT gives a rather
significant underestimation of deflections

compared to the experimentally obtained ones:
MT-10...12%; GLT-9...12%; CLT-14...15%.

On the other hand, calculated results by the
TBT model, gives a fairly good correspondence
between the theoretically calculated results and
the experimental ones: MT —-0.6...1.3%; GLT
—-1.8...0.8%; CLT - 3...4%.

Table 2. Experimentally determined &, and theoretically calculated deflections under load P, according to the
Euler-Bernoulli beam theories 65 and Timoshenko &4

Ta6a. 2. EkcniepuMeHTaNbHO BW3HAUCHI MPOTMHH J, Ta TEOPETUYHO PO3paxOBaHi NPOTHHU T
HaBaHTXEHHSIM P, 3rimHo 3 Teopiero 6anku Eitnepa-bepuynnidgp Ta Teopieto 6anku TumorieHka &y

Timber type| P, kN Somm | Sggmm % x 100%| &7, mm 6‘36;‘% x 100%
3.27 3.28 2.93 12.0 3.24 13
MT 6.10 6.00 5.46 0.8 6.04 -0.6
8.81 8.74 7.89 10.7 8.72 0.2
3.27 3.34 3.08 8.6 3.40 1.8
GLT 6.10 6.28 5.74 9.4 6.34 1.0
8.81 9.23 8.29 114 9.16 0.8
2.62 3.37 2.94 145 3.25 3.6
CLT 5.15 6.58 5.78 138 6.39 2.9
7.11 9.14 7.99 14.4 8.82 3.6

For the possibility consideration of the effect
of shear deformation for the Euler-Bernoulli
beam theory, the principle described in [14] was
applied, where by taking into account the shear
deformation of the cross-section, lattice
structures (trusses) were equalized to beam
ones for the dynamic properties calculation.
Consequently, the averaged shear coefficient
ks was applied. The coefficient k; is
determined by the ratio of the beam deflection
determined by EBT &gp to the actual beam
deflection under static loading &,.

o
kg = — (6)
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The determined
performed in Table 3.
The averaged shear coefficient is aimed at
reducing the stiffness characteristics of the
beam according to the Euler-Bernoulli model
and accordingly expression (2) takes the form:

coefficients k; are

PP
Wmax = 48E Tk mean

(7)

where kg meqn—mean value of the coef-

ficients k; determined for
each type of beam

The k coefficients calculated according to
expression (6) are given in Table 3.
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Table 3. Determined coefficients kg
Ta6a. 3. BusHaueHHs Koe(bIIbIdHTA K¢

Timber type kg

kG,mean

0.89
0.91
0.90

MT 0.90

0.92
0.91
0.90

GLT 0.91

0.87
0.88
0.87

CLT 0.88

ISSN 2522-4182

A comparison of the calculated deflections
according to the refined Euler-Bernoulli beam
theory, taking into account the shear
deformation, by the averaged k. coefficient
with the experimentally obtained data was
performed.

The comparison results are performed in
Table 4.

Table 4. Experimentally determined &, and theoretically calculated deflections under load P, according to the
Euler-Bernoulli beam theory considering the shear coefficient 5z ¢

Ta6u. 4. [TopiBHSHHS EKCIIEPUMEHTAIBHO BU3HAYCHHUX POTHHIB O 3 TCOPETUYHO PO3PAXOBAHMMHU 32
teopiero Eiinepa-bepryii 3 ypaxyBaHHSIM 3CyBOBOTO Koeilli€eHTa OEB,G

Timber type P,,kN 8., mm O, mm M x 100%
’ 8eB,G
3.27 3.28 3.25 1.0
MT 6.10 6.00 6.06 -0.9
8.81 8.74 8.75 -0.1
3.27 3.34 3.38 -1.1
GLT 6.10 6.28 6.30 -0.3
8.81 9.23 9.10 1.4
2.62 3.37 3.36 0.2
CLT 5.15 6.58 6.61 -0.4
7.11 9.14 9.12 0.2

The EBT model refined by applying the k.
coefficient showed a high correspondence of
the theoretically calculated results with the
experimental ones: MT-0...9-1%; GLT-
1.1...1.4%; CLT — -0.4...0.2%.

CONCLUSION

The conducted experimental and theoretical
study of the deflections of beams made of
massive (MS), glued laminated (GLT) and
cross-laminated timber (CLT) allowed us to
compare the adequacy of the application of the
classical Euler-Bernoulli beam theory (EBT)
and the Timoshenko beam theory (TBT).

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025

Analysis of theoretical calculations showed
that the use of EBT leads to a significant
underestimation of deflections compared to
experimental data for all studied types of
timber beams (MT - 10...12%; GLT -
9...12%; CLT — 14...15%). This indicates a
significant influence of shear deformations on
the actual deformation behavior of timber
beams and composite beams made of timber-
based materials.

On the other hand, the use of the
Timoshenko beam theory demonstrated a high
correspondence of the theoretically calculated
deflections to the experimental values (MT — -
0.6...1.3%; GLT—1.8...0.8%; GLT
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3...4%). This confirms the accessibility of
consideration of the shear deformations while
analyzing beam elements made of timber-
based materials to ensure high accuracy in
predicting their behavior under load.

To increase the accuracy of predicting
deflections according to the classical Euler-
Bernoulli beam theory, an averaged empirical
shear coefficient k¢ ;.04 Was applied. The use
of this coefficient allowed to significantly
improve the convergence of theoretical and
experimental results (MT —-0.9...1%; GLT —
-1.1...14%; CLT - -04...0.2%). The
determined averaged values of the shear
coefficient ks peqn are: 0.90 for MT, 0.91 for
GLT and 0.88 for CLT.

Thereby, the results of the study confirm that
for accurate prediction of deflections of
wooden beams, preference should be given to
the theory of the Timoshenko beam or other
theories that take into account the shear
deformation. In cases where the Euler-
Bernoulli theory is applied, it is recommended
to use the proposed empirical shear
coefficients to consider the influence of shear
deformations and increase the accuracy of
calculations.

For the further research, it will be advisable
to investigate the influence of the cross-
sectional dimensions, beam length, number
and thickness of lamellas (for GLT and CLT)
on the accuracy of calculations with the EBT
and TBT models, as well as to determine and
compare the shear coefficients ks 1eqn.

Besides the stated above, the importance of
this work is emphasized in the context of
calculations of multilayer composite beams
under dynamic and impulse loads. The
obtained results simplify future analysis of
experimental studies, in particular, due to the
possibility of effective analysis of natural
frequencies, which is crucial in modeling and
predicting the dynamic behavior of structures.
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AHoOTaNis. Y CTaTTi NPEICTaBICHO PE3yJIbTaTh
EKCIIePUM EHTaJIbHO-TEOPETUIHOTO  JTOCTIIKEHHS
MPOTHO3YBaHHS TIPOTHHIB JepeB’sHUX OaloK,
BUTOTOBJIEHUX 3 TPhOX TNOMIMPEHUX THIIIB
JIEPEBUHU: MACHUBHOI, KIIEEHOI Ta TIEPEXPECHO-
kiaeeHoi. Meroro po0OOTH CTano MNOPIBHAHHS
aJIeKBaTHOCTI KiacwdHOi Teopii Oanku Eitmepa-
Bepuynmi Tta Teopii Oanku Tumomenka y
MIPOTHO3YBaHHI IXHIX TPOTHHIB MM CTAaTUIHIM
HaBaHTAKECHHSIM.

ExcniepiMeHTanbHO  JIOCHIIKEHO  MPOTHHHU
LIAPHIPHO OMNEPTUX OalloK MpH 30CEPemKEHOMY
HaBaHTAXEHHI TocepenwHi  mpombory.  Jms

KOYHOTI0 THITY JICPEBUHU BU3HAYEHO
CKCIICPUMEHTAJIbHI ~ 3HAYCHHS  MPOTUHIB  Ta
MeXaHiyHi XapaKTEPUCTUKH. Teopernuno

pO3paxoBaHO TMPOTHHU 3a Teopiero  Oaiku
Eitnepa-bepnymni ta TumomeHka IS iIEHTHIHUX
YMOB.

[lopiBHsUTPHUI aHaNi3 TOKa3aB, IO Teopis
Oanku Einepa-bepHyiuti HElOOIIHIOE IPOTHHY, 3
BifHOCHHMH mnoxuOkamu 10 9%...15%, mo
CBIAYUTH MPO 3HAYHUHU BIUIMB IedopMaliil 3cyBy.
HarowmicTs, Teopist Oasku Tumormenka
MPOJAEMOHCTpYBaia 3HaYHO Kpally 30DKHICTD 3
CKCIIEPUMEHTAJIbHUMH JIaHUMH, 3 TOXHOKaMH B
Mexax -2%...+4%.

Cmammsa naditiwna 0o peoaxuii 16.05.2025 p.
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Jis migBUINEHHS TOYHOCTI MPOTHO3YBaHHS 3a
teopiero Oanku Einepa-bepHyiuti, 3ampornoHOBaHO
BBEJICHHS YCEPEIHEHUX EMITIPUIHUX KOe(ilieHTIB
3CyBY, BU3HAUYEHHUX Ha OCHOBI
EKCIIEPUMEHTAIPHIX PE3YJIBTATIB. 3aCTOCYBAHHS
X Koe(ilie€HTIB JO3BOJMIO CYTTEBO 3MEHIIUTH
PO301KHOCTI MIXK TEOPETHIHUMHU Ta
EKCIIEPUMCHTAIbHUMH 3HAYCHHSIMHA TIPOTHHIB JJIst
BCIX JOCTIKYBaHUX THITIB JICPEBUHH.

OTtpumasni pe3yibTaTh MiATBEPKYIOTH
Ba)XJIMBICTh ypaxyBaHHs Jedopmariii 3cyBy npu
aHami3i Oanok 3 marepiani. 3acTtocyBaHHsS Teopil
Tumomenka  abo  moamikoBaHoi  Teopii
Eitnepa-beprymii 3 emmipuaaAMU KoedillieHTaMu
€ Onpmn  OOIPYHTOBAaHMM  JJIAI  TOYHOIO
MIPOTHO3YBaHHS IXHBOI nedpopMaTuBHOT
[MOBEIIHKH.

KuarouoBi ciaoBa: macuBna nepesuna (M),
kneena gepesuna (KJ[), mepexpecHo-KiieeHa
nepesuna (ITKJ]), momyns medopmarii, MOAyib
nmedopmariii  3cyBy, Teopis Oamkm Efinepa-
Bepuymni, Teopis 6anku Tumorenka
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Abstract. The military aggression of the Russian
Federation against Ukraine, through the use of the
full range of enemy aerial attack means not only
against military targets but also against critical
infrastructure objects (hereinafter — ClOs) [1, 2] and
other civilian facilities, has brought significant
changes in the construction of protective and civil
defense structures. The current regulatory
documents [3] were developed under the
assumption of a single nuclear explosion occurring
at a considerable distance from the facility, which is
why the design of building structures was carried
out without taking into account other damaging
factors [4].

The realities of the war have shown that the
enemy’s use of high-precision weapons in the form
of kamikaze unmanned aerial vehicles (hereinafter
— UAVSs) and various types of missiles requires the
immediate development of unified approaches to
the construction of modern, highly reliable
protective and fortification structures.

Today, Ukraine is actively implementing the
“Fortress Country” concept, approved by a
resolution of the Cabinet of Ministers of Ukraine.
This concept envisions integrated protection of
CIOs and other strategically important facilities,
which includes the organization of layered air
defense systems similar to those used in Israel, the
United States, and other countries. This approach is
combined with  comprehensive civil and
engineering protection measures, electronic warfare
systems, the deployment of decoys, camouflage, the
shift from large strategic facilities to smaller,
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dispersed ones, as well as the transition to natural
energy sources. Altogether, these measures are
expected to significantly increase the country’s
resilience to external threats during martial law.

In fact, Ukraine must develop a regulatory
framework ensuring that, when designing
fortification and engineering protection structures
for C10s and other critical objects, new threats from
enemy aerial attacks are duly considered.

Keywords: last wave; overpressure; reflected
pressure; explosive substance; TNT equivalent.
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PROBLEM STATEMENT

The ongoing military conflict in Ukraine has
led to an urgent need for the construction of a
large number of fortification and protective
structures of various purposes and structural
forms. In addition to standard loads and
impacts, these structures must also account for
specific effects associated with enemy attack
threats, as outlined in [11]. Such effects
include: the action of an explosion shock wave
(hereinafter — ESW), fragmentation damage,
partial or complete penetration of munitions
into the body of the protective structure (which
may be followed by detonation), high
temperatures, and more.

To describe the explosion (detonation) of an
industrial explosive charge, the point explosion
model is commonly used. In the case of an
explosion above the surface (airburst), a
spherical shock wave is generated, while a
ground-level explosion produces a
hemispherical wave.

The aim of this study is to review existing
engineering-analytical methods for determining
the main characteristics of the explosion shock
wave (ESW) resulting from enemy aerial
attacks. Selecting the correct calculation
method for different types of threats and
materials used in protective barriers is a critical

ISSN 2522-4182

task for the proper design of fortification and
protective structures.

According to works [5-7], the main types of
enemy weapons used for aerial strikes against
critical infrastructure (CI) include air-, land-,
and sea-launched missiles, as well as loitering
munitions (kamikaze UAVs). The primary
damaging factors in such attacks are
fragmentation and the explosion shock wave.

Despite the existence of a large number of
publications on this topic [8-10], the
calculation of ESW parameters remains highly
relevant. In this work, we attempt to generalize
and present the main existing methods for
determining ESW parameters.

CORE RESEARCH
1. Methodology by M.O. Sadovsky

During the explosion of a TNT charge with
an effective mass mes in the air, the overpressure
at the shock wave front can be calculated using
the empirical formula by M.O. Sadovsky [12],
derived from the analysis of experimental data
obtained during TNT detonations under
standard atmospheric conditions. The formula
is named after its originator, Mykhailo
Oleksandrovych Sadovsky:

3/m, 3m,° m
pS=0,084—Rf +0’27—sz +0,7—2 (1)

R®

where: ps — overpressure of the explosion shock wave, MPa;
Mer =Kef 77 Me — equivalent mass of the explosive, which depends on the actual mass of the
explosive, the TNT equivalent, and the type of explosion, Kg;
R — distance from the explosion point to the location where the overpressure of the shock

wave is being determined, m.

The coefficient ke accounts for the type of
explosive material, while # accounts for the
nature of the explosion. For TNT — ket =1; for
RDX —1,31; for TEN — 1,39; for HMX — 1,28;
for Amatol 80/20 — 0,98; for black powder —
0,66; for Pentolite 50/50 — 1,13; for Oxyliquits
— 0,9-1. For an airburst explosion # = 1. For
dense loams and clays # = 1,6. The maximum
pressure on the ground surface during an
airburst explosion depends on the detonation
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height. However, for a relatively small height,
less than R, the given formula remains valid. In
this case, the shock wave propagates along the
ground surface with a vertical front.

Reference [12] provides a variant of M.O.
Sadovsky’s formula for determining the
overpressure at the shock wave front in the case
of a surface explosion, where the explosion
energy is distributed not over a full sphere, but
only over a hemisphere:
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3m
p, =0, 095T6f+o,39

2
\3/ M +1’3mef . )

R® R® '

where: ps — overpressure of the explosion shock wave, MPa;
mes — the mass of the explosive in TNT equivalent, kg;
R — the distance from the explosion point to the location where the overpressure of the
explosion shock wave is being determined, m.

The duration of the compression phase (in
seconds) can be calculated using the following
formula:

t. =1,5-10°s/m, VR : 3)

and the pressure impulse during the
compression phase, in Pa-s:
3m2
i, =126 " 4)
R

The duration of the compression phase (in
seconds) for a surface explosion can be
calculated using the following formula:

t.=1,7-107s/m, VR - )

pressure impulse during the compression phase,
in Pa-s:

2

3Im
i, =200 (6)
R

Experimental studies have shown that M.O.
Sadovsky’s formulas provide good agreement
for overpressure calculations when the TNT
equivalent of the explosive exceeds 2 kg.

2. Methodology by A.N. Birbraer
Reference [13] presents a somewhat

different methodology for determining the
parameters of an explosion shock wave. The

(0.92 3.5 10.6

T+__2+ —

P = R R R
42R %10

112

jxlO_l at 1.2<R<17.8

pressure from an air shock wave is primarily
determined based on the mass of the explosive
charge, the distance from the explosion center,
and the environmental conditions. An
approximate method for calculating the shock
wave parameters is provided below. The effect
of an air explosion depends on the scaled
distance, expressed in m/kg'®:

R=—"_.
e (7)

where: R — distance from the explosion
point to the object under
study, m;

m, = (l-¢)-a-m, — effective mass of
the explosive in  TNT
equivalent;

me — mass of the explosive, kg;

¢ — the fraction of explosion energy
spent on crater formation (for
rocky soils

¢ = 0,05; for soft soils

¢=0,2; if the explosion occurs in the
air without crater formation

e=0);

a= ket — the ratio of the specific
energy of the explosive to the
specific energy of TNT.

The overpressure at the front of the
explosion shock wave is equal to, MPa:

(8)
at 17,8 <R <1000
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The given formulas are applicable for
R > 3 m. The formation of the explosion shock
wave (ESW) is influenced by whether the
explosion is an airburst or surface burst, the

ISSN 2522-4182

shape of the explosive charge, and its burial
depth in the ground prior to detonation.

The duration of the compression phase in this
case is, S:

1.7-10°3m, R at 1.2<R<10

6.594-10°3/m_ [Ig(0.4R)|" at 10<R <1000

Since the duration of the explosion shock
wave (ESW) during detonation explosions is
usually extremely short, the vibrations and
strength of structures can be determined using
the impulse theorem. For this purpose, the
specific impulse of the compression phase
i+ (Pa-s) is used, which is numerically equal to

Plla

P,

©)

the area under the pressure curve in this phase
(see Fig. 1). Under 12 <R <1000, m/kg'®.

,3/m
i, =350 Tef . (10)

[MorsrmEnmmi ey, J
I

P

— AN TAKCHNE BAGITOO II!E-II.'\.:-

—  OHEE FHOVEORE N3 Thacmis

HETATHBHER IMITYEL

{1 COPOUECHOMY POIPAEYHEY HE HPEK SRy TThCN )

i e T T (e e T i

= T.C

BYE Ty B T

Fig. 1. Parameters of Detonation Blast Wave

Puc. 1. [lapamerpu aeToHaniiHOi BUOYXOBO-yAapHOT XBUII

The pressure distribution during the =+
phase can be approximately assumed to follow
a triangular law. The negative phase z, is
generally less destructive to massive
engineering protective structures and therefore
can be neglected.

(0.975 1.455 5.85
— +——
R R

P: =
(%+ljx101
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=5 —0.019

3. Methodology by Brode, H. L. and others

In Brode’s work [14] and in later studies by
other researchers [15], the following formula is
proposed for determining the overpressure of
the explosion shock wave (ESW), in MPa:

jxlol at 0.01<p, <1

(11)
at p, >1
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In formula (11) R —the scaled distance from
the explosion point to the object, which should
be determined using formula (7), expressed in
m/kg'?3.

4. Methodology by Henrych, J

14072 5540 0.357 0.006
+ +

R R2+R3

= +
Pr R R?

+ +
R R?

In formula (12) R —the scaled distance from
the explosion point to the object, which should
be determined using formula (7), expressed in
m/kgll3

6.194 0326+2132) <10

0.662 4.05 3288} <10

Reference [16] proposes the following
formulas for determining the overpressure of
the explosion shock wave (ESW), the duration
of the compression phase, and the value of the
positive impulse.

The overpressure of the ESW is suggested to
be determined by the following condition, in
MPa:

j x107 at 0.05<R<0.3
at 0.3<R<10 (12)

at 1.0<R<10

The duration of the compression phase is
calculated using the formula, s:

z, =3/m,, (0.107 +0.444R +0.264R* —0.129R* +0.0335R* ) -10°. (13)

For formula (13), the following limitation is
introduced: 0.05<R <3.

1115 62.9 10 04

The value of the specific impulse of the
compression phase according to [16] should be
determined by the following condition, Pa-s:

66.3— ="+ 2=
. R R
|+:3m.

j 10" at 0.4<R<0.75
(14)

§2

In formulas (13) and (14) me — effective
mass of the explosive in TNT equivalent.

5. Methodology by Korenev B. and others

The work dedicated to the dynamic behavior
of building structures [17] contains the
following formulas for determining the
parameters of the explosion shock wave
(ESW).

114

ef
(322 211 21.6 801

J 10" at0.75<R<3

The value of the ESW overpressure is
recommended to be determined using the
following condition, in MPa:

0.84 2. 7 7.0
=] —+—= x107".
pf ( R R2 st (15)

The duration of the compression phase is
recommended to be determined using the
following formula, in seconds:
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7, =15-¢m, R -10°. (16)

The value of the specific impulse of the
compression phase according to [17] should be
determined by the following condition, Pa-s:

3/m2_
i, :4T-’-1o2 =4%-102. 17

In formulas (15), (16), and (17): me —
effective mass of the explosive in TNT
equivalent, which depends on the mass of the
explosive and the type of explosion, kg; R —
scaled distance from the explosion point to the
object, which should be determined using

formula (7), m/kg®; R — distance from the
explosion point to the location where the
overpressure of the explosion shock wave is
determined, m.

6. Methodology by Kinney & Graham

The formulas for determining explosion
parameters by Kinney & Graham, presented in
[18], have become widely used.

The overpressure at the shock wave front
according to [18] is recommended to be
calculated using the following formula, in kPa:

: (18)

"

—_ 2 — 2

R R
- 1+ ——
0.32j \/ (1.35)

R — scaled distance from the explosion point to the object, which should be

where:

determined using formula (7), m/kg

po — atmospheric pressure value (101.3 kPa), in kPa.

The negative overpressure is then calculated
using the following formula, in kPa:

Pt (ar
pr_=——e ", (19)
(04
where a— is the shape coefficient, which should
be determined using formula (20).

Pi (a+
P, =——e (20)
o
The positive specific impulse of the shock

wave is determined using the following
formula, in kPa-s:

i =3m i = (21)
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For scaled distance values R > 2.8 a
simplified formula may be used:
. 21R

l+—?.

(22)

The duration of the compression phase in
this case is, s (in seconds):

I a’
F+ _p_f[a—1+e“]' 23)

7. Methodology by Kingery-Bulmash using
UFC 4-023-02 charts

For more accurate calculations, the
relationships known as the Kingery-Bulmash
formulas [19, 20] are currently widely used.
The authors applied curve-fitting methods to

115



ISSN 2522-4182

represent the data
polynomial equations.

The results of their work are reflected in
UFC 4-023-02, where charts are provided to
determine the main parameters of the explosion
shock wave depending on the scaled distance Z,

using higher-order

Fig. 2. Parameters of Blast Wave for Air Explosion
according to UFC 4-023-02

which is determined using formula (7). To use
the charts, unit conversions to the metric system
should be made:

1 pound (Ib) =4.445 N; 1 pound/inch? (1 psi)
= 6,890 Pa.

“cante
St Dostanas I » At

Fig. 3. Parameters of Blast Wave for Surface

Explosion to UFC 4-023-02

Puc. 2. [Tapamerpu BYX npu nositpsiHomy BuOyxy Puc. 3. [Tapamerpu BYX npu HazemHOMY BHOYXY

srigao UFC 4-023-02

The duration of the impulse action is
determined using the following formula, s (in
seconds):

=21 (22)

When an explosion occurs, the shock wave
propagates as a high-pressure front moving in
all directions. Upon reaching a surface, the blast
wave interacts with it: air particles are suddenly
decelerated, and their Kinetic energy is
converted into pressure energy, which
superimposes, forming the reflected blast
pressure. Thus, at the point of impact between
the wave front and the obstacle, a reflected
pressure is  generated, which usually
significantly exceeds the incident shock wave
pressure due to the additional energy
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UFC 4-023-02

contributed by the reflected wave. As shown by
the analysis of existing blast wave parameter
calculation methods, this effect is often not
taken into account in many approaches.

To compare the results of blast wave
parameter calculations in methods where no
procedure for determining the reflected
pressure of an airburst is provided, it can be
estimated using the following formula:

2 y =1 Ap;
where p, — reflected overpressure of the blast
wave, MPa;
prr — pressure at the blast wave front,
MPa;
y— adiabatic index of the medium (for
air, y=1.4).

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 16/2025



P = Pat Py (24)

where pa — atmospheric pressure, approxi-
mately 0.1013 MPa;
psr — overpressure of the blast wave,
MPa.

In [13], the following formulas are proposed
to calculate the reflected blast wave pressure
under the condition that the wave front
propagates perpendicularly to the front wall of
a structure, MPa:
when the area of the openings in the wall is less
than 10%:

6(p. )’

_ 7 25
p, +0.72° (25)

pr:2pf +

when the area of the openings in the wall is
more than 10%:

ISSN 2522-4182

2
Pr=Py (26)

In these formulas, the first term represents
the actual reflected pressure, and the second
term accounts for the dynamic (velocity)
pressure of the air. The amplification of
pressure due to reflection is characterized by
the reflection coefficient k = p,/p, , which in

formula (25) is taken as 2.

To compare the calculation results, an
analysis was conducted for each of the blast
wave parameter estimation methodologies
under two different scenarios:

« in the case of indirect impact from a Kh-22
missile at a distance of 15 meters from the
calculated structure (TNT equivalent of
718.2 kg);

«in the case of indirect impact from a
“Shahed-136” UAV detonating at a
distance of 5 meters from the calculated
structure (TNT equivalent of 34 kg).

Table 1. Calculated Parameters of Blast Wave for an Airburst Explosion at a Distance of 15 m from the
Epicenter, with Explosive Mass of 718.2 kg TNT Equivalent. Airburst Explosion.

Ta6.. 1. 3HaueHHs pO3paxyHKOBUX MapaMeTpiB BUOYXOBO-yIapHOI XBUIII AJ1sl HA3eMHOTO BUOYXY Ha BiJICTaH1
Big eminieHTpy 15 M, BuUOyxoBoi pedoBuHu 718,2 KT B TpOTHIOBOMY ekBiBaieHTi. [loBiTpsHuii BUOYX.

Duration of Reflected pressure,
Overnpressure the Specific kPa (for methods that
Method valupe kPa compression pressure do not include this
’ phase, impulse, Pa‘s | parameter, calculated
seconds using formula (26))
Empirical formulas by
M.O. Sadovsky 295,3 0,017 673,54 1485,1
Empirical formulas by
Birbrayer 405,2 0,02 1870,94 19245
Empirical formulas by 253,8 0,011 3028,84 1302
Henrych. J ’ ’ ’
Empirical formulas by
Kinney & Graham 314,3 0,009 864,08 1523,8
Methodology of Kingery-
Bulmash using UFC 4- 301,33 0,068 1027,23 1172,49
023-02 charts

ByaiBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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Table 2. Calculated Parameters of Blast Wave for a Surface Explosion at a Distance of 15 m from the
Epicenter, with Explosive Mass of 718.2 kg TNT Equivalent. Surface Explosion.

TabJ. 2. 3HaueHHS PO3PaXyHKOBUX MTapaMeTpiB BUOYXO0BO-YIApPHOT XBIIII I HA3eMHOTO BUOYXY Ha BiJIcTaHi
Bix emineHTpy 15 M, BUOYX0BOi peuoBunu 718,2 KT B TpOTHIOBOMY ekBiBasieHTi. HaseMHMI BUOYX.

Duration of the
compression Specific Reflected pressure, kPa
Method Overpressure phase, oressure (_for methogjs that do not
value, kPa | seconds impulse. Pa-s include this parameter,
puise, calculated using formula
(26))
Empirical formulas by
M.O. Sadovsky 472,3 0,02 1069,11 21929
Empirical formulas by 572,2 0,019 1744,03 2792,9
Birbrayer ’ ' ’ '
Empirical formulas by 235,6 0,011 285258 12355
Henrych. J ' ' ' '
Empirical formulas by
Kinney & Graham 289,6 0,009 817,68 1433,3
Methodology of Kingery-
Bulmash using UFC 4- 427,05 0,011 1427,84 1809,44
023-02 charts

Ta6.. 3. 3HaueHHA PO3paxXyHKOBUX MapaMeTpiB BUOYXOBO-YAapHOI XBUII [Is BUOYXy B HOBITPi Ha BiACTaHi
BiJl €MILEHTPY 5 M, BUOYXOBOi peduoBHHHU 34 KI' B TPOTWIOBOMY €KBiBaJieHTi. [loBiTpsiHMIA BHOYX.

Table 3. Calculated Parameters of Blast Wave for an Airburst Explosion at a Distance of 5 m from the
Epicenter, with Explosive Mass of 34 kg TNT Equivalent. Airburst Explosion.

Reflected pressure,
Overoressure Duration of the Specific pressure kPa (for methods that
Method P compression phase, P P do not include this
value, kPa impulse, Pa‘s
second parameter, calculated
using formula (26)
Empirical formulas
by M.O. Sadovsky 358,2 0,006 264,48 1684,7
Empirical formulas 494,9 0,007 734,66 2185,9
by Birbrayer
Empirical formulas 302,3 0,004 1153,99 1480,1
by Henrych. J
Empirical formulas
by Kinney & 380,1 0,003 326,44 1765,1
Graham
Methodology of
Kingery-Bulmash
using UFC 4-023-02 361,65 0,0039 402,75 1503,1
charts
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Tao6J1. 4. 3naueHHs pO3paxXyHKOBUX ITapaMeTpiB BUOYXOBO-yIapHOI XBUII 17151 HA3eMHOT0 BUOYXY Ha BiICTaH1
Bifl emineHTpy 5 M, BUOyx0oBoi peuoBuHH 34 KI' B TPOTHIOBOMY eKBiBajieHTi. HazemHuii BUOyX.

Table 4. Calculated Parameters of Blast Wave for a Surface Explosion at a Distance of 5 m from the Epicenter,
with Explosive Mass of 34 kg TNT Equivalent. Surface Explosion.

- Reflected pressure, kPa
Overpressure Duration of the Specific (for methods that do not
Method . pressure . .
value, kPa compression phase, impulse. Pa-s include this parameter,
seconds puise, calculated using formula
(26))
Empirical formulas by
M.O. Sadovsky 326,1 0,007 419,8 2667,2
Empirical formulas by 454 0,007 684,82 2036,1
Birbrayer
Empirical formulas by 280,4 0,004 1090,83 1399,5
Henrych. J
Empirical formulas by
Kinney & Graham 350,4 0,003 309,57 1656,2
Methodology of
Kingery-Bulmash using 516 0,0034 558,51 2320
UFC 4-023-02 charts

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

This work reviews existing global
methodologies for determining the parameters
of blast shock waves.

The need for developing a clear engineering
methodology for calculating building structures
under the action of blast shock waves in various
attack scenarios using different types of
weapons has been raised.

Methods for calculating blast shock wave
parameters necessary for further structural
analysis of buildings and facilities as a whole
are presented.

The obtained results allow the following
conclusions:
the empirical formulas of M.O. Sadovsky and
A.N. Birbraer approximate experimental results
well for charge masses above 2 kg and are
simple for practical use; however, they do not
account for reflected pressure, which limits
their accuracy in calculating effects on
engineering structures;
the Kinney & Graham methodology, as well as
the Kingery-Bulmash approach (UFC 4-023-
02), provide more accurate consideration of the
relationships between pressure, impulse, and

ByaiBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025

compression phase duration, especially for air
blasts;

the charts and approximation dependencies
from UFC 4-023-02 allow obtaining fairly
accurate values for a wide range of distances
and charge masses, with the possibility of
accounting for complex environmental
conditions.

A comparison of methodologies showed that
with the same initial parameters, results may
differ significantly, necessitating a
comprehensive approach when selecting a
calculation method for a specific task.

Reflected pressure values, which are not
considered by most methods, have a significant
impact when assessing the effect of blast shock
waves on structures, particularly in cases of
frontal impact. For their inclusion, it is
advisable to use generalized formulas, such as
those proposed in [13].

Prospects for further research include:
improving the methodology for calculating
blast shock wave parameters of all probable
damaging elements needed for the structural
analysis of buildings and facilities;
developing a unified methodology that would
incorporate the advantages of different
approaches for various types of explosions (air,
surface, underground) and structures (massive,
lightweight, with or without openings);
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conducting  experimental  research  and
computer modeling to refine empirical
coefficients in the dependencies used in
existing methodologies;

investigating the influence of reflected waves in
urban environments, where complex building
configurations can significantly alter wave
characteristics.

The development of modern calculation
methods, with awareness of current wartime
threats, will enable the most effective
construction of engineering protective and
fortification  structures, thereby greatly
contributing to the realization of the “Fortress
Country” concept.
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HOPIBHAHHA METOJIUK
PO3PAXYHKY ITAPAMETPIB
BUBYXOBO-YJIAPHOI XBWJII IS
PO3PAXYHKY CIIOPYJ
IH’ KEHEPHOI'O 3AXUCTY

Tenuc MUXAHTIOBCHKHUH,
leop CKJIAPOB,
Onec KOMAP

AnoTtanisi. Boenna arpecist pd npotu Ykpainuy,
LUIIXOM ~ 3aCTOCYBaHHS  BCi€l  HOMEHKJIATYpH
3ac00iB MOBITPSHOTO Hamaxy MPOTHBHUKA HE JIMIIE
MPOTH BINCHKOBUX IIUICH, ajie i MPOTH OO EKTIB
KpuTH4HOI iHppacTpykrypu (mam - OKI) [1, 2] Ta
IHMUX NHUBUTBHUX 00 €KTIB, MPHUBHECIA CYTTEBI
3MIiHM B YacTHHI 3BEICHHSA 3aXUCHHUX CHOPYA Ta
CIIOpYA IHUBUILHOTO 3a-XUCTy. YWHHI HOPMAaTHBHI
JOKyMeHTH [3] po3polisiucek 3 TepeayMOBH
MMOOIMHOKOTO  SIEPHOTO BHOYXy Ha 3HAYHIN
BiJICTaHiI Bill 00’€KTy, 4epe3 M0 i PO3paxXyHKH
OyniBeJIbHUX KOHCTPYKIIH BHKOHYBaIHCh 0€3
ypaxyBaHHS iHIIUX GakTopiB ypaxkeHHs [4]. Peaii
BilfHHM TIOKa3aJH, IO 3aCTOCYBAHHS BOPOTOM BHCO-
KOTOYHOTO O30pO€HHS Yy BUIJSINI OE3MiIOTHUX
JIeTanbHUX anapartis (nam — briJIA) — kami-kaa3e Ta
0araTbOX THUMIB pakeT, MOTPeOYIOTh HEraHOTO

Cmamms nadiitwna 00 pedaxyii 25.04.2024 p.
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ypaxyBaHHS IIISTXOM PO3POOKH €IMHUX ITiIXOJiB
IO 3BEIEHHS CYyYacHHX 3a-XUCHHX Ta Qoptudi-
KalliHUX CIOPYJ BUCOKOT Ha{iHHOCTI.

CrporonHi B YKpaiHi akTHBHO BIPOBAKY-€ThCS
koHmenis “Kpaina-goprerss” cxBajieHa IMOCTAHO-
Boto Kabinery MinicTpiB YKpainu, 3rifHO sIKOi
nependavdeHo inTerpansHuit 3a-xuct OKI Ta iHmmx
00’€KTIB CTpATEriuHOro 3HAYCHHS, 110 Mepeadayae
OpraHi3aimio eIIe-JOHOBAaHOI  MPOTHUIOBITPSHOL
00OpOHH aHaNO-TIYHO cHCTeMaM 3axucty [3paimo,
CIIA Ta iHmWX KpaiH, CHOJYYEHOI 3 KOMII-
JIEKCHUMH 3aXO0JaMH LIMBIJIBHOTO Ta 1HXEHEPHOTO
3aXUC-Ty, CHCTEM paJiOelleKTpOHHOI 00poTHOH,
BCTaHOBJICHHS XUOHHX I[iJIeH, MACKyBaHHS, ITEPEXif
BiJl CTBOPEHHSI BEIHMKHX OO’€KTIiB CTpATEridHOTO
3HAYEHHS JO0 MEHIIUX pO30CEe-PEKEHUX MIX
co0010, a TAaKOX TIepeXiJl Ha TPUPOJIHI EHepreTHYHI
JDKepesa, IO 3HAYHOI MIpOI0 Ma€ MiIBUIIUTH
CTIMKICTh KpaiHM 10 30BHIIIHIX 3arpo3 BOEHHOTO
CTaHy.

OTpumaHi B CTaTTi YHCENbHI pPE3yNbTaTH
nokaszanu, mo Mmerogukn M.O. CaxoBChbKoro Tta
BipObpaepa no0Ope anmpoKCHUMYIOTH pe3yJbTaTH
eKCIIEPUMEHTIB TIpH Maci 3apsay moHan 2 Kr i
OpOCTi y MPaKTUYHOMY BHKOPHCTaHHI, OJHAaK HE
BpaxoOBYIOTh BIiIOWTHH THCK, IO OOMEXye IX
TOYHICTh Yy pO3paxyHKax BIUIMBY Ha iH)Ke-HEpHi
KOHCTpyKIii, a MeToauka Kinney & Graham, sk i
ninxig  Kingery-Bulmash  (UFC  4-023-02),
3a0e3neuye O TOYHE BpaXyBaHHS 3aJIeKHOCTEH
MIX THCKOM, IMITYJIBCOM 1 TPHBAIICTIO (a3l CTHUC-
HEHH$1, 0COOJIMBO JUIA MOBITPSHUX BUOYXIB, B TOM
e 4ac rpadikv Ta anmpoKCHMAIliiHI 3aJIe)KHOCTI
UFC 4-023-02 103BOJISIIOTH OTPUMYBATH JO-CUTh
TOYHI 3HA4YEeHHS [UIA MIMPOKOro Jiamnazo-Hy
BiZIcTaHEel Ta Mac 3apsiiB, 3 MOXIIHMBICTIO Bpaxy-
BaHHS CKJIaJHHUX YMOB CEpPEIOBHUINA.

[TopiBHSHHS METOJAMK IOKa3ajo, M0 IpH
OJIHAKOBUX BHXIIHMX IapaMeTpax pe3yibTaTH
MOXYTh CYTTE€BO BIpI3HATHCS, IO IOTpedye
KOMITIEKCHOTO ITIXOMy TpH BHOOPI METOIN-KH
PO3paxyHKy Ul KOHKPETHOTO 3aBIaHHS.

B Vkpaini mae 6yt po3pobiieHa HOpMa-THBHA
0aza, 3rigHO 3 AKOIO MpH MPOEKTYBaHHI
dbopTrdikaniiHuX CIOPYI, CIOPYI iHXKEHEP-HOTO
3axucty OKI Ta iHIIMX KpUTHYHUX 00’ €KTIB MAlOTh
BpPaxOBYBAaTUCh 1 HOBITHI 3a-TPO3H TMOBITPSHOTO
Haraay NPOTUBHHKA.

KarouoBi cioBa: BHOYXOBO-yJapHa XBWIIS,

HAQ/ITUIIIKOBUN THUCK; BiIOUTHUH THUCK; BHOyXOBa
PEYOBHHA; TPOTUIIOBUI €KBIBAJICHT.

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 16/2025


https://doi.org/10.32347/2522-4182.13.2023.41-50
https://doi.org/10.32347/2522-4182.13.2023.41-50
https://doi.org/10.30888/2709-2267.2024-22-00-020
https://doi.org/10.30888/2709-2267.2024-22-00-020
https://doi.org/10.32347/2522-4182.14.2024.147-160
https://doi.org/10.32347/2522-4182.14.2024.147-160

DOI:10.32347/2522-4182.16.2025.123-134
Y/]K624.012

ISSN 2522-4182

EFFICIENCY OF THE COMBINED PILE-RAFT FOUNDATION

Volodymyr KRIPAK?, Vira KOLIAKOVA? Daniiil KUZMENKO?

123 Kyiv National University of Construction and Architecture
31, Povitrianyh Syl Avenue, Kyiv, Ukraine, 03037

Ikripak.vd@gmail.com, http://orcid.org/0000-0001-6575-5015
2vkolyakova@gmail.com, http://orcid.org/0000-0001-6879-8520
Sdanielkuzma228@gmail.com, https://orcid.org/0009-0004-3026-8953

Abstract. It is well known that a raft foundation
is, in most cases, a more economical alternative to a
conventional pile foundation. The concept of
incorporating a raft into a piled system is not new
and has been implemented in foundation design in
several Western countries. However, practical
implementation of this concept remains limited and
largely absent. Ukrainian design codes only
mention the existence of combined pile-raft
foundations (CPRFs) and the possibility of their
application.

In CPRFs, both components—the raft and the
piles—act as load-bearing elements, and their
design must follow one of two approaches,
depending on which component serves as the
primary structural element.

The first approach treats the raft on natural soil
as the main foundation system, with piles added to
improve its functional performance. In this case,
piles are used to reduce and equalize the raft’s
settlement and to lower the reactive pressure
beneath the raft base.

The second approach considers the piles as the
main load-bearing elements, with the raft
incorporated to reduce the total number of piles.
This type of CPRF can be particularly effective in
cases of complex soil stratification, where at depths
of 10-15 meters there are thick lenses of weak soil,
making traditional pile foundations require
excessively long piles.

This paper demonstrates, using a specific design
case of a pile foundation, the feasibility of
implementing an alternative solution in the form of
a combined pile-raft foundation.

The structural analysis model of the building was
developed as a spatial multi-element system. The

© V. KRIPAK, V. KOLIAKOVA, D. KUZMENKO, 2025
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raft was modeled as a slab on an elastic foundation
with a variable modulus of subgrade reaction across
the plan.

The design parameters of the model were
determined analytically and through software, using
the GRUNT subroutine of the LIRA-SAPPHIRE
2024 software package.

The implemented alternative CPRF solution
proved to be both feasible and efficient, satisfying
all deformation and stability requirements for both
the soil base and the piles. With minor
modifications to the raft design, the number of piles
was reduced from 290 to 190.
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PROBLEM STATEMENT

The idea of incorporating a raft into the
functioning of a pile foundation is not new.
However, the practical design implementation
of this concept is unfortunately limited and
largely absent. Ukrainian normative documents
only briefly mention the existence of combined
pile-raft foundations (CPRFs) and the
possibility of their application [1, 2, 3].
Nonetheless, research on combined pile-raft
foundations has been and continues to be
actively conducted [9, 10, 11, 14, 15, 16, 18,
19]. There are also implementations of such
foundations in construction practice, but these
are usually individual unique structures [4, 7, 8,
17], or design solutions adopted to reinforce
existing foundations [5, 6, 12, 13]. The areas of
effective application of CPRFs are thoroughly
discussed in [12].

Given that in CPRFs both components—the
raft and the piles—act as load-bearing
elements, two main design approaches can be
distinguished.

The first approach considers the raft on
natural soil as the primary foundation type, with
piles supplementing the raft foundation to
improve its functional characteristics. This type
of foundation is also referred to as a raft-pile
foundation. Combined raft-pile foundations are
effective for buildings on sites where medium-
strength soils lie near the surface, and although
the soil’s bearing capacity is sufficient, a raft
foundation alone does not meet deformation
requirements. Piles are used to reduce and
equalize the raft settlement and to decrease the
reactive pressure under the raft base.

The second approach treats the pile
foundation as the main type, while the raft is
incorporated to reduce the number of piles.
Implemented design solutions have shown that
CPRFs of this type can be quite effective in
cases of specific soil layering, where lenses of
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weak soil of significant thickness occur at
depths of 10 to 15 meters.

This type of CPRF is classified as a pile-raft
foundation, where the majority of the building
load is transferred to the piles, and the raft
increases the foundation’s efficiency by
reducing the number of piles required.

This paper examines, using a specific
implemented pile foundation design, the
possibility of realizing an alternative solution in
the form of a combined pile-raft foundation and
analyzes its efficiency and prospects for
adoption in design practice.

MAIN STUDY

The design of CPRFs, regardless of the
selected type, should be carried out using an
iterative  method  through  successive
approximations toward an optimal solution.

Analyzing the arrangement of vertical
elements and the estimated loads on them, the
type and dimensions of piles are selected, and a
pile layout is designed. In the first
approximation, the load distribution between
piles and raft can be assumed as 70% and 30%,
respectively. The spacing between pile groups
should be at least 4 to 5 pile diameters. Based
on the first approximation calculation results,
the total settlement of the building, pile forces,
and soil stress under the raft are analyzed. After
adjusting the pile layout (if necessary),
modifications are made to the calculation
model and the next iteration of analysis is
performed.

The study is based on a realized design of the
pile foundation for a 20-storey residential
building under construction in Sofiivska
Borshchahivka village, Kyiv region. The
foundation consists of bored injection piles
with a diameter of 420 mm and a length of 12
m combined with a continuous reinforced
concrete raft 1200 mm thick. For proper
comparison, piles in the alternative pile-raft
foundation design are taken identical to those in
the base design.
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Fig. 1. Calculation-analytical model of the
building in LIRA-SAPPHIRE
2024 software

Puc. 1. Po3paxyHKoBO-aHAIIITUYHA MOJIEIH
oynirii y I1K Jlipa-CAII®IP 2024

CALCULATION-ANALYTICAL MODEL

The calculation-analytical model of the
building was created as a spatial multi-element
model. The raft foundation was modeled as a
slab on an elastic foundation with a variable in-
plan modulus of subgrade reaction (modulus of
subgrade reaction).

The base traditional pile foundation was
designed using the LIRA-SAPR software suite,
while the calculations for the alternative pile-
raft foundation were performed using the
LIRA-SAPPHIRE 2024 software package. In
the calculation model, a plate triangulation step
of 250 mm was used for the pile foundation and
500 mm for the combined pile-raft foundation.
The calculation model of the building is shown
in Fig. 1, and the arrangement of vertical
elements is presented in Fig. 2.

The base pile foundation with a high raft
included 290 piles transmitting the load to the
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Fig. 2. Arrangement of vertical elements
Puc. 2. Po3ranryBaHHs BEpTHKAIBHHUX CIEMEHTIB

soil foundation without the
contribution of the raft slab.

In the combined pile-raft foundation,
approximately 35% fewer piles were
designed—190 piles in total.

Piles were modeled as a chain of single-node
finite elements of type 57 (FE 57), the stiffness
of which was determined based on soil
properties using the GRUNT system.

In the horizontal direction, boundary
conditions for the foundation slab were
implemented using single-node elements type
54 (FE 54). In the vertical direction, boundary
conditions were modeled via the GRUNT
system according to the geological survey data
of the site, which allows for variation in the
modulus of subgrade reaction beneath the raft
foundation base.

Generally, for pile-raft foundations it is
advisable to use bored piles with a diameter of
620 mm or more; however, as noted above, the
type and dimensions of the piles were kept
unchanged for consistency.

considering
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Figure 3 shows the pile field of the base
design variant, where 290 piles are arranged,
and Figure 4 presents the alternative variant
with a reduced number of piles down to 190
units. The logic of pile arrangement in both
variants, despite the reduction in quantity, is
maintained and dictated by the layout of the

vertical load-bearing elements. The total load
transferred to the soil foundation amounts to
24,400 tons-force (tf).
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Fig. 3. Arrangement of piles in the base pile foundation,
290 units

Puc. 3. Po3ranryBanHs naip y 6a30BOMY MallbOBOMY
¢dynnamenti, 290 T

I'PYHTOBI YMOBU I PO3PAXYHKOBI
[TAPAMETPU KIIII®

['eonoriunmii po3pi3 3 MOCAAKOIO IUIUTH
GbyHIaMEHTY Ha TPYHTOBY OCHOBY HaBEACHO
Ha pwuc.5. be3nocepeaHbo i IMiIONIBOIO
IUTUTHOTO POCTBEPKY 3aJsIra€ IMICOK IpiOHMIA,
IIUTBHAN 3 TAKUMHU XapaKTePUCTHKAMHU:

p =195 1/M3;E = 29,41 MIla; ¢ = 30.

BicTpst manb criuparoThCs Ha Iap TPYHTY
No@ 3 HacTymHUMH XapakTepUCTUKAMH —
MiCOK ApiOHUH, UIINbHUNA, HACUYEHUH BOJIOIO:

p=21T1/M3; E =49,03MIla; ¢ = 33.

Meton pospaxyHky ociganns KIIID i

BIJIMOBITHO PO3MO/iJ HABAaHTAXKECHb MiXK HOro
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Fig. 4. Pile Arrangement in the Combined Pile-Raft
Foundation (CPRF), 190 units
Puc. 4. PozramryBanus nans y KIII1 dyrmamenti, 190 mr
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Fig. 5. Geological cross-section and seating of the pile foundation on the soil base
Puc. 5. I'eonoriunuii po3pi3 i nocazka [1I1M Ha rpyHTOBY OCHOBY
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Fig. 6. Settlement of the building with a pile Fig. 7. Settlement of the building with a combined

foundation pile-raft foundation
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The characteristics of the soil foundation
obtained from the GRUNT program were as
follows: modulus of subgrade reaction C =
4000...2800 kN/m?, and the design soil bearing
capacity under the base of the raft foundation
Ro=540 kPa.

The calculation results of the alternative
combined pile-raft foundation (CPRF) variant,
performed using the above-mentioned
calculation-analytical model, will be presented
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Fig. 8. Forces in piles of the base variant
Puc.8. 3ycumns B mansix 6a30Boro BapiaHTy

Figures 8 and 9 show the calculated forces in
the piles for the base variant (290 piles) and the
alternative variant (190 piles), respectively. It
should be noted that the pile layout in the base
variant was designed quite efficiently, as the
difference between the maximum force (1160
kN) and the minimum force (950 kN) was about
18%.

The force distribution in the pile-raft
foundation is less uniform, with a difference of
approximately 50%, and three piles are
overloaded, with the maximum overload
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in comparison with the corresponding results of
the base foundation variant.

The maximum building settlements (see
Figs. 6 and 7) in the CPRF are greater than
those in the pile foundation (68.3 mm. versus
38.4 mm.), but do not exceed the allowable
limit of 150 mm [2]. The analytically calculated
settlement of the CPRF (61 mm.) shows very
good agreement with the results of the
numerical analysis.
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Fig. 9. Forces in piles of the combined pile-raft
foundation (CPRF)
Puc.9. 3ycmmis B mamsix KIIIID

reaching 14.5%. The maximum force in these
CPRF piles was 1336 kN, compared to the
bearing capacity of 1166 kN obtained from
cluster testing.

However, the underloaded piles are mainly
located in the central zone beneath the elevator
and staircase block, which provides a potential
reserve of strength for the CPRF in case of
incomplete soil participation beneath the raft
base.

The differential settlement of the building is
nearly the same for both variants. In the base
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variant, it is 38.4 mm — 24.3 mm = 14.1 mm,
while in the alternative variant, it is 68.3 mm —
56.4 mm =11.9 mm.

The reactive pressure on the soil under the
raft base (see Fig. 8) is uneven, varying from
165.2 kPa to 281.2 kPa. The calculated pressure
does not exceed the design soil bearing capacity
Ro=540 kPa, indicating that the raft can be used
as a slab foundation and is capable of serving as
a load-bearing element in the pile-raft
foundation.

An interesting observation arises from the
consideration of the required design
reinforcement of the raft slab.

Individual reinforcement maps of the raft are
presented in Figures 11 through 15. Both
variants adopt the same raft thickness of 1200
mm and identical concrete and reinforcement
classes.

The distribution of design reinforcement in
the upper zone along the X-axis for both
variants is shown in Figures 12 and 13. The
main slab field requires up to 16 cm?/m in the
base variant and 13 cm?*m in the alternative
variant. Additional reinforcement zones require

ISSN 2522-4182

approximately 40-50 cm?*m in the base variant
and 3040 cm?m in the alternative variant. In
the CPRF, the relative area of strengthened
zones is larger than in the base variant, and the
layout of additional zones has been changed.

A similar pattern is observed for the upper
reinforcement along the Y-axis.

The reinforcement of the lower zone of the
raft slab along the X-axis is shown in Figures
14 and 15. Here, the CPRF requires somewhat
more reinforcement in both the main slab field
and the additional zones compared to the base
variant. ~ Conversely, for the lower
reinforcement along the Y-axis, the situation is
reversed.

Thus, it can be concluded that in the
alternative foundation variant, the quantity of
design longitudinal reinforcement in the raft
slab practically remains unchanged. However,
significant shear forces are generated near the
vertical elements in the pile-raft foundation (see
Fig. 11), which will require transverse design
reinforcement in these areas.
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Fig. 10. Reactive pressure beneath the base of the CPRF slab
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CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

1. This paper, using the example of a specific
pile foundation design, demonstrated and
confirmed the feasibility of implementing an
alternative solution in the form of a
combined pile-raft foundation (CPRF).

. The calculation-analytical model of the
building was developed as a spatial multi-
element model. The raft was modeled as a
slab on an elastic foundation with a variable
in-plan modulus of subgrade reaction. The
design parameters of the model were
determined  both  analytically  and
numerically using the GRUNT subprogram
within the LIRA-SAPPHIRE 2024 software
package.

. Based on the analytical calculation of pile
and slab stiffnesses, an approximate load
distribution between piles and the raft was
adopted as 70% and 30%, respectively.

. The maximum settlement of the building in
the CPRF is greater than in the npile
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foundation (68.3 mm vs. 38.4 mm) but does
not exceed the allowable limit of 150 mm
[2]. The analytically calculated settlement of
the CPRF (61 mm) almost exactly matches
the results of the numerical analysis.

5. In the alternative CPRF variant compared to
the pile foundation, the amount of design
longitudinal reinforcement in the raft slab
does not increase. Introduction of design
transverse reinforcement near vertical
elements is possible.

6. The implemented alternative CPRF solution
demonstrated its feasibility and
effectiveness, meeting all deformation and
stability requirements for both the soil
foundation and the piles. With a minor
modification of the raft design, the number
of piles was reduced from 290 to 190 units.
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E®EKTUBHICTHD KOMBIHOBAHOI'O
IIVIMTHO-ITAJIBOBOI'O
OYHIAMEHTY

Bonooumup KPIIIAK,
Bipa KOJIIKOBA
Janiin KY3bMEHKO

AnoTtauis. Bigomo, mo mutHuil pyHgameHt, y
OlIBIIOCTI  BHIAAKIB, Oyme  €KOHOMHIITUM
bTEPHATUBHOTO MalbOBOTO (QyHAaMeHTy. Imes
BKJIFOUCHHS POCTBEPKY HE HOBA 1 peanizoBaHa Mpu
MPOEKTyBaHHI (yHIaMEHTIB y psaai  3axiJTHUX
KpaiH. AJie TpOeKTHA peai3allis i€l i7el, Ha Kallb,
oOMesxeHa 1 BiICyTHS. B HOpMaTHBHUX TOKyMEHTax
VYkpaiHu MoOXHa 3HaWTH, Xi0a 10, JHMIIE
HaraJgyBaHHS TpPO ICHyBaHHS KOMOIHOBaHHWX
WMTHO-NaNboBUX  pyHmamentie  (KIID) i
MO>KJIUBICTD iX BUKOPUCTAHHS.

VY KII® o6uasi KOMIOHEHTH (YHIaMEHTY,
IUTMTHUH POCTBEPK 1 Tali, SBISIOTHCA HECYUYUMHU
eeMEeHTaMH 1 NpU HOro TPOEKTYBaHHI CIifJ
JIOTPUMYBATHUCS JIBOX MIIXOMIB, B 3aJI€KHOCTI BiJ
TOro sika komrnoHeHTa [I11D sBisgeTbCS OCHOBHOIO.

[epmmii — g€ OCHOBHUM, Oa30BHM THIIOM
(dyHIaMeHTy SIBISIETBCS IUTUTa Ha TMPHPOIHIN
OCHOBI, a NaIIMH JONOBHIOOTh IUIMTHHUH
¢dbyHzameHT TS MOKpAILEHHS foro
¢yHKIIOHANBHUX AKOCTeW. [lamsimu 3MeHIIyIoTh i

Cmammsa nadittuwna 0o peoaxuii 28.03.2025 p.
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BUPIBHIOIOTh  OCiZJaHHA  IUIMTH, 3MEHIIYIOThH
PEaKTUBHUMA THCK ITiJT TTiOMIBOIO TTUTH.
Jpyruii - TYT OCHOBHOIO KOMITOHEHTOIO

ABJSIFOTHCS TaJTl, 8 IVIMTHUH POCTBEPK BKIIOYAIOTH
B po0OOTY JUISI 3MEHIIEHHS KiUTbKoCTi mans. KITTTD
TaKOTO THITy MOX€E OyTH IOCUTHh €(EKTHUBHUM IPH
CBOEPITHOMY HallapyBaHHI TPYHTIB, KOJIH B
rpyHroBoMy MacuBi Ha rmmmbuni 10...15 ™M
MIPOSIBIISIFOTECS JTH3M CIa0KOro TPYHTY 3HAYHOL
TOBIIMHU 1 TpajMUidHUI manboBHil (QyHIaMEHT
Oyzie BUMaratu MaJib 3HAYHOI JTOBXKHHH.

VY HaBeJeHiH CTaTTi, Ha MPUKJIAAI KOHKPETHOTO
NPOEKTHOTO pillleHHS TalbOBOTO (QYHIAMEHTY,
MoKa3aHa MOKJTUBICTE peaiizallii albTepHATHBHOTO
pilleHHS Yy BUTJAI KOMOIHOBAaHOTO MANbOBO-
IUIUTHOTO (PyHIaMEHTY.

Po3paxyHKOBO-aHaJIITHUHA MOJENIb  OYIiBIi
YTBOPEHa y BHIJIAI  MPOCTOPOBOi  Oararo-
€IIEMEHTHOI  MOJEI. IInutHUE ~ poOCTBEpPK
MOJICITIOBABCSl SIK IUTUTa Ha TPYKHIM OCHOBI 3i
3MIHHUM B IJIaH1 KOe(il[iEHTOM MPYKHOTO BiIIOPY
rpyHTy (KOoe(il[ieHTOM ToCTeNi).

Po3paxyHKOBI napameTpy MOJeNi BU3HAYAIMCS
AQHAJITUYHO 1 TPOTPaMHO 3 BUKOPHUCTaHHIM
mignporpamu I'PYHT mnporpamHoro komruiekcy
K Jlipa—CATI®IP 2024.

PeamizoBanuit albTEePHATUBHUM BapiaHT
¢ynnamenty y Burani [IIIP mokazaB cBoro
JOWTBHICTE 1  edeKkTuBHICTh, 3a0e3meunB yci
BUMOTH 110 JiepopMalisx i CTIKOCTI SK TpyHTOBOI
OCHOBM Tak 1 mamb. [lpw He3HaYHIA 3MiHI
KOHCTPYKTHBHOTO PIILIEHHS POCTBEPKA, KiJIbKICTh
nasib 3MeHmeHa 3 290 o 190 mr.

KiarouoBi cioBa: IUMTHO-TANEOBHU (QyHIA-

MEHT; POCTBEPK; MalIbOBE I0JI€; FPYHTOBA OCHOBA;
ocajKa; MiICHIeHHS; apMyBaHHS.
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Abstract. Ukrainian cities and villages have
been forced to become testing grounds for studying
and researching the impact of blasts on buildings
and structures of different structural systems due to
the constant artillery shelling and bombardments by
the russian federation’s armed forces. Ukraine’s
seaports are strategic facilities, so port infrastructure
is often damaged by russian drone and missile
attacks. The Odesa’s city port is the largest seaport
in Ukraine, so for studying and researching, as a
typical example, one of the damaged buildings of
this port was chosen.

The object of research — load bearing structures
damaged due to blast exposure of missile strike by
the armed forces of the russian federation.

The purpose of the research is to determine the
actual technical state of the building’s load-bearing
structures; to check ability to repairment of the
building.

The research included such stages as:

-visual inspection of the survived structures
after the missile strike;

-determination of the real concrete strength by
non-destructive methods;

-verification finite element method (FEM)
analysis of the building’s structural system, taking
into account the actual technical state and real
material properties;

-design of strengthening schemes for the
survived structures.
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facilities damaged or collapsed by russian attacks is
increasing day by day. Case study presented in this
research is typical and can be recognized as a
solution for other buildings.

Keywords. Russian missile attack; assessment;
repair; reinforced concrete structures; damage;
structural analysis

DESCRIPTION OF THE BUILDING

Ukrainian civil residential buildings and
infrastructure facilities have been forced to
become testing grounds for studying and
researching the impact of blasts on buildings
and structures of different structural systems
due to the constant artillery shelling and
bombardments by the russian federation’s
armed forces [1-8].

The administrative 3-storey cast-in-situ
building, measuring 36x24 m in plan is shown
in Fig. 1. The structural scheme of the building
is a reinforced concrete frame with shear walls.

The foundation of the building is a
reinforced concrete slab 500 mm in thickness.

The grid of columns is 6.0 x 6.0 m. The

cross-section of the columns is 400x400mm.
Reinforcement of the columns: longitudinal
rebars — 4016 (20) mm A400C, transverse
rebars — stirrups 8 A240C.

The beams are arranged in the locations of
the stairwells. The cross-section of the beams is
600x400 mm. Beam reinforcement:
longitudinal rebars - 4 lower and 4 upper
22A400. Transverse reinforcement of beams —
rebars 8mm, with a step of 150mm.

The shear walls are L-shaped in plan, located
at the corners of the building and in the middle
symmetrically to the central axes. The thickness
of the shear walls is 200 mm. The shear walls
are reinforced with mesh rebars 10, with a
spacing of 200mm.The floor slabs are 200 mm
in thickness. Reinforcement of the floor slabs
with mesh rebars 10, 14 mm, with a spacing
of100 (200) mm. The reinforcing cages are
located in the punching areas of floor slabs.

The partition walls are made of aerated
concrete blocks. The thickness of the external
walls is 400 mm, the internal walls are 100mm
in thickness.

Fig. 1. General view of the building before the missile attack

Puc. 1. 3aransHuii BUrisg OyaiBili 0 PaKeTHOT aTaku

COLLECTION OF DAMAGE DATA

The investigated building was partially
collapsed as a result of a blast exposure due to

136

missile attack by the armed forces of the russian
federation in May 2022. The epicentre of the
explosion was located right next to the building,
at a distance of up to 10 m from the external
wall. According to witnesses, the shell-hole
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was up to 8 m in diameter and up to 4 m in out after liquidation of the blast consequences

depth. Neighbouring buildings were also and urgent emergency works. The general view

heavily damaged. of the partially collapsed building is shown in
Investigation of the structures was carried fig. 2.

Fig. 2. General view of the partially collapsed building
Puc. 2. 3aranpHuil BUTTISA YaCTKOBO 3pYHHOBaHOT Oy iBIIi

the building. A numerous columns had
Mechanical damages such as concrete damages located in the upper punching zone of
fractures, baring, deformations, ruptures, visual floor slabs (Fig. 3).
elongation of steel rebars was recorded during
the examination of 1st and 2nd floor columns of

Fig. 3.Concrete fractures of columns at punching zone of floor slabs
Puc. 3. PyiinyBanus 6eTOHY y 30H1 IPOJAaBIIOBAHHSA IUTUT KOJIOHAMH

Ind floor columns 2-3/G and 3nd floor (Fig. 4, 5). Significant concrete fractures,
columns 1-2/A had vertical deflections baring of steel rebars, and cracks with a width
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of more than 2mm were recorded during the fractures of the shear walls is located in the
examination of the shear walls. The concrete upper punching zone of floor slabs (Fig. 6, 7).

Fig. 4. Concrete fractures of columns Fig. 5. Vertical deflections of concrete columns
Puc. 4. PyiinyBanHst 6eTOHY KOJIOH Puc. 5. BeprukanbHi nepemimieHHs KOJIOH

W’" 11—».’“&‘-—"& o e -
20T J ;- -

Fig. 6. Concrete fractures of shear walls Fig. 7. Wall with cracks more than 2mm wide
Puc. 6. PyiinyBaHHs OCTOHY CTiHH Puc. 7. Crina i3 TpiliuHamMu moHas 2 MM
DAMAGE DATA ANALYSIS exposure and the recommended measures to

repairing are given in Table 1.
Information on the main damages of the
load-bearing structures as a result of the blast
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Table 1. Typology of damaged structural elements
Ta6.. 1. Tunm nomkoIKEHUX KOHCTPYKIIIH
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N Type of damage Measures to repairing structural elements
0.
Column
1. | Concrete fractures, baring of steel rebars, vertical Demolishment and replacement of damaged
deflections structural elements
2. | Concrete fractures at punching zone of floor slabs
3. | Deformations, breaks, visual elongation of steel
rebars
Shear walls
4. | Concrete fractures, baring of steel rebars, vertical Partial demolishment and replacement of
deflections damaged structural elements
5. | Deformations, breaks, visual elongation of steel
rebars
Beams
6. | Shear cracks at the support zones more than 2mm Demolishment and replacement of damaged
in wide structural elements
7. | Concrete fractures of the beam-column
connections, deformation and baring of steel
rebars
Floor slabs
8. | Concrete spalling with baring of steel rebars at Strengthening of the punching zones, repair
the bottom surface and restoration of the bottom surface
9. | Concrete spalling without baring of steel rebars at | Repair and restoration of the bottom surface
the bottom surface
10. | Cracks at the bottom surface Repair of concrete cracks by injections

Table 2 shows the calculated indicators of
physical wear of structural elements and the

entire building.

Table 2. The extent of physical wear of survived structural elements
Ta6a. 2. Ctyniap (Hi3MYHOTO 3HOCY BUUTITUX KOHCTPYKTUBHHX €JIEMEHTIB

N Structural Par;tc;ngS fentlre Physical wear of the Ye - D

0. element ve, % ' structural element, ®., % | /100, %

1 Foundation slab 10 10 1

2 Columns 15 52 8

3 Shear walls 10 43 4

4 Floor beams 5 57 3

5 Floor slabs 30 52 16

6 Partition walls 10 15 2

7 Flooring 15 65 10

8 Stairs 5 25 1
Total amount 100 45

MATERIAL PROPERTIES

A non-destructive method was used to
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determine the real concrete strength of the
structural elements during the research. The
results of concrete strength measurement with
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concrete test hammer and ultrasonic method are

shown in Table 3.

Table 3. The results of concrete compressive strength measurement
Taba. 3 PesynbTaty BUMIpIOBaHHS MIIIHOCTI OETOHY Ha CTHUCK

:;I Structural element Average compressive strength fom, MPa The coefficient of variation, V
1. Column 27.9 0.11
2. Column 30.2 0.11
3. Column 28.7 0.12
4, Column 334 0.07
5. Shear wall 35.0 0.11
6. Shear wall 334 0.11
7. Shear wall 35.8 0.05
8. Shear wall 31.0 0.13
9, Shear wall 34.2 0.13
3 Shear wall 326 0.07
STRUCTURAL ANALYSIS OF THE without a superstructure, scheme N2

DAMAGED BUILDING

Three restoration schemes of the building
were considered in this research: scheme Nel—

— 2-story reinforced concrete superstructure,
scheme Ne3— 2-story superstructure made of
steel structures (Fig. 8).

Fig. 8. The restoration scheme with a superstructure made of steel structures
Puc. 8. Po3paxyHkoBa cxema i3 HaOyIOBOIO 3i CTaJeBUX KOHCTPYKIIIH

Numerical analysis of the

restoration

schemes was developed taking into account the

reduced characteristics of

concrete

(compressive strength corresponding to C12/16
was taken instead of compressive strength
corresponding to C16/20) and reduced
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reinforcement due to damages caused by blast
exposure. Geometrical parameters of the
building, mechanical characteristics of
materials, loads and load combinations are
assumed to be the same for each restoration
scheme.
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The maximum values of
internal force N in the columns for the most
unfavorable load combination were:

e Without a superstructure — 1138 kN;

e With

2-story

reinforced

superstructure — 2100 kN;
e With 2-story superstructure made of steel
structures — 1942 kN. The minimum
values of columns’ load-bearing capacity
ratio were:
e without a superstructure — 1,15 (reserve is

15%);
e With

2-story

reinforced

longitudinal

concrete

concrete

superstructure — 0,78 (deficient load-
bearing capacity);
e With 2-story superstructure made of steel
structures — 0,84 (deficient load-bearing

capacity).
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According to the results of the structural
analysis of different restoration schemes and
national regulations [9-11] conclusion about the
possibility of 2-story superstructure made of

steel

structures without strengthening the

foundation was made. In addition, columns and
shear walls have to be strengthened. The
punching shear zones of floor slabs also have to
be strengthened.

REPAIRMENT AND TECHNICAL
SOLUTIONS

The method of strengthening with steel casing
has been recommended in order to restore the
load-bearing capacity and serviceability of
damaged columns and shear walls (Fig. 9).
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Fig. 9. Recommended strengthening schemes of vertical structural elements: a — columns; b — shear walls
Puc. 9. PexomeH0BaHI CXeMH MiICHIICHHS BEPTHKAIBFHIX KOHCTPYKIIiH: a) KOJIOH; 0) CTiH

The restoration of damaged areas of floor
slabs has been recommended to be accomplished
using the increasing method. The
punching shear zones of floor slabs have been
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recommended to restore by using angle braces

(Fig. 10).
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Fig. 10. Schemes of strengthening recommended of horizontal structural elements: a — punching shear zones; b
— floor and roof slabs
Puc. 10. Pekomenn0BaHi1 cXxeMu MiJICUICHHS TOPU30HTAIBHUX KOHCTPYKIIH: a) 30HH [TPOAABIIOBaHHS; 0) MIUT
[EPEKPUTTS i HOKPUTTS
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CONCLUSIONS

Based on the results presented in this
research, the following conclusions were
drawn:

1 Blast exposure due to missile strike
inflicted by the armed forces of the russian
federation caused partial collapse of the
building. The degree of damage (physical
wear) to the load-bearing structures of the
surviving building after the explosion is 45%
which corresponds to ‘unsuitable for normal
serviceability’ state. This state of building
requires to restoration and strengthening of
structural elements.

2 Numerical analysis of the restoration
schemes have demonstrated the possibility of
realization 2-story superstructure made of steel
structures, provided that columns, shear walls
and punching shear zones of floor slabs have
been strengthened according to recommended
methods.

3 Strengthening of damaged columns and
shear walls has been recommended by
performing steel casing. The punching shear
zones of floor slabs have been recommended
to restore by using angle braces.
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OIIIHKA TA BIJIHOBJIEHHSA
3AJIIBOBETOHHUX KOHCTPYKIIMH,
110 MOIKO/IY)KEHI BHACJIJI0OK
POCINCBHKOI PAKETHOI ATAKU

Bnaoucnas IIIEXOBI]OB,
Onee DECEHKO,
Bikxmop MAJIAXOB,
€seen JIMUTPEHKO

AHoTtanis. Yepe3 TOCTIiHI apTHIIEPIHCHKi
o0cTpiiu Ta OGoMOapayBaHHS 30POMHUMU CHIIAMU
Pociiicekoi @enepanii ykpaiHChki MicTa Ta cena
OyJu 3MYIICHI CTaTH MOJIITOHAMH JJISI BUBUEHHS Ta
IOCHIKEHHS BIDIMBY BHOYXiB Ha OymiBm Ta
CHOPYAX PI3HUX CTPYKTYPHHX cucTeM. Mopchbki
MOPTH YKpaiHU € CTPATeriyHUMU 00’ €KTaMHU, TOMY
MOpTOBA iHppacTpyKkTypa 4acTo 3a3Hae
MTOTIKO/DKEHb Bill POCIMCHKUX OE3IMIOTHUKIB Ta
paker. OngecbkUii MICBKHH TOPT € HaHOUIBILIUM
MOPCHKHM ITOPTOM YKpaiHu, TOMY JIJIsl BHBUEHHS Ta
JOCITDKEHHSI, SIK TUTIOBUH TPHKIaz, 0yiao oOpaHo
OJIHY 3 TOIIKO/KEHUX OYy/IiBeNb LHOTO MOPTY.

OO0’exT MOCHIKEHHS — HECy4i KOHCTPYKIIIi,
MOIIKO/PKEHI  BHACHIJOK BHUOYXOBOTO  BIUIMBY

Cmammsa nadiitwna 0o peoaxuii 21.04.2025
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pakeTHoro ymapy 30poitHux cun Pocifickkoi
Ddeneparii.

MeTo10 IOCIIHKCHD € BU3HAYCHHS (PaKTHIHOTO
TEXHIYHOT'0 CTaHy HECYYUX KOHCTPYKIIii Oy TiBJIi Ta
nepeBipKa X MPUIATHOCTI 0 PEMOHTY.

JocnimkeHHs BKIIOYANO0 TaKi eTam, sK:

- BI3yaIbHHHA OTJIAN YHUIUTMX KOHCTPYKITiH
MIiCIIst pAaKETHOTO yIapy;

- BU3HAYCHHSI peEalbHOI MIIHOCTI OeToHy
HEepyHHIBHUMHU METOJaMU;

- TIepeBipOYHUI  aHami3  KOHCTPYKTHUBHOL
CUCTEMHU OYJiBJII METOJOM CKiHYCHHUX EJIEMEHTIB
(MCE) 3 ypaxyBaHHsM (PaKTHYHOTO TEXHIYHOTO
CTaHy Ta BJIACTUBOCTEW pealbHUX MaTepialis;

- TPOEKTYBaHHS CXEM IOCHJICHHS BILTLINX
KOHCTPYKIIii.

KinpkicTh LMBIIBHUX OyJIiBedb Ta 00 €KTIB
1H(GPACTPYKTYpH, TOIMIKOPKEHUX a00 3pyifHOBaHUX
POCIICEKMMU aTakaMH, 3pOCTa€ 3 KOXXHUM JIHEM.
[Ipuximaz, npencraBieHU# y IbOMY JAOCHTIHKEeHHI, €
TUIMOBUM 1 MOXe OYTH BU3HAHWU PIllICHHSAM ISt
IHITIIX OYTiBEIb.

Kuarouori caoBa. Pociiickka pakeTHa araka;

OLIHKA; PEMOHT; 3aJ1i300€TOHHI KOHCTPYKLII;
MONIKOJPKEHHS, PO3PaXxyHOK KOHCTPYKIIH
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Abstract.  Conventional  fire  resistance
calculations evaluate individual structural elements
(beams, columns, walls, floor slabs) based on their
material properties. Current analysis methods,
including standard fire resistance tests, fail to
account for actual structural interactions in building
systems.

Building structures inherently function as
interconnected systems through various
connections (pinned, hinged, continuous, or multi-
span configurations). Consequently, either the
complete failure of a load-bearing element during
fire exposure or even just the alteration of its
stiffness properties can trigger significant force
redistribution. This may lead to structural behavior
changes ranging from localized damage to potential
progressive collapse. Furthermore, the performance
of structural connections during and after fire
exposure critically influences the global stability of
the building's load-bearing system.

The standard fire resistance calculation criteria
are based on two key requirements: firstly, a
building's fire resistance duration must surpass the
regulatory-mandated timeframe determined by its
specific occupancy classification, and secondly, the
overall fire resistance depends directly on the fire
resistance ratings of the building's principal
structural components.

All buildings must comply with fundamental
functional requirements specified in regulatory
documents, including provisions for safe evacuation
routes, control of internal fire spread pathways,
prevention of external fire propagation, and
ensuring fire service access to firefighting
equipment.

It should be emphasized that building codes
establish minimum necessary standards for protect
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ing occupant and public safety, focusing primarily
on health and life protection rather than structural
preservation - though damage limitation measures,
while not explicitly required, are not precluded by
these regulations.

Building codes are not intended to mitigate
financial losses from fire incidents, a crucial
consideration for designing building fire protection
systems when regulatory requirements alone prove
insufficient to satisfy client specifications.

The paramount requirement for building
structures during internal fire propagation scenarios
is as follows:

A building must be designed and constructed to
maintain structural stability for a code-specified
duration during fire exposure.

The requirements for maintaining a building's
stability during a reasonably sufficient time period
traditionally correspond to the structure's survival
time in standard fire resistance tests.

Consequently, in addition to mechanical effects,
one must consider changes in both thermal and
mechanical properties of steel resulting from
structural heating during a fire.

Keywords: fire resistance; heat capacity;
thermal conductivity; fire
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PROBLEM STATEMENT

Generally, the main load-bearing elements
of buildings and structures include steel,
reinforced concrete (RC), stone, and timber
components. These structural types are
analyzed separately in structural design.
Accordingly, fire protection requirements for
each material (such as concrete, steel, timber,
stone, aluminum, etc.) are specified in the fire
safety sections of the respective design codes
[1-6]. These basic construction materials differ
in their physical and mechanical properties and
respond differently when exposed to high
temperatures during a fire [7-21].

The strength and rigidity of steel and re-
inforced concrete structural elements decrease
with increasing temperature, and the decrease
in these characteristics is particularly signifi-
cant in the temperature range between 400 and
700°C.

For example, concrete is a heterogeneous
material whose fire-resistant properties are
ensured by the corresponding properties of
fillers and cement paste. Concrete has low
thermal conductivity (50 times lower than
steel), so it heats up very slowly during a fire. It
is precisely because of its low thermal
conductivity that reinforced concrete structures
have good fire resistance. However, the specific
heat capacity of concrete varies depending on
the moisture content (in percent) by weight of
the concrete structure (Fig. 4).

It is believed that concrete heated above
500°C loses its strength and rigidity, while
concrete heated to temperatures below 500°C
retains its characteristics as at normal
temperatures.

In addition to mechanical loads, changes in
the thermal and mechanical properties of steel,
concrete, and reinforcement under fire
exposure must also be considered.

Hot-rolled carbon steel begins to lose
strength at temperatures above 300°C, with a
progressive reduction up to around 800°C.
Beyond this point, its residual strength declines
more gradually until it reaches its melting point,
approximately 1500°C. This behavior is typical
of all hot-rolled steels. Cold-formed steel,
including reinforcing bars, loses strength more

146

rapidly above 300°C. In addition to reductions
in strength and stiffness, both types of steel also
exhibit creep at temperatures exceeding 450°C.
The specific heat capacity of carbon steel
increases sharply at around 730°C due to the
phase transformation of ferrite—pearlite into
austenite (see Fig. 1).

Therefore, when evaluating the performance
of steel structures under fire conditions, it is
essential to account not only for mechanical
loads but also for changes in the thermal and
mechanical properties of the material.

Fire resistance calculations: particularly
those carried out in accordance with Eurocodes
[1-6] are typically based on one of four fire
exposure scenarios: standard fire, hydrocarbon
fire, external fire, or smoldering fire. Each
scenario is defined by its own temperature—time
curve. However, actual fire conditions can be
either more or less severe than the standard fire
curve, depending on the specific characteristics
of the space where the fire occurs, such as
geometry, ventilation, and fire load.

In this context, the fire resistance of building
structures is evaluated using three performance
criteria:

* Load-bearing capacity (R) — the ability to
sustain mechanical loads during fire exposure;

* Integrity (E) — the ability to prevent the
passage of flames and hot gases;

* Thermal insulation (I) — the ability to limit
temperature rise on the unexposed side.

The following discussion will focus
primarily on reinforced concrete and steel
structures. According to fire safety standards
such as EN 1992-1-2 and EN 1993-1-2, fire
resistance may be assessed using several
different methods, including:

According to EN 1992-1-2 (for reinforced
concrete structures), fire resistance can be
assessed using:

1) Tabulated data;

2) Simplified calculation models, such as the
500°C isothermal method and the zonal
method,;

3) Advanced (refined) calculation models.
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According to EN 1993-1-2 (for steel
structures), the following methods are
available:

1) Calculated resistance method, accounting
for both spatially homogeneous and non-
uniform temperature distributions;

2) Critical temperature method,;

3) Advanced (refined) calculation models.

The most commonly accepted method for
demonstrating compliance with building codes
and fire resistance regulations relies on
tabulated data derived from standardized fire
resistance tests.

The Eurocodes offer a comprehensive
spectrum of calculation approaches, ranging
from guidelines based on standard fire
resistance ratings and tabulated data to
advanced calculation methods that incorporate
real fire scenarios and assess the overall
behavior of the building during fire exposure.

Simplified calculation methods, combined
with an assessment of the relevant load under
fire limit conditions, rely on indicators of
material property degradation due to elevated
temperatures. Fire resistance is then determined
using reduction factors that correspond to the
calculated thermal exposure, and these are
compared against the loads applied to the
structure during a fire. Verification can be
performed with respect to both fire resistance
criteria and structural temperature limits.

Refined calculation methods typically
employ complex finite element models.

The tabulated data for reinforced concrete
structures: specifying minimum dimensions
and minimum concrete cover thickness
(protective layer) are based on the need to: limit
the temperature rise of protected surfaces, and
ensure structural stability for a sufficiently long
period. These requirements are met by
providing adequate concrete thickness, which
restricts the average temperature rise of
embedded surfaces to 140°C, and by ensuring a
sufficient protective layer thickness to limit the
temperature rise of the reinforcement to: 550°C
(for conventional reinforcement), or 450°C (for
prestressed reinforcement elements).

ByaiBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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Simplified _calculation _methods for
reinforced concrete structures are provided
along with their corresponding strength
reduction values. EN 1992-1-2 includes two
approaches: the 500°C isothermal method, and
the zonal method (Annex B).

The Eurocode-compliant  calculation
procedure consists of the following stages:

1) Determination of design fire characteristics
(selection of a suitable fire model scenario
and appropriate fire model in accordance
with EN 1991-1-2);

2) Thermal  analysis of  temperature
distribution in the structure (calculation of
temperature rise in structural elements
according to EN 1992-1-2 and EN 1993-
1-2);

3) Assessment of structural response to fire
(mechanical analysis of the structure’s
behavior under fire exposure according to
EN 1992-1-2 and EN 1993-1-2).

Currently, there has been a shift in design
priorities: calculation-based design now takes
precedence over test-based approaches and
serves as an alternative computational method.

As demonstrated, fire resistance calculations
for building structures must account for
numerous input parameters and material-
specific properties.

The Eurocodes specify that the primary
objective of these calculations is to ensure
structural elements maintain adequate load-
bearing capacity under elevated temperatures
for a required duration.

The element must resist the applied load
until the ultimate limit state of load-bearing
capacity is reached during a fire. This design
principle is similar to the principles of
designing structural elements at normal
temperatures. Thus, it is first necessary to know
the temperature of the structural element (or its
distribution within the element).

The temperature distribution across the
cross-section differs significantly for steel and
reinforced concrete elements. While for steel
elements, due to the homogeneity of the
material and the speed of temperature
propagation, it is possible to assume a uniform
temperature across the cross-section, for
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reinforced concrete elements, the change in the
temperature field across the cross-section is
determined by solving a nonlinear non-
stationary heat conduction equation.

The strength test of a reinforced concrete
cross-section, performed during the assessment
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Fig. 1. Specific heat of carbon steel [8].
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Fig. 5. Strength reduction factors for carbon steel [8].
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craui [8].
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of fire resistance, differs from the usual strength
test in that here:
* a special (emergency) limit state is
considered, and therefore, in addition to fire
exposure, only standard constant and
continuous loads are taken into account
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Fig. 2. Specific heat of concretes [8].
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* the change in the physical and mechanical
parameters of materials (concrete and
reinforcement) caused by heating is taken
into account, and since the temperature field
IS uneven, these characteristics are
determined for each calculation point of the
cross section independently.

When calculating RCS, only the values of
constant and long-term loads at time t = 0 are
taken into account. In this case, the
characteristic values of material strength are
used.

The design strengths of concrete and
reinforcement, as well as their elasticity
modules, are taken into account based on the
values of these quantities for the specified
classes of concrete and reinforcement, but are
adjusted to take into account the heating
temperature.

In addition, the critical deformation values
of reinforcement and concrete also depend on
temperature, since the stress-strain relationship
changes with temperature.

When calculating steel structures, only the
values of constant and long-term loads and the
characteristic values of material strength are
taken into account.

In addition to the direct impact of fire
temperature, secondary effects associated with
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thermal expansion should also be taken into
account.

In addition to the direct impact of fire
temperature, secondary effects associated with
thermal expansion should also be taken into
account.

After all, everything mentioned above
concerned a case where an isolated element was
considered  without accounting for its
interaction with other parts of the system. In
particular, nothing restrained the thermal
expansion of the element.

Next, we will use an example to demonstrate
the role that limited deformation of an element
can play (the example was kindly provided by
D.Eng.Sc. A.V. Perelmuter).

The frame of a three-story building was
analyzed using SCAD software. Column
spacing is 6x9 m, with 4 m floor heights. The
steel structural elements lack fire protection.
The fire scenario is applied to the first floor
section, which is highlighted in color (Fig. 8).
Using the Assembly mode, temperature
changes at specific time intervals during the fire
were modeled for the section's elements.

The columns are fabricated from 35K1 I-
beams (GOST 26020-83), the main beams from
46B1 I-beams (GOST 26020-83), and the
secondary beams from No. 20 I-beams (GOST
8239-89).
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Hode 72

Fig. 8. General view of the calculation scheme.
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Table 1. Temperature change in selected elements and reduction factors
Ta6a. 1. 3mina Temnepatypu y BHOpaHUX eJIeMEeHTaX Ta Koe(imieHTH 3HIKEHHS

Temperature ke ks
t, min Col Main Sec. Col Main Sec. Col Main Sec.

' beam beam ' beam beam ' beam beam
0 20 20 20 1,000 1,000 1,000 1,000 1,000 1,000
1 41 44 64 1,000 1,000 1,000 1,000 1,000 1,000
2 72 80 133 1,000 1,000 1,000 1,000 1,000 1,000
3 99 112 200 1,000 1,000 1,000 1,000 1,000 1,000
4 134 152 277 1,000 1,000 0,897 1,000 1,000 1,000
5 176 197 368 1,000 1,000 0,776 1,000 1,000 1,000
6 213 238 452 0,983 0,949 0,664 1,000 1,000 0,920
7 251 281 538 0,932 0,891 0,490 1,000 1,000 0,760
8 291 326 625 0,878 0,832 0,297 1,000 1,000 0,510
9 332 372 711 0,823 0,771 0,253 1,000 1,000 0,240
10 374 419 794 0,767 0,709 0,210 1,000 0,930 0,187
11 417 466 873 0,710 0,645 0,169 0,880 0,850 0,150
12 461 514 947 0,653 0,560 0,131 0,830 0,770 0,116
13 504 562 1014 0,588 0,421 0,096 0,780 0,603 0,085
14 548 610 1074 0,460 0,305 0,037 0,640 0,473 0,058
15 658 1128 0,333 0,280 0,037 0,522 0,344 0,033 0,043

Table 2. Results of strength tests
Ta6a. 2. PesynbraTu mepeBipox Ha MIITHICTb

Column Main beam Secondary beam
Time, Forces in element 58 Forces in element 138 Forces in element 978
min N, My, Qz, N, My, Qz, N, My, Qz,
kN kNm kN kN kNm kN kN kNm kN

-729,0 0,00 0,00 -727,0

0,00 0,00 85,7 2,34 12,5

215 450 | -2760,1 | 105,8 48,3

0
4 -2512,9 | -68,5 45,0 | -2506,9
8 -3317,6 | -104,5 66,6 | -3309,6

28,7 66,6 | -4892,3 | 1252 56,2

10 -6559,5 | -173,0 111,6 | -6543,6

50,2 1116 | -7566,7 | 2544 117,0

12 -4817,6 | -80,9 50,7 -4805,6

20,3 50,7 -5148,4 | 1364 61,5

15 -5418,1 | -158 9,7 -5404,1

3,4 9,7 -3276,5 | 98,9 42,2

The columns are heated on all four sides,
while both main and secondary beams are
heated on three sides. The permanent floor load
is G=4 kN/m?, and the live load is Q = 1 kKN/m?.
The live load duration factor is taken as 0.25.

Internal forces are monitored for the column
(Element 58), at mid-span of the main beam
(Element 138) and mid-span of the secondary
beam (Element 978); these elements are
indicated in Figure 8. Control Nodes 52, 72, and
527 are designated for displacement tracking.
Figures 10 and 11 present the displacement
time histories for the specified nodes and the
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internal force variation diagrams for the
specified elements, respectively. Table 1
provides the temperature evolution of selected
elements during 1-15 minutes of fire exposure
along with corresponding reduction factors (kg
for linear elastic deformations and ks for
effective yield strength).

As evident from the calculation results
(Table 2), the main beam fails the strength test
between the 4th and 8th minutes, the secondary
beam at the 4th minute, and the column
between the 8th and 10th minutes.
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In the examined case, the so-called
secondary effects generated significant
longitudinal forces in elements that were
typically considered to experience only bending
moments.

For the columns, the partial floor fire
exposure proved particularly unfavorable. Had
all floor columns been heated uniformly, the
critical temperature assessment would have
better matched the structure's predicted
behavior.

All preceding calculations were performed
under the assumption of strength verification
according to design standards (while
accounting for variations in steel's yield
strength and elastic modulus). In other words,
plastic behavior was essentially disregarded.

If plastic deformation is permitted,
thermally-induced forces may decrease
significantly.

Furthermore, several critical questions must
be addressed when performing such
calculations:

1) The building contains structural elements

with varying fire resistance ratings. Should the
structural analysis use the minimum or
maximum rating as the governing criterion for
the entire system?
2) The fire modeling approach remains
ambiguous - particularly regarding the
maximum fire spread area to consider when the
facility lacks fire compartmentalization.

Similar secondary effects may also develop
in  reinforced concrete  structures [7],
particularly in joints where indirect fire effects
significantly  impact their  performance
characteristics. These effects can include
increased support moments in continuous
structures, thermal expansion-induced
compressive forces, and eccentric loading
resulting from large deflections or bending of
flexible  reinforced  concrete  members
(columns, beams).

CONCLUSIONS

Based on extensive research into
temperature effects on building frames, the
following conclusions can be drawn:

1) Fire resistance calculations for isolated

elements fail to fully represent the
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structural frame's behavior;

2) Secondary effects — including thermal
expansion of individual frame elements
and their interaction with unheated
members — must be considered in
addition to direct fire temperature
impacts.
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HEOBXIJIHICTb BPAXYBAHHS
BIIVIMBIB BTOPUHHUX E®EKTIB
IIPU PO3PAXYHKY BYJAIBEJIb
I CIIOPY I HA BOTHECTIMKICTh

Jleonio CKOPYVK

Anotania. TpaguuiiHui po3paxyHOK Ha Mir0
MOKEeXKI  BIMHOCHUTBCS O  €KCINTyaTamiiHuX
BJIACTHUBOCTEH OKPEMHX €JIEMEHTIB KOHCTPYKILIiH
(6ankum, KOJOHHW, CTIHW, IUIUTH MEpeKputTs). B
METO/AMKaxX aHamizy (BUIpPOOYBaHHS BOTHECTIH-
KOCTI TIpY CTaHJAPTHIN MOKEX1) HE PO3TIIIAETHCS
B33a€MOJIisl KOHCTPYKTUBHUX €IEMEHTIB B PEAUTbHUX
OymiBIAX.

OpHak, NOTPiOHO 3a3HAYWTH, IO KOHCTPYKIIi
OymiBii mepeOyBalOTh y MEBHUX B3aEMO3B sI3KaX Ta
B3a€MOJIi OJlHa 3 OJHOIO (3allleMJICHHS, MIAPHIp,
OJIHO- Ta 0araTonpoJbOTHA KOHCTPYKINS 1 T.1.).
ToMy BHKIIOUEHHS BHACIHIZOK ITOXEXi i3 pobOTH
SIKOTOCh HECY4YOT0 €JIeMeHTa a00 HaBiTh 3MiHa HOTO
KOPCTKICHUX XapaKTEPUCTHK MOXXE MPU3BECTH 1O
3HaYHOTO MEPEepO3MOAUTY 3yCHib y OynmiBii Ta
nojanbiioi i MOBEOIHKM @X A0 MOSKIHMBOTO
pyHHyBaHHA 4acTHHHM abo Bciei Oyaismi. Takoxk
poboTa CTUKIB KOHCTPYKIIH B YMOBaX MOXKeXKi a0o
micist Hel € BaXJIMBUM (aKTOPOM 3 TOYKH 30pY
30epeKeHHS 3arajJbHoOi CTIHKOCTI HECyd0i CHCTEMH
OymiBdi.

3arabHO MPUAHATHME KPUTEPISIMHU PO3PAXYHKY
Ha BOTHECTIHKICTP € HACTYIHI BHMOTH: dac
BOTHECTIHKOCTI Oy/iBNIi TIOBUHEH IEPEBUIIYBATH
yac, BCTAHOBJICHHH HOPMAaTHBHUMH JOKYMEHTAMH
Ha OCHOBI OIIIHKK TPHHAJIEKHOCTI OymiBIi 10
MIEBHOI IIIhOBOT TPYITH.

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 16/2025
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Bornecrifikicte OyIiBII 3aJeXHUTh Bl MeX
BOTHECTiHKOCTI 1i OCHOBHHUX KOHCTPYKTHBHHUX
YACTHH.

Bci Oymiii MOBUHHI  BiJNOBIIATH TEBHUM
(YHKIIIOHATBHAM BHMOTaM, IO BKIIOYA€E 3aco0H
eBaKyailii, BU3HAYCHHS NUISAXIiB PO3MIOBCIOIKEHHS
MMOKEeXKI B cepeluHi OymiBii, BU3HAYCHHS ILIAXIB
PO3MOBCIO/KCHHSI ~ MOKEXi  330BHI  OyAiBii,
BU3HAUCHHS [IUISAX1B JIOCTYITY TIOXKEHKHOT CITY>KOH J10
3ac00iB TacCiHHA TIOXKEXi, W0 BHUKIANCHO ¥
HOPMAaTHUBHHX JOKYMCHTaX.

BaxxnuBo 3a3HaumTH, Mo OynmiBedbHI HOPMH 1
MpaBWja NPU3HAYCHHI JIUIIE IS 3a0e3MmeueHHs
PO3YMHO HEOOXiNHUX CTaHAAPTIB 13 3aXUCTY
3I0pOB'S Ta OE3MEKH JIIOACH, SKI 3HAXOIATHCS
BcepenuHi 1 3a Mexamu OyniBai. B Hux He
PO3IJISIAIOTBECA  3aXOAU 3 OOMEKCHHS IIKOJIU
OyaiBeNIbHUM KOHCTPYKISIM, alleé Taka MeTa He
BUKJTIOYAETHCS.

ByniBenmsHi HOpMH 1 TIpaBuJa TaKOX He
nmpu3HaueHi  Jyis  3a0e3neueHHs  MiHiMi3arlii
(hiHaHCOBUX BTpAT, CIPUYMHECHUX MOXexero. Lle
Ma€ BEIIMKE 3HAYCHHS JUIS  TNPOCKTYBaHHS
MIPOTHITOKEKHOTO 3aXHCTy OymiBedh 1 CHopyn,

Cmammsa naoitiwna 0o peoakuii 30.04.2025
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KOJIH JIJIsl BAKOHAHHS YMOB 3aMOBHUKA HE BUCTAYAE
BUMOT HOPMAaTUBHUX JIOKYMEHTIB.

Haiibinpmr BakmmuBa BHMOTa 110 OyIiBEIbHHAX
KOHCTPYKIIiif B YMOBaX PO3MOBCIOJIKCHHS IOXEXKI1
BCcepeauHi OyIiBIIi TIOJISTAE B HACTYITHOMY:

ByniBias mnoBuHHa OyTH 3ampoeKTOBaHa 1
3BeJICHA TAKUM YHHOM, 00 Y BHITAIKY TMOXKEXKI il
CTiiKicTh ~ 30epirajiach  MPOTATOM  PO3YMHO
JIOCTaTHBOTO TIEPIOTy Yacy.

Bumorn 10 30epexeHHs CTiikocTi OymiBmi
MPOTATOM PO3YMHO JOCTAaTHBOI'O MEpioay dacy
TPaIUIITHO BITHOCATHCS JI0 Yacy, HEOOX1THOTO AJIst
«BWKMBAaHHM» KOHCTPYKIi y XOIi CTaHIApTHUX
BUIIPOOYBaHb Ha BOTHECTIHKICTb.

ToMy mnopsii 3 MEXaHIYHMMHU BIUIMBAMH CJIiJT
BpaxoByBaTH 3MiHY  TEIDIOTEXHIYHHUX Ta
MEXaHIYHUX BJIACTUBOCTEN CTail IMiJ BIUIMBOM
HarpiBaHHS KOHCTPYKIIT BiJl TOXKEXi.

Kiro4uoBi c¢j10Ba: BOTHECTIMKICTH, TEILIOEM-
HICTb; TETJIONMPOBITHICTE; MOKEXKA.
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RATIONAL TOPOLOGY OF CANTILEVER STEEL BEAMS WITH
VARIABLE FLANGE WIDTH AND WEB HEIGHT UNDER DEFLECTION
AND STRENGTH CONSTRAINTS

Liubomyr DZHANOV

Kyiv National University of Construction and Architecture,
31, Povitryanykh Syl Avenue, Kyiv, Ukraine, 03037

angeldl@ukr.net, orcid.org/0000-0001-5144-3424

Abstract. The article solves the problem of
selecting the optimal topology of a cantilever steel
I-beam with variable web height and flange width,
subject to deflection constraints and assuming an
optimal distribution of steel in each cross-section
based on strength conditions. The problem is solved
using the method of Lagrange multipliers. The
optimal design criterion is taken to be the objective
function minimizing steel consumption for the
structure. The condition of optimal distribution of
steel between the flanges and the web based on
strength criteria is adopted for each cross-section.
Possible deviations from the optimal ratio between
the flange area and the web area are accounted for
by an additional coefficient. The problem belongs
to nonlinear programming. The strength condition
of the web is considered inactive and is ensured by
structural measures (web stiffeners). Out-of-plane
stability of the beam (against lateral bending) is
provided by an appropriate system of horizontal
bracing along the flanges.

An analytical function describing the cross-
sectional variation along the length of a cantilever
tapered I-beam is obtained under the optimization
conditions for a uniformly distributed load and a
given relative design deflection. The derived
analytical function for the relative optimal height of
the 1-beam along the length of the structure is a
power-law function and depends on the load, the
deflection constraints, and the optimal or rational
distribution of steel in each cross-section. The
optimal height of the I-beam for the support section
(where the maximum bending moment occurs) is
determined under the conditions of the problem.

The identified patterns of variation in the optimal
beam height allow one to select the optimal
topology of the structure and to account for the

© L.DZHANOV, 2025
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possibility of higher stresses arising in sections of
smaller height. It is confirmed that the optimal
structural solution depends on the load distribution
law. The obtained results allow determining the
degree of variability of the cross-section height for
the optimal topology.

The analytical formulas derived for the optimal
height of a beam with variable flange width and
variable web height enable, at the first stage of
variant design, an evaluation of the efficiency of the
design solution.

Keywords:. elastic steel beam; cantilever beam;
steel I-beam with variable flange width and web
height; optimization by steel consumption under
deflection constraints; optimal I-beam cross-
sections by strength; Lagrange method; Euler’s
equation.

PROBLEM STATEMENT

The use of steel structures in the construction
of industrial and civil facilities underscores the
technological level of countries. The economic
feasibility of using steel structures has been
proven for long spans under substantial loads
when deflection constraints are taken into
account.
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Moreover, the recyclability of steel results in
an integrated reduction of total CO. emissions
over the service life of a building, which is of
significant environmental importance.

In the course of research into selecting the
optimal topology of an I-beam with a variable
web and flange cross-section along its length, a
number of constraints arise that must be
addressed in combination. First, in beams of
variable cross-section, the maximum stresses
do not always occur in the section where the
maximum bending moment acts [7,8,18,27].
Second, when solving problems considering
limitations on allowable deflections, it is
necessary to account for the variation of
stresses along the beam’s length. For steel I-
beams of constant cross-section, deflection
constraints do not depend on the steel strength
or the stress distribution along the length of the
structure. However, for beams with variable
cross-section, one must consider that
determining the minimum steel consumption is
related to both the stresses and the deflections
of the structure. Therefore, solving such a
problem requires additional information for
design. A traditional approach in optimal beam
design by steel consumption allows the optimal
web height of an I-beam to be determined using
analytical formulas derived in the process of
minimizing steel usage. This approach is based
on the idea that for a given design bending
moment in a certain cross-section, increasing
the web height increases the section modulus,
but the steel usage for the web increases as well.

Conversely, increasing the web height
reduces the steel consumption in the flanges of
the I-beam. However, both of these trends are
nonlinear. The contribution of the flanges to the
section modulus is greater than that of the web;
yet as the web height increases, the required
flange area decreases, and the flanges’
contribution to further increasing the section
modulus (due to the greater distance from the
neutral axis) diminishes. Therefore, there exists
a web height at which the steel consumption for
the profile is minimal. With a varying flange
width and web height, the search for a rational
(constrained optimal) web height is formulated
as a nonlinear programming problem aimed at
minimizing steel consumption with deflection

ByaiBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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constraints. Solving such an optimal design
problem is important for conceptual design
considering the requirements of two limit
states. Since the extremum of such problems is
rather flat, it is assumed that suitable plate
thicknesses for fabricating the beam are always
available from standard stock.

There are numerous studies related to
determining the cross-sections of I-beams with
variable web height. For example, beams have
been investigated under strength and stability
conditions under axial compression, including
potential loss of stability in the plane of bending
and the occurrence of bimoment stresses
[1,2,4,7,9,12,16,27,28].

However, research into the optimal design
of I-beams with variable web height is
developing further due to the widespread use of
such members in construction with steel
frameworks employing tapered members
[7,9,18,26,27,29].

The theory of optimal design and various
scientific approaches to finding optimal
structural solutions for steel structures are
presented in works [3,18,23,28,29]. An
important factor in choosing the best structural
topology is the choice of the optimal design
criterion. The most relevant criterion is
minimizing steel consumption (material usage)
[2, 5, 7, 8, 14, 15,18, 21, 22, 23, 27, 29] An
optimality criterion based on energy principles
is substantiated in work [19]. Optimization by
cost and environmental impact has been studied
in [19,20,23,28]. The criterion of rational
design for combined roof trusses—based on
equalizing the bending moment-induced
stresses in the top chord of an I-section, taking
into account an energy criterion—is given in
[15,23]. The developed optimal design criteria
also extend to other efficient steel beam
structures: beams with corrugated webs [13,16,
25] and beams with perforated webs [13,16,30].

Methods used to select the optimal structural
topology are generally divided into analytical
approaches (with numerical investigations of
the obtained criteria and algorithmic constraint
functions) [5,7,8,15,16,23,30,31,32].  This
approach is used when it is possible to describe
the continuity of the discrete range of steel plate
stock and the interrelation between different
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parameters of cross-section variability and
topology along the beam’s length.

The use of genetic algorithms is widespread
and is among the most common approaches
[16,21,22,23,25, 30,31,32], However, finding a
global minimum requires additional research.
Furthermore, if there is a possibility of multiple
optimal solutions (differences on the order of
5-6% in steel consumption depending on the
discretization of available plate thicknesses), it
becomes necessary to further develop and adapt
existing optimization methods Since switching
to a different steel section (product range) can
lead to significant changes in the structural
topology, the finite element method—using
various algorithms—is typically applied at the
detailed design stage and yields reliable results,
although it is computationally intensive. This
approach is generally used during the working
design phase of steel structures. However,
reliable results can be obtained more rapidly if
the initial dimensions of the support cross-
section are rational (close to optimal). Such
input parameters can be derived from
generalized analytical studies in optimal design
conducted during the conceptual or preliminary
variant-based design stage of steel structures.

The relevance of developing optimal
design solutions for I-beams with variable
cross-section is also driven by the potential to
reduce costs under thermal loading during fire
conditions, as such optimization allows for
lower expenses on fire protection for critical
structural elements. [6,11,24].

In its general formulation, the task of finding
the optimal topology of a steel beam with
variable web height and variable flange width
IS a multi-criteria optimization problem that
requires further development and adaptation of
existing optimization methods [14,23,28,30].
The relevance of such problems increases
particularly under the influence of dynamic
loading [5,17] and the activation of
displacement constraints [7,8,23,28,29,32].
Thus, the selection of an optimal topology for a
welded I-beam with variable flange width and
web height is a pressing and significant
research direction. The study of flexible
structural elements [10] should be considered
as a separate but related problem.

160

The relevance of the stated problem and the
conducted analytical studies [7,8] may also be
applied to evaluate the rationality of the
structural solution under the development of
localized plastic deformations along the cross-
sectional height.

The literature review has shown that
insufficient analytical research has been
conducted in this area, despite its importance at
the initial stage of conceptual (variant-based)
design.

The relevance of the following research lies
in its ability to reveal the influence of stiffness
variation patterns on the stress—strain state of
the structure and to open new approaches for
solving subsequent rational design problems..

MAIN STUDY

The study addresses the problem of selecting
the optimal topology of an elastic steel 1-beam
with span length (l) featuring variable flange

width (brz, b , =b o (AF yp2/1)®) and variable

web height (h;,). The origin of the Cartesian
coordinate system is placed at the center of the
largest cross-section. The web slenderness
varies along the beam’s length and is defined as
Jw= hotw The analysis of the beam’s bending
behavior is based on the Euler—Bernoulli
bending hypotheses [2,7,8].

The variation of the flange width and the
web height of the I-beam is assumed to follow
a power-law distribution with defined cross-
sectional gradients.

7. 1 .
bf,z:bfo(1+7fb|_) _)T=1_>bf,n=bfo(1+7fb)

—_ 1 bfn
Ve =Fs|L— .

z z
h, =hy(1-yy l—)S —>|—:1—> hy =ho@—71)°;

_ Mo

To simplify notation, generalized functions
describing the variation of the cross-section are
introduced. The cross-sectional area of the steel
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I-beam is considered to depend on the variation
of the web height and flange width.

YA
h, =hg 1:h,z; fh,z == I_)S

_ oz
bt ; =btofhss b, =QF 7 T)S-

2Af,z = 2bf,ztf ; A\N,Z = hztw-
AZ =2Af,Z+A\N,Z' AZ =2bf7ztf +thW'

(1)

In the formulas provided, the following
notations are used: t,— thickness of the I-beam

web, tr — thickness of the I-beam flange, | —
length of the beam, y, »,— gradient

(parameter) of flange width variation, bro —
flange width at z=0 (maximum width), bsn —
flange width at z=l (minimum width), gepe3
t,=z/1- dimensionless longitudinal

coordinate of the cross-section, with the origin
located at the section of maximum size.

The geometric properties of the symmetric
cross-section of the steel I-beam under variable
flange width are denoted as follows: I ;1,4 1,,

- current moment of inertia of the cross-section,
initial (maximum) moment of inertia, minimum
moment of inertia along the beam length

hy . hot
|, =2b, ,(1—y .t )t -2+,

N2 ht, W ht,
o = 2Bt Z°+ fZ :70b0tf (1+ 6b0t )
0-f

Accordingly, the variation of the moments of
inertia of the steel beam cross-sections with
changing flange width, relative to the main
centroidal axis Ox, can be expressed as follows:

2
w7 = + = +=|.
' 2 12 ] 2 |th 6
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It is important to assume a constant web
thickness, which is determined based on the
slenderness of the maximum cross-section.

ho
ty =—
Aw
In the generalized form, the moment of

inertia of the cross-section has the following
analytical expression.

3y [tibrodw fi, 1 (2)
hg frz 6

The deflection constraint condition for the
structure is defined using Mohr’s integral,
which takes the following form.

Un (hZ'tW,Z'Af,Z):'J
0

Ile,zMx,P,z dz <A
Ely, -

My p. =Rl(1-2/1); M =q7f1\“}‘z.

X,z

m
Zn
fh}“,z:{l—l—nJ AL (1-211) (3)
ﬁ}f,\wyz(l—zll) z
2 5 Ely, I

The methodology for determining the
minimum steel consumption under strength and
deflection constraints is developed for a tapered
cantilever I-beam with variable web height and
flange width.

The steel consumption function accounts for
the inclusion of the web thickness parameter
through its dependence on the maximum height
ho and the web slenderness Aw.

The optimal design problem for steel beams
with variable cross-section (4) is formulated as
a nonlinear mathematical programming
problem [2, 3,7, 8, 23].

mp,, = 2plbs ots fsz dz + plhy, ot ffhz dz - min 4)
l l

The objective function for minimizing the
steel mass (4) incorporates all geometric
parameters of the beam’s cross-section and
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their variation along the beam’s length (2). The
deflection constraints are adopted as the
governing restrictions, where A, denotes the
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limiting displacements of the structure.
Displacements are determined using Mohr’s
integral (3).

The condition that the structure’s deflections
do not exceed the allowable limits depends on
the variability of the geometric properties of the
I-section. Therefore, in its general form, this
condition can be expressed as a function of the
optimal height determined based on minimum
steel consumption under strength conditions.
Applying the optimality condition for I-beams
[7,8,16,23] if, in each current cross-section, the
total area of the two flanges equals the area of the
web, this constitutes a sufficient condition for an
optimal cross-section. If every cross-section
along the length of the structure is optimal, then
the entire structure is optimal in terms of steel
usage

hifnz hoh
ZAf’Z =tyh, = a1, z = /1—WZ
However, due to the discreteness of the

available rolled steel sections (in terms of

thickness) and the need to satisfy the web
stability conditions, a correction factor (ko) is
introduced for the flange area. Designers are
often forced to deviate from the optimal web
height by adjusting the flange width and area.
Therefore, in subsequent research, it is assumed
that the rational distribution of steel along the
cross-sectional height of the I-beam between
the web and the flanges will follow the
condition below.

2trbs oAy, trbrody 1 (5)
T s ~. — Kp = == kb'
(hofhz)ho (hofhz)ho 2

Thus, taking into account the rationality
condition for each cross-section of the beam,
the moment of inertia (2) takes the following
form.

hy (1 1
Iy = (hofnz)® m(i kp + g) (6)

The generalized expression for deflections is

obtained using Mohr’s integral (3).

A, < Gl * Py
o (13\(1,
Eiw(hO)(z o+

The formulated problem is ultimately
stated as a nonlinear programming problem: to
determine the minimum normalized steel
consumption for a cantilever I-beam structure
with variable web height and flange width,
subject to serviceability limit state constraints
and the rational (optimal) distribution of steel
along the cross-sectional height (5) as well as
deflection constraints (7).

my 1 h(z) VA (8)
pl3 - fo /1Wl2 fhz(kb + 1)d I

- min.
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Condition (7), expressed in dimensionless

form, has the following analytical
representation.
4 1 M,Z
A < ol " Py J‘ L )4z
o I
0 hz

T Ez';v(hg)@kwlj

6
L1 . , ©)
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Euler’s equation takes the following form.
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The Lagrangian function from Equation (10)
along with the deflection constraint from

Equation 9 (non-rigidity condition,
f,\T z [1_IZJ
hy fr, h ’
F(Ag, A) =212 0 (k4 1)+ A4, .
n''z | ﬁ*wl( ) 7 (hgfy?z)”?’

For the formulated problem, taking into
account the relationships between the

({holfhzho(kb +1)}

fn 1—Zj
} i o[2)-2 o BL 1)
Anl %o

0 gmnwnz[l'zjdﬁ
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(10)

compatibility condition), is expressed in the
following form (11)

275

geometric characteristics, Euler’s equation
takes the following form after differentiation

3.3
ho frz '

Ayl 13
+/1m,7
0 hthZ 0 hthZ

I |
2:2 112

h—o(kb+1)—/1m fin 1-% Mzo_
A (e I 3.3 ,13)2
(hofhzll )

Thus, Euler’s equation has been obtained in a
generalized form for steel beams with variable
cross-section.

Task 1. At this stage of the research, it is more
rational to consider cantilever beams with
variable cross-section

Determine the optimal topology of a
cantilever steel I-beam (welded section) under a
parabolic distribution of the bending moment
along the length of the structure.
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The Euler’s equation, taking into account the
assumed law of bending moment variation
along the beam’s length, takes the following
form.
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My
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hf,,

(kb+1)[

The pattern of variation in beam height as a
function of the coefficient im is described by the
following analytical equation.

The deflection constraint (compatibility
equation, non-rigidity condition) can be written
in the following form after substituting

A El Ry 1

I ap 1Ay

(Ebes

ol

_j[_ﬁL(kb+Q]y4
- 3l -

(11)

(12)

expression (12) into the integral of condition

9).

-2 o3

After integration, we obtain the formula for determining the value of the coefficient Am.

1/3

7(ky +1)| | | ]
ho

/Imn =

Ay

4/3
Up

- 13
£l 713 (13)

1

12
2

kb+l

We substitute the coefficient koedirienTa Am
in Euler’s equation (11) using formula (13).

4/3
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Ultimately, the relative height of the steel
beam’s cross-section along its length, depending
on the design conditions (compliance with
deflection and strength constraints), follows a
power-law relationship.
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Alternatively, by referring back to the web
thickness of the maximum cross-section:
1/tw = jvw /hO

1/3

vt (D)1 _le [1]’ (15)
I 4 tW(Ek“ng" El I

Thus, the rational height of a beam with
variable flange width and web height follows a
power-law dependence (14,15). Interestingly,
this  power-law relationship is closely
approximated by a linear function, which opens
the possibility of approaching the optimal
topology by adjusting the gradient of geometric
variation of the flange and web — as

14
1-y,—) =| —
I ( > ) 1

Two important relationships can be derived from
the last equation.

413 (16)
(1—7h|i)5=[1—lz—J s5=4/3
h_o_(Zj”“ L m (17)
I \4 Stw(;karlelAn

The analytical formula (16) makes it possible
to determine the degree of cross-sectional
variation of the I-beam along the length of the
structure at the very first stage of design.

Formula (17) allows for the determination of
the rational height of the cross-section of an I-
beam with variable web height and flange width
at the maximum section, where the bending
moment is applied.
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demonstrated in [7,8] based on the criterion of
steel consumption.

The derived analytical expressions (14),(15)
make it possible, at the initial stage of variant-
based design, to determine the rational height of
the maximum cross-section.

Task 2. Determination of the rational height

of the support cross-section of a cantilever
steel beam with variable flange width and web
height.

To solve this problem, it is necessary to
equate the algebraic formulas (15) and (1). In
addition, the coordinate of the initial cross-
section must be set as z=0.

13

0o 1

4/3
2% 2 ) B
ty A, El(lkb+1) |
2

6

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

The analytical relationships (14, 15)
describing the rational topology of a steel
cantilever I-beam with variable cross-section
have been derived, based on deflection
constraints and the optimality conditions for
each cross-section in terms of steel consumption.
An additional analytical formula has also been
obtained for determining the rational height of
the maximum cross-section of a tapered I-beam
at the initial stage of structural design.

The general form of the analytical expressions
(14,15) provides the opportunity, when
transitioning to a piecewise-linear variation of
the I-beam cross-section with variable web
height and flange width, to determine the optimal
structural  topology in terms of steel
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consumption,

while

constraints.

variation of the cross-sectional moment of
inertia.
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PAIIIOHAJIBHA TOIIOJIOTI'TA
CTAJIEBUX KOHCOJIBHUX BAJIOK
31 SMIHHOIO HIMPUHOIO IMMOJINIL 1
BUCOTOIO CTIHKH ITPH
OBMEXEHHSX 11O ITPOI'MHY TA
MIINHOCTI

Jliobomup JDKAHOB

AHoTanifn.Y crarti po3B’sA3yeThCsS  3ajaaya
BUOOpY  ONTHMAaIBHOI  TOMOJIOTIi  CTaneBoi
KOHCOJIbHOI ~JTBOTaBPOBOi Oaiku 3i 3MiHHOIO
BHUCOTOIO CTIHKU Ta IIUPUHOIO TOJHIB 32 YMOBHU
OOMEXEeHb TI0 TIPOTHHY Ta 3a MPUITYIICHHIM
ONTUMAIBHOTO PO3MOAUTY CTali B KOXHOMY
MOTIEpEYHOMY  TTepepi3i  BIOMOBIAHO 10 YMOB
MilHOCTI.  3amaya  pPO3B’S3YETbCS  METOAOM
MHOXHUKIB Jlarpamka. B  skocti kpurepito
OITUMAIIEHOTO MPOEKTYBAHHS MPUIMAETHCSI
miThoBa (PYHKITSA MiHIMI3AIll BUTpAaTH CTali Ha
KOHCTPYKIito. [lig  KOXHOTO  MONEPEYHOTO
nepepizy  NPUAHATO  YMOBY  ONTHMAJIBHOTO
pO3MOiTy CTalmi MK TOJHISIMH Ta CTiHKOK Ha
OCHOBI KpHUTEPiiB MIITHOCTI. MOXIIHMBI BiIXHIICHHS
BIJI ONTUMAJIBHOIO CHIBBIIHOIIEHHSA MIX IUIOIIECIO
MOJIUIb 1 TUIOIICI0  CTIHKM  BPaXxOBYHOThCS
IOIaTKOBUM KoedimieHToM. 3aqada HaIEXKUTh 0
KJlacy 3a]ad HeJiHIHOro MporpaMmyBaHHS. YMOBa
MIIIHOCTI CTIHKM BBaXXKA€THCA HEAKTUBHOK 1
3a0e3Meuy€eThbCsl  KOHCTPYKTHBHHMH  3aXOJ[aMU
(pebpamu  xopcTKOCTi CTiHKH). Ilo3amiommaaa
cTilikicte  Oanku (10  OOKOBOIO  BHUTHHY)
3a0e3MeqyeThCs BiJITIOBiTHOTO CHCTEMOIO
TOPU30HTAIBHUX 3B’SI3KiB Y3JI0BK TOJIHIIb.

OTpuMaHO aHAMITHYHY (GYHKIIIO, MO0 OIHUCYE
3MiHY MONEPEYHOTO TNepepi3y B3IOBXK JOBKUHU

Cmamms naoitiuina 00 peoaxuii 12.04.2025 p.
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KOHCOJIbHOT 3MiHHOIIEPEPi3HOI TBOTaBPOBOI OaJIKH
32 YMOB  oONTUMi3auii mpu  PIBHOMIpHO
pPO3MOIIIEHOMY HABaHTAKEHHI Ta  3aJaHOMY
BIJTHOCHOMY TIDOEKTHOMY TMporuHi. BuBenena
aHaITHYHA (QYHKIIS I BITHOCHOI ONTHMAJIbHOT
BUCOTH JIBOTaBpa B3ZOBX JOBXHHU KOHCTPYKLII €
CTETICHEBOIO Ta 3aJIeKUTh BiJ HABaHTAKEHHS,
oOMEXeHbp [0 MPOTHHY 1 ONTUMAaJbHOTO abo
paIlioOHaTbHOTO ~ PO3MOJLTY CTalli B  KOKHOMY
nepepizi. OnTUManbHa BUCOTA JBOTAaBPOBOI OAIKH
IUIS  OMOpPHOTO Tepepidy (B SKOMy BHHHKAE
MaKCHUMaJIbHUM 3TUHAJIbHUN MOMEHT)
BU3HAYAETHCS 3TIHO 3 YMOBaMH 33/aui.

BusBneHi 3aKOHOMIPHOCTI 3MiHM ONTHUMAaIbHOL
BUCOTH Oanku J03BOJIAIOTH BU3HAYUTH
palioHAIbHY TOIIOJIOTiI0 KOHCTPYKIIii Ta BpaxyBaTu
MOJKJIMBICTh BHHUKHECHHS MIBUIIEHUX HANpPYKEHb
y mepepizax 3 MeHIow BucoToro. llinTBepmkeHo,
II0  ONTHUMajJbHE  KOHCTPYKTHBHE  DillICHHS
3aNeKATh BiJl 3aKOHY PO3MOiNy HaBaHTa)KEHHSI.
OtpuMaHi pe3yJbTaTH JO3BOJSIOTH BH3HAYUTH
CTYITiHh 3MIHHOCTI BHCOTH ITOTIEPEIHOTO TIepepizy
JUISL OIITUMAJIBHOT TOIIOJIONI.

Bugeneni aHaTITHYHI hopmymu LIS
ONTUMAIBHOT BUCOTH OaJIKU 31 3MIHHOIO ITUPUHOIO
TIOJTUIIh Ta 3MIHHOIO BHCOTOIO CTIHKH JTAIOTh 3MOTY
BXKE Ha MIEPILIOMY €TaIli BApiaHTHOTO MPOEKTYBAHHS
OIIHUTH e(eKTUBHICTh 3alpONOHOBAHOTO
KOHCTPYKTHBHOTO PillICHHS.

KamouoBi caoBa: mpyxHa craneBa Oalka;
KOHCOJIbHA Oajika; ONTUMI3allis 32 BUTPATOI) CTai
npu OOMEXEHHSX [0 TMPOTHHY; ONTHMANbHI
MOTIEPEeYHi  TIepepi3u  JIBOTaBpa 3a YMOBaMH
MirtHOCTi; MeTox Jlarpanxa.
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AHoTauis. 3anporoHoBaHa METOIMKA
BUIIEpEIKAI0U0i IHTErpajJbHOI OLIHKUA TEXHIYHOTO
CTaHy  UCMISHUX  OynmiBenb  Juis  ikcariii
nedhopMyBaHHS iX OCTOBIB Y CKJIaTHUX iH)KEHEPHO-
Te0JIOTIYHMX YMOBaX CTapoi yIijabHEeHOT 320y 10BH,
SIK JIO TIOYaTKy HOBOTO OyMiBHUIITBA HA (DIKCOBaHIN
IUJISHIT, TaK 1 i1 9ac HOT0 BUKOHAHHS 3 MOKIHBAM
HETaTUBHUM BIUTMBOM Ha BXe C(QOpMOBaHYy
3a0yI0BY.

PosrisiHyTo ABa OKpeMi MpUWKIAAW Ha JIBOX
pi3HHX 00’ekTax. B 1MX TnpHKIagax aBTOpU
cnpoOyBanmu  JOBECTH JIOTIKYy MIAXOAY  Bif
BIJTHOCHUX BEpPTHKAJIHHUX OCAJ0K EJICMECHTIB
¢acaniB OymiBenb 10 BH3HAYEHHSA iX KPEHIB Ta
3TUHIB B iX IUIOMIMHAX IUIA OLIHKHA HPOCTOPOBUX
nedopmariiii  oCTOBIB OymiBellb BiX Xapaktepy
po3moAiTy TpilMH Ha iX (acamHux cTiHax.

Y mepmiomMy TOXAaHOMY —TPHUKIAL, TPH
NPOBEIEHHI aBTOPaMHU JETaJbHOTO OOCTEKEHHS
icHyro4oi OyJIiBIi, 3aCTOCOBaHUI IHXCHEPHO-
T€0Ie3NYHUI METO/ 3aMipiB, 10 JaJl0 MOYKJIUBICTH
BU3HAUUTH (aKTH4YHI TpocTopoBi aedopmarii
OyaiBIIi CyMICHO i3 OCHOBOIO. 3aIlpOIIOHOBAHHIA
MiZXIJ 0 BU3HAYCHHS 3THHIB 1 HANpsIMIB KPEHIB
(hacamHuX CTiH OCTOBY OymiBii 3a 3adikCOBAaHUMH
npu  OOCTeXXEHHI  3HAYEHHSIMHM  BIJIHOCHHUX
BEPTUKAIBLHUX IEepPEeMIIlleHh eJIeMEHTIB (acaiB.
Otpumani ckmamoBi aedopmaniii cTiH Ta ix
MepeMIllleHh  Jaf0Th IHTETPATbHUANH  HAMPSMOK
3HW)KEHHsSI (aKTHYHOT TPOCTOPOBOI KOPCTKICTh
OymiBiIi.

VY npyromy npukiani, TaKOX IpH MPOBEAEHHI
NEeTATBHOTO  OOCTeXKEHHS, aBTopu (pikcyBamm

© r.rMAONLIEB, A.IrNMAONUIEB, 2025
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Fennagin MAOULLEB
anpekTop T30OB
HaykoBO-npoeKkTHOI dipmu
+PEKOHCTpNpoeKT”,

K.T.H.

OmuTpo MNMAAOULLEB

AoLueHT Kadenpum
apXiTEKTYPHOro NpoeKTyBaHHA
Ta iHXeHepii,

K.T.H., AOLEHT

g
KapTUHY YTBOPEHHS TPIMIMH Ha ¢acanax iCHYrUIOo1
OymiByIi Ta 3aMipsuy IX IUPUHY. Y OMY BUIAAKY
NpPIOPUTETHUM CTaB Xapakrep aedopmyBaHHS
(hacamy OymiBIIi 32 IOMIEPEYHOIO CUIIOKO TTiJT BILUIH
BOM PO3MIPHUX 3yCHJIbh 1 3aBHCAHHSI MK CTIHAMH
BXKE ICHYIOUMX OyJiBeNb, MK SKMUMH BOyAOBaHa
obOcTexxyBaHa OyiBiIs, SIK BCTaBKA.

3anponoHoBaHy METOIMKY MO>KHa
pPEKOMEHJTyBaTH il BHKOPHCTAHHS Ha IOYaTKY
oOCTeXEHHS OKpeMHX OyniBenms abo  rpyn
CYMDKHHX OyZIiBEIb Y 3B 3Ky 3 THM, IO B TIEPITY
Yyepry IOCHTITHUKIB I[IKaBUTh IHTETpallbHUN CTaH
neGopMyBaHHS OCTOBIB IMX OyaiBedb. Ko
OymiBIA 3HAXOAUTHCS y 3-U KaTeropii TEXHIYHOTO
cTaHy (He MpUAaTHIi 10 HOPMaJIbHOT EKCIUTyaTaIlii)
3a  (aktHyHEM 1eOPMOBAaHMM CTaHOM, TO
TEXHIYHUI CTaH IHIIMX EJIEMEHTIB il KOHCTPYKIIIH
JUTS TIOYATKOBOTO aHaNi3y BIAXOAWTH HA IPYTHN
TUIaH.
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KnwuoBi cimoBa. OOCTeXEHHS, TEXHIYHHUH
CTaH, ylIiTbHEHa 3a0y0Ba, TpilyHa, JedopmMaris

BCTVII

JlocuTh YyacTo HOBI MpPOEKTOBaH1 Oy/iBIi, B
OUTBIIOCTI 31 3HAYHUMHU  3arJUOJICHUMH
MiI36MHUMU MOBEpPXaMH (mapkinramu,
VKPUTTSMH), TOTHKAIOTHCS 10 TPYH iCHYIOYOi
crapoi 3a0ymoBHW, sika po3TallioBaHa Ha I
JUISTHIT, 1 TOCTa€ TMUTAHHS MPO pETeNbHE i
OOCTEe)XKEHHS JUIsl OIlIHKK CTaHy OCTOBIB
OyniBenb, 1X KOHCTPYKTHBHHUX CXEM Ta OCHOB
iz iX GyHIaMEHTaMH.

JinsHkd  mig  HOBY  3a0ynoBy,  sIKi
po3TamioBaHi B 30HI JaBHO C(OPMOBAHOI

MaJIONIOBEPXOBOi  3a0ylOBH,  MiANATAIOTH

00CTEXEHHIO 1 3riIHO Aitounx HopM [1, 2].
be3symoBHO HeoOXiaHa METOJTUKA

BUTIEPEKAI0YO] IHTErpaIbHOT OLIIHKA

TEXHIYHOTO CTaHy UETJsHUX OyaiBenb uis
¢ikcarii neopMyBaHHS X OCTOBIB Y CKJIQTHUX
IH)KEHEPHO-TEOJIOTIYHIX ~ yMOBax  CTapoi
VIITBHEHOT 3a0y0BH, SIK JI0 TIOYAaTKy HOBOTO
OymiBHUIITBA HA (PIKCOBaHIN JAUISHIN, TaK 1 i
Yyac oro BUKOHAHHS 3 MOKJIMBUM HETaTHBHUM
BIUTMBOM Ha Bxe c(hopMoOBaHy 3a0y10BY.

AHAJII3 ITOITEPEJHIX JOCIIIPKEHDB

JocaiaxkeHHIMu TEXHIYHOTO CTaHy
icHytounx OyxmiBenb mpu ix 0OCTeXeHHI
3aiiMalOThCsl  SIK  BITUM3HSHI HAYKOBIIl Ta
ceptudikoBani iHxenepu [3, 4, 5, 6, 7] Tak i
3akopAoHHI [8, 9], B ToMy 4Hcil 1 B yMOBax
yuiiapbHeHoi 3a0ymosu [10, 11, 12] Ta y
CKJIaJIHUX 1H)XEHEPHO-T€OJOrIYHUX YMOBax
[13, 14]. Takox 6araro aBTopis [14, 15, 16, 17]
PO3MSIIAOTH PI3HI MIAXOAW Ta METOIUKH 10
00CTe)KCHb Ta BU3HAYCHHS TEXHIYHUX CTaHIB
Oy/iBeJIb 1 CIIOPY/I.

Hanpukmnan, y pobGorti [17] HaBemeHa
METOAMKa BHW3HauYeHHs nedopmariiii 00’€KTiB
MIiChKOI 3a0ylOBH T'€OJE3UYHUM METOIOM i3

BUKOPUCTAHHSM  CIEIIaJIbHO  PO3pOOJICHUX
CBITJIIOBIIOMBHUX  MapoK, SKi  HOTpiOHO
BCTAHOBJIIOBATH  HA  XapakTepHl  MiCIls
OyniBeb. KonTpons nedopmartii
3IIACHIOETBECA 3a JIOIOMOIOI0 CHENiajJbHOIo
nporpaMHoro  3abesmedeHHs.  Hemomikom
172

METOJIUKH € JTy’KE TPYAOMICTKUN TIPOIIEC, TKUI
Ja€  pe3yapTaT  Michs  JIOBFOTPUBAIOTO
CIOCTepeXEHHS, SK 1 3a HAaCTaHOBOIO 3
HAayKOBO-TEXHIYHOTO MOHITOPUHTY OymiBeIb

[18].
3a Li€I0 METOJMKOI BaXXKO OTPUMATH
HEeOoOXiHi naHi po baxTHuHIA

nedopMoBaHuil CcTaH Trpynu OyaiBens abo
okpeMmoi OymniBii, i3 pI3HUMH TEepMiHAMHU iX
ekcrryatarii 40 1 Oinblie poKiB, MiA 4Yac
BUKOHAHHS TEPMIHOBOTO OOCTEXKCHHS, 5K
yacto OyBae micis  MOYaTKy  HOBOTO
OyaiBHMIITBA 200 MPH MiATOTOBII 10 PO3POOKH
HOBOi IMPOEKTHOI JAOKYMEHTAIlll Ha AUISHKaX
PO3MIIIIEHUX B MEXax BxKe CPOPMOBAHOI cTapoi
3a0y/10BH.

B poboti [14] po3risHyTI NpUPOAHI Ta
TEXHOTeHHI UWHHUKH, SKi BIUTUBAIOTh Ha
cTifikicte  OyaiBenb. Cepex  HNpHUPOIHUX
YUHHUKIB MPOBIJHY POJIb BIJIIrPA€ HASIBHICTh B
aKTUBHIN 30H1 Oy/iBEJb IPYHTIB CXWJIBHUX J0
PO3BUTKY Cy(O31HHUX MPOILIECIB, IO CYTTEBO
3MIHIOE  iX  BJIACTMBOCTI  MiJl  BIUTMBOM
TEXHOTC€HHOTO YH MPHPOJHOTO 3BOJIOKECHHS.
Jlo  TeXHOTeHHHMX  BIUIMBIB  HaJCKaTh
KOHCTPYKTUBHI OCOOJMBOCTI OyaiBenb, ix
MatepiajiB Ta IXHiH BiK.

Bubip Ta 3acTocyBaHHS METOJIB OIIIHKH
TEXHIYHOTO CTaHy OCTOBIB IETJITHUX OyiBEIh
cTtapoi 3a0ygoBu Ta iX  MPOCTOPOBUX
nedopmariiid, 3a SKAUMH MOXKHa 00’ €KTHBHO
OIIIHUTU 1X HAIIHHICTH MICIS JOBrOTPHBAIIOT
eKCIuTyaTartii, noTpedye JIeTaTbHOTO
00CTeXEeHHsI 32 METOAMKOI MIF0YMX Ha Yac
obcTexeHHst HopM Ta ctanaapris [19, 20].

3a HOBUM cTaHjapToM [19], saxuii BUHIIOB
Ha 3aMiHy nonepeansoro [20], mromo
oOcTesxeHHst  OymiBenb 1 cmopyd — JAms
BU3HAUEHHS  Ta  OLIHIOBAaHHA  IXHBOTO
TEXHIYHOTO CTaHy, B Tabmumi B.3.1 HaBenena
HaTypHa Kiacudikailis O3HaK TEXHIYHOTO
CTaHy KaM'sTHUX Ta apMOKaM'sTHUX KOHCTPYKIIIN
ob0'ekta. Hampuknan, s 3-i  kareropii
TEXHIYHOTO CTaHy CTiH BIIHOCSTD: ,, TPIIIIMHU B
MDKBIKOHHHUX TOSICaX HECYYUX CTiH 70 5 MM’;
,,TPIIIUHYU B IIEPEMUYKAX ITUPUHOIO POZKPUTTS
JI0 5 MM Ta B CKJICTIHHAX (apkax) g0 1 Mmm”, y
il TaOJIMIN, OKPIM IBOTO HaBEICHI JACPECKTH
Bl TOBEPXHEBOI Jerpajanii KIaJKud Bif
30BHIIIHIX BILIBIB Ta BOTHEBOTO
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MOIIKOKeHHs He Oibie 20 mM. Ha pucynkax
7.8.1, 7.8.2 y crannmapti [19] noriuno moxani
TUNOBI Jedopmarii BiJf 3MiHH IPYHTOBUX YMOB
1 nedopmarii acamiB 00'ekTiB Ta iX OCHOBHI
npuduHy (puc. 1).

Puc. 1. Pucynku 7.8.1 ta 7.8.2 3 [19] — nporus ta
BUTMH OyJiBIi 3a HAsABHOCTI B OCHOBI
CIIa0KOTO TPYHTY

Fig. 1. Figures 7.8.1 and 7.8.2 from [19] — deflection
and bending of the building in the presence of
weak soil at the base

Hitoui  crammaptu  [19] mnponoHyOTH
MIIXOAW IO OI[IHIOBAHHS CTaHy I[ErJITHOTO
Mypy CTIH 3a XapaKTepOM CXEM HampsiMiB
PO3BHUTKY TPIIIMH Ta OOMEXEHHs po3Mipy 1 iX
IIMPUHY 32 BIUTUBOM CTaHY OCHOB.

3a n. B3.4 [19] pexomenmoBaHo s
TOYHIIIOTO OIliHIOBaHHS CTaHy OO'€KTiB, 3a
HATYpHUMH O3HAKaMHU BiJIIOBIHO 110 TaOIUIh
JONaTKy ,,B” 3 BH3HAauYeHHs Ta OIIHIOBAHHS
CTaHy OCHOB 1 TEXHIYHOrO CTaHy ix
KOHCTPYKIII/, BAKOHATH MEPEBIPHI PO3PaXyHKHU
3 ypaxyBaHHAM BHUSBICHHUX Jedopmarii i
MOIIKO>KEHb. Buxonanus MepeBipHUX
PO3paxyHKIB, 3aJ€KHO BiJ KJIaCcy HACHIJIKIB
(B1TIOBIATTBHOCT ) 00'ekra i TUITY
po3paxyHKoOBOi cwuryarii [21], sk mpaBuio,
noTpeOye 6araTo 10AaTKOBOI iH(OpMAaITii.

Jns  mmpmoro  aHamizy — J10JaTKOBOi
iHpopMmalii 3a craHoM OyaiBesnb HEOOXiTHE
3aCTOCYBaHHS HOBHIX MiJIXOJIB, OCOOJHMBO BiJ
XapakTepy po3MoIiTy Ta IIUPUHU TPIIIMH Ha TX
¢dacamuux criHax. i 1poro  HEoOXiTHO
OTpUMATH pe3ynbTaTu JETabHOTO
oOcTexXeHHs  OyAiBil, MOPIBHATH IX 13
pe3ynbTaTaMu TEepeBIpHUX PO3PAXYHKIB, IS
OLIIHKHU IepeayMoB 1 pe3yNbTaTiB
JOBTOTPUBATIMX MPOCTOPOBUX JedopMalliii.
3anpornoHyBaTH  MAXiA 10  BHU3HAYCHHS
ocazioBUX aedopMartiii OyniBii 3a KapTUHOIO Ta
LIUPUHOIO TPIIHH.
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META NJOCJIIIXXEHb
[lepeBipka METOOUKHA  BHIIEPEIKAIOUOT
IHTETPJIBHOI ~ OIIHKKM  TEXHIYHOT'O  CTaHy

KaM siHUX OyiBeNlb y IIJIOMY 3a CTaHOM
nepopmyBaHHS iX OCTOBY Yy (DIKCOBAaHHMX
IH)KEHEPHO-TEOJIOTIYHMX ~ yMOBax  cTapoi
3a0y10BH, K JI0 IOYATKy HOBOTO Oy/IiBHHUIITBA
Ha (pikcoBaHiM NiNAHII, TaK 1 Mia Yac HOro
BUKOHAHHS 3 MOKJINBUM HETaTUBHUM BIUTHBOM
Ha chopMoBaHy 3a0y0BY.

PE3VJIbTATU TA ITIOACHEHHA

ABTOpH y JgaHii poOOTI HaMarajiuch
pOBECTU HePEBIPKY METOIMKH
BUIIEPEIXKAIOYO] 1HTErpajbHOI OLIHKH CTaHy
OCTOBIB LIETJIIHUX OY/iBENb 3a XapakTepoM ix
nedopmMyBaHHSM, Ticast JIOBFOTPUBAJIOT
eKcIulyatanii 'y (ikcoBaHUX i1H)KEHEpHO-
re0JIOTIYHUX yMOBaX cTapoi 3a0yaoBH Ta 3a
KapTUHOIO Ta IIMPUHOIO PO3KPUTTS TPIIIMH Ha
ix ¢acanax.

Po3rnsHyTO /Ba OKpeMi MpUKIaIu Ha JBOX
pi3HHX 00’e€kTax. Y NHUX TpHUKIagaxX aBTOPH
crpoOyBanu JOBECTH JIOTIKY MiAXOAY JO
OIIIHKA BEPTUKAJTBHUX OCATOBUX Ta IHIIUX
nepopmanii  OyaiBens  BiJ  XapakTepy
PO3MOLTY TPILIMH Ha iX QacaJHUX CTIHAX.

VY nmepuioMy NOpUKIaAi, HpU IMPOBEICHHI
JETAJIbHOTO OOCTEXEHHSI ICHYIOYOi TPhOX
noBepxoBoi OyxiBini y M. JIbBOBi, aBTOpaMu
Oynu  BUKOHaHI 11 3aMmipu  1HXEHEPHO-
re0ZIe3NYHUM METOJIOM, 1[0 a0 MOXKJIMBICTh
BU3HAYUTH bakTH4Hi i MIPOCTOPOBI
nedopmanii mpu cymicHoMy JedopMyBaHHi 13
OCHOBOIO.

["abaputu O6yxismi: L=17,501 m, B=13,33 m
(puc. 2), Bucota nepmioro mosepxy h=3,44 wm,
JIpyroro ta TPEThoro — 3,27 M MiABaJIBHOTO —
h,=2,28 m.

Jns  iHTerpanbHOi OWIHKKM JIedopMariii
OCTOBY OymiBii (KpeHiB, KpUBHHHM, BiTHOCHUX
ocimanp) 3a 70 pokiB 1ii ekcruTyaTari,
3aCTOCYBAIM 1HXKEHEPHO-TE€OAC3UYHI BUMIPIO-
BaHHS BEPTHKAIBHUX Ta TOPH30HTAIBHHUX
BIJIHOCHUX TEPEMIIeHb OY/iBIII IO PIBHAX
HU3y TIEPEMHYOK BIKOHHHX TMpOpi3iB Ta
KapHU3iB B30BX ¢acasiB mo ocsx ,,A”, ,,1” ta
»0[”, SK HAHUOUTBII JIOCTYIHHUX €JIECMCHTIB
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OymiBmi.  Takox  3adikcoBaHi  BIIMITKH
IUTAaHYBaHHS HABKOJIO OYiBII JIJIsl BUSHAUCHHS
ITMOMHY 3aJIATaHHsA [1A0MIOB (PyH/IaMEHTIB.

17510

Puc. 2. [1nan 2-ro noBepxy OyiBmi, 110
o0cTexyBasach

Fig. 2. Plan of the 2nd floor of the building under
investigation

[Ticns ampokcumanii Ta  CTaTUCTHUYHOT
o0poOKH, 3a OTPUMAHUMH  BIJTHOCHHUMH
BEePTUKATBHUMHU TEPEMIICHHIMH, TOOY10BaH1
rpadiki, Ha SKHX BIIOOpaXeHI HaNpSIMHU
KPEHIB Iy CTiH OyaiBIi, paxiycy X KpuBuHH TR
Ta BIMOBIHI 3HaYeHHs BUTUHY +f 1 mporuny -
f. lnsa npukiany Ha puc. 3 HaBeneHUid rpadik
anpokcuMallii JaHuX TMepeMilieHb QacaaHol
CTiHHM TI0 OCi ,,17).

OTpuMaHi HACTYyNHI XapakTepHi JaHHI
nedopmamii  cTiH B IUIommHax (acasuis
OymiBmi:

- mo oci ,7°, R=-1,7 xm; f=21,31 wmm;
i=0,00071<iy=0,005 [1] y 7 pa3is;

- mo oci ,,A”, R=-1,11 xm; f=-19,93 wmm;
i=0,0018<i,=0,005 [1] y 2,8 pa3w;

- mo oci ,17, R=42,64 km; f=+12,14 wmwm;
i=0,00056<i,=0,005 [1] y 11,3 paswu;

- mo oci ,E”, R=-25 xm; f=-10,98 wmm;
i=0,0036<i,=0,005 [1] y 1,4 pa3u.
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Puc. 3. 3akoHOMIpHOCTI HEPIBHOMIPHUX
BEPTUKATLHUX IedopMartiii Ta HaXWIIB CTiH
B IUTOIIMHI (hacany 1o oci ,,17

Fig. 3. Regularities of uneven vertical
deformations and inclinations of walls in the
plane of the facade along the ,,1” axis

3a pe3yibpTaTaMu 00OMipiB reoMeTpii Oy iBii
Ta ampoKCHMAaIllli OTPUMaHUX  BIJTHOCHHX
BEePTUKAIBHUX ii TepeMillieHb, Mo0yIoBaHa
cXema MpocTopoBoi nedopMariii Horo ocToBy
(puc. 4). Ha miii cxemi 3adikcoBaHi HANPSIMHU
TOPU30HTAIIBHUX MEPEMIIIeHb BEPXHIX KYTiB
CTiH OyiBIIi.

13330mm

Puc. 4. Cxema npoctopoBux aedopmarii
30BHIMIHIX (pacaTHUX CTiH OCTOBY OyIiBIIi

Fig. 4. The scheme of spatial deformation of the
external facade walls of the framework of

the building
Awnanis (hakTHIHUX 3Ha4YeHb X
nepeMilieHb IOKa3aB., 10 OCHOBHI

BEPTHUKAIbHI TPIMHU OyaiBii 3adikcoBaHl B
cTiHax mo ocsx ,,1”7 Ta ,,E” 3a paxyHok ix
BUTHHY (puc. 4).
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Cuiiosi BEPTHKAJIbHI TPIIIUHU BIJ
HEPIBHOMIPHUX BEPTUKAIBHHX JepopMaIliii Ta
1HIII TIOIIKOJKEHHS y CTIHAX OyliBJIi BUHUKIIN
y pe3ysIbTaTi HEPIBHOMIPHUX HAMPYKCHBb T[T
migomBaMd  (YHIAMEHTIB  TiJA  BIUTMBOM
HEpiBHOMIpHUX AedopMalliii cirabKux 3aTop-
¢doBaHUX TIPYHTIB OCHOBH. HemockoHaIOCTI
KOHCTPYKTUBHUX pillleHb, MPUUHATUX TMepen
OymiBHHLTBOM, HE 3a0€3MeYHSIM TPOCTOPOBY
KOPCTKICT OYAiBIIL.

B mpomeci ekcmyaTariii  mpocTOpoOBUI
OCTOB OyaiBIl OTpUMaB HEBEIUKE CKpPY-
qyBaHHS, SIKE BUKIMKAJIO Pa3yIIIIbHCHHS Mypy
CTIH 32 pPaxyHOK Majioi MII[HOCTI BamHSHOTO
po3uuHy. OcoOIMBO 1€ MMPOCTEKYETHCS B KYTi
OymiBmi B ocix ,I1/E” 3a  paxyHok
MepPEepPo3NOITy THCKIB T (yHIaMEHTaMHU
OymiBmi.

Y napyromy mnpukiaai  aBTopamu  OyIio
mpoBeJeHe  JeTalbHe  OOCTeXeHHS i3
BUKOHAaHHSIM OOMIpHMX KpecleHb 1CHYKYOi
OyxiBmi y M. JIbBOBI 3 METO BU3HA4YCHHS Il
TEXHIYHOTO CTaHy 3 YpaxyBaHHSM BILIUBY Ha
Hel eJleMeHTa HOBO1 3a0ynoBu [22].

[IpuunHoro 1 pobIT 3 OOCTEKEHHS CTaB
npoiiec yIAIITyBaHHS po3'eTHYBaIBHOT
MajgboBOI  MIAMIPHOI  CTIHKK IS HOBOI
3a0y70BH, BOPUTYA J0 acaaHoi CTiHH
icHyr0o4oi OymiBii, IO BUKJIMKAIO YTBOPEHHS
Ha I1i¥1 acaHiif CTiHI CUCTEMHU TPIlIKH.

Byniens, mo obcrexyBaiach, po3TanioBaHa
B 30HI JTaBHO c()OPMOBAHOI MalIOMIOBEPXOBOT
KUTJIOBOI IMUIbHOI 3a0ymoBu [23]. Bona
BOYyZOBaHA MIX JJBOMa iCHYIOUUMH OYHiBIAMHU

(puc. 5).
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Puc. 5. Curyariitna cxema: 1 — OyaiBis, 1m0
oOctexyerbes; 2, 3 — cyMixkHi OyiBimi; 4 —
HOBa 3a0yoBa

Fig. 5. Situation diagram: 1 — the building under
inspection; 2, 3 — adjacent buildings; 4 —
new building
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Posmipu Oymiai B ocsax: L=23,26 w,
B=10,50 M, BHcOTa NEpHIOrO Ta APYroro
noBepxiB h=3,6 M, migBansaoro — h,=1,65 m.

[lupuna ¢QyanameHTiB mix Hecydi Ta
CaMOHECYUl CTIHM MPUHHSTA 33 ITUPUHOIO CTiH
migBany, mo ocsix ,,A”, ,,6”, ,B” — 770 MM, 1o
ocsx ,,3”, ,,4” — 610 MM, 1o ocsx ,,5”, ,,6” — 470
MM.

['mubuHa 3aisraHHs MiI0moB (yHIAMEHTIB
OyaiBIi BiJ MPUPOIHOI MOBEPXHI 0 MOYATKY
HOBoro OymiBuuirBa d=2,87 M mo oci ,,B” Ta
d=2,58 m mo oci ,,A”. I'muOuHy migBamty a0
BUKOHAHHS OyHiBelIbHHX POOIT mNpuUHATA
db=2,07 m. ['mubuHa 3akiaganHs GpyHIaMEHTIB
no ocsix ,,A”, ,,b”, ,,B”, Bix miyoru migBany
ds:0,8 M.

3a aHami30M pe3yilbTaTiB  OOCTEXEHHs
BH3HAUYEHO, 1110 PyHIAMEHTHU B TOPLSAX OyaiBIIL,
oins oceii ,,1” Ta ,,7” WiIBHO TOpIsIMU, O€3
0CaJI0OYHUX IIBIB, JOTUKAIOTHCA O paHIIIe
30ynoBaHuX Oy/iBEIb.

B xomi oOcrtexenHs Ha ¢acagHux Ta
BHYTPIIIHIX CTiHaXx (ikcyBadu KapTUHU
YTBOPEHHS TPILIUH Ta 3aMipsIIH IX MIUPUHY.

HepiBHoMipHi nedopmanii Ta TpIIMHU B
CTIHAX Ta Meperopoakax Oy/IiBil po3BUBAIHCS
BIIPOJOBX Bciel il JIOBFOTPUBAJIOL
ekcrutyatarii.  Haxuneni  TpimuHu, 5Kl
yTBOpUWJIMCA 3a OaraTtopiuHy eKCIUTyaTaliio
OyniBil y CTiHI O Oci ,,A”, Oy/IH 3aKpUTI MICHSA
2012 poky OamaHcoyTpumyBadeMm OYmiBiIi,
IIUISIXOM 30BHIIIHBOT'O PEMOHTY BCi€i hacaaHoi
CTiHHU.

3a TAHUMHA 1H)KEHEPHO-TEOJIOTTYHHUX
JMOCHIDKeHb NI HOBOTO  OYIiBHUIITBA
3ayBKUJIU, IO AOCOJIFOTHI BIAMITKH BEPXY
ceepuioBuH CB. Ne6, CB. Ne7, 31 croponu
dacanry mo oci ,,A”, 3HAXOAATHCA BHIIE
MiBATBPHUX BIKOH icHyro4oi Oymismi. Lle
CBITYUTH MpO T€, L0 MNPU JOBrOTPUBAIIN
ekcruryaranii OyniBini He Oyno 3abesnedeHe
OpraHi3oBaHe MOBEPXHEBE BOJIOBIIBEACHHS, a
yepe3 MiJBaJbHI BiKHA BOJA TOTparuisia y
MiIBaJIbHI PUMIIIICHHS.

Js  anamizy gedopmaiiii  00CTEXEHOT
OymiBii BUKopucTanu 1. 8.8.5 Hopm [1]. 3a mum
NYHKTOM TpaHW4YHI 3HAYeHHS Jedopmamii
OCHOB 1 (pyHIaMeHTIB OyAiBelb B 30H1 BILTUBY
HOBOro OYIiBHHITBA CYTTEBO OOMEKeHi. Ix
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JIOMYCKAETHCSI MMPUMUMATH 3TiTHO JOAATKY ,,b”
[UX HOPM.

Lli rpannuHi 3Ha4eHHsS AedopMalliii OCHOB
mig  QyHIaMeHTamMu  OY[iBJII  CTAaHOBIISITH
(4s/L)y=0,002, A4s=5340-0,002=10,7 wmm;
$ui=0,005-L=0,005-23260=116 mm.

OcHoBorO (pyHAAMEHTIB OYymiBIII, 3TiIHO
1H)KEHEPHO-TE€OJIOTITYHUX BUIIYKYBaHb, € MICOK
MWIYBaTUH, CEpPeAHbOI IIIJIBHOCTI, MaJloro
CTYMEHS BOJOHACHYEHHS, 3 MpOILIapKaMu
OpiOHOro  MICKy, HEOAHOPIAHMN,  CIpUid,
KOBTYBATO-CIpHI, CXWIBHHNA JO PO3BUTKY
cydosiiaux mnponecie  (II'E-2) 3 Takumm
OCHOBHHMH mapameTpamu: p=1,9 t/m® e=0,62,
Sr=0,48, =19 xH/M®, E=22 MIla, ¢=33°, C=5
klla. Caix BiIMITATH, 110 MiHJIMBI BJIACTHBOCTI
IPYHTY 3BOPOTHHX 3aCHIOK il IUIOIIEIO
dbyHIaMEHTIB B JBOX TOPLAX OOCTEKEHOT
OymiBmi, Oimst oceét ,,1” ta ,7°, B Mexkax
MIPUETHAHHS JI0 paHiiie 30y10BaHuX OyaiBeb,
reoJIorTd He KIacu(ikyroTb. 32 BHUCHOBKAMHU
1HKEHEPHO-TEOJIOTTYHNX BUIITYKYBaHb HACHITHI
IPYHTH 3BOPOTHUX 3aCUIIOK nas3yx
dbyHIaMeHTIB paHilie 30y10BaHUX OyliBEIb,
BIJICHTIAaHI CYXMM METOJOM, IMPEACTaBICHI
CYIMIIIAHO-TIIIIAHUCTUMHU IpPyHTaMHU 13
BKJIIOYEHHSIMU OyaiBensHOro cMitTs a0 10%
BiJ 00'eMy.

[lpakTH4HO 1 TEOPETHYHO  BAXKKO
BU3HAYUTH, HA CKUIBKU 3MIHWIUCS 32 90 pokiB
3 yacy OyIiBHUIITBA OOCTEXKEHOI OymiBii
Gb13UK0-MeXaHIuHI XapaKTePUCTUKH IPYHTY Mij
dbyngamenTamMu B Mexax ii ruromii. Tomy, Ha
yac OOCTEeXXCHHS ICHyrO4Ooi OymiBmi, IS
aHaiizy aedopmarniii OCHOB i pO3paXxyHKOBHUX
HaMpPY>XEeHb iz Ti (dbyHIaMmeHTaMu
BUKOPUCTAIIM ISl TEPEBIPHUX PO3PaXyHKiB
1H)KEeHEepHO-TeoJIori4Hi a1 ans rpyary [T'E-2.

Crimparourich Ha OTpUMaHy iHpOpMAIlito Ta
pe3ynbTaTd 0oOMipiB Mg dYac OOCTEeKEHHS
OyziBil, BUKOHAHI IEPEBIPHI PO3PaXyHKU 3
OLIHKM Hecydoli 37aTHOCTI (pyHIaMEHTIB Ta
0CajZIOK S OCHOBH IIiJl HUMH /IO, Ta y TNPOIECi
BUKOHAHHS poliT 3 yJIAIITyBaHHS
P03’ €AHYBaIIbHOT TATHOBOI CTIHKH.

Pesynprati mepeBipHUX PO3paxyHKIB IO
eTarax BHUKOHAHHS poOIT MOAaHI Ha IUIaHax
¢dbyHaaMeHTiB OyAiBIII 10 MOYAaTKy BUKOHAHHS
OyniBenbHHX poOIT (puc. 6) Ta B mporeci
BUKOHAHHS OyNiBETIbHUX POOIT 3 yJIaIlTyBaHHS
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PO3’ € AHYBaJIbHOI MANBOBOI CTiHKH (pHc. 7). Ha
[IMX PUCYHKAX MPHUAHATI Taki nmo3HavyeHus: d -
mMOWHA 3akiajaHHs  QyHzameHTiB; b —
mupuHa (QyHIAMEHTIB; P - HampyXeHHs; R -
PO3paxyHKOBHUH orip IpyHTY; R/p - mopiBHSIHHS
HAINpYXEHb; S - OCITaHHS.

Pesynbratu po3paxyHkiB 3a Hopmamu [1] B
Mpoleci BUKOHAHHA OyaiBeNIbHUX POOIT Oiis
dacanmy o oci ,,A” IoKa3ai, mo:

- IpH HIATOTOBYUX poboTax 1o
yIaIITyBaHHS  OypoOiH’€KIIHHUX  Tajb
pO3’€IHyBaTBLHOL i AT pHOT CTIHKH,

MOBEPXHIO 3€MJII 3HIDKEHO 3Pi3KOI0 Ha
cepenHio ruOuHy 2,15 M, mpu UbOMYy
bakTHyHy TIHOWHY 3asTaHHs IIiJONIIBU
(GyHIaMeHTy CTiHH 10 oci ,,A” 3 d=2,58 M
moumsm 10 01,70,53 M. Ile mano
HOLITOBX JIJIs1 YTBOPEHHS 110 ¢acay 1o oci
»A” HOBUX TPIIIMH I10 ICHYIOUUX CTapUX;

- 30UIBIIEHHS OCIZaHHS OCHOBH IIiJ
CTPIYKOBUM (pyHAAMEHTOM IO oci ,,A”, B
MeXax  3pi3aHOi  JUIAHKA  IPYHTY,
BUKJIMKAJIO JIOAATKOBI 3YCHJUISA PO3TATY B
MeXax c(popMOBaHMX BXKE CTapUMH
TpIIIMHAMU  TOCNHA0JIEHUX  MOXMINX
nepepiziB. BigkpuTTs HOBHX TpilIUH
NPOSIBIIIOCST  Bil  JOAAaTKOBUX  3YCHIIb
pO3TATY Yy 3B’SI3Ky 13 HEJOCTaTHIM
MOTEPEYHUM IMEpPepi3oM APOTIB CITOK,
BUKOPUCTAHUX B MEXaX PEMOHTHOTO LIapy
TuHBKY y 2012 pomi, siki HE B 3MO3i
CHPUAHATH HOBI 3yCHIUISL PO3TATY;

- 3HWKEHHA y 3,26 pa3u Hecydoi 31aTHOCTI
1pyHty II'E-2 3 R=479 klla no R=147 xIla
npu 3MiH1 rTMOUHA 3aJIATaHHS
dbyHnaamenty mo oci ,,A” 3 d=2,87 M 5o
d;,=0,53 M Ta BIINOBIZHHMIA 70 HHUX
npupict 'y 1,7 pasu ocimaHHS TPyHTY
AS=4,2 MM OCHOBH.

Y 3B’I3Ky 3 TEOpPETUYHO OTPUMaHUM
OPUPOCTOM  BEPTHUKAIbHUX  Aedopmaiii
[Js=4,2 MM, ¢y #Oro MOPIBHATH 3 PiBHSIMH
MaKCUMaJIbHUX, CEpe/HIX Ta CTAaTUCTHYHHUX
3Hau€Hb IMPOEKII Ha BepTHKaIb (0Cal0K)
GakTHUHOI IIMPUHM  PO3KPUTTS  TPIIIMH,
3a(ikcoBaHMX Ha yac OOCTekeHHs Ha (acasl
no oci ,,A”, 3aJIe’)KHO BiJ KyTiB X HaXWIy 10
TOpU3OHTY (pHC. 8).

OKpiM LIBOTO, IPU PO3PAXYHKY OTPUMAIIN:
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- nmoHmwkeHHs Ha 20% Hecy4oi 3maTHOCTI
rpyuty I'E-2 no R>=160,5 xIla BimHOCHO
no HamnpyxkeHb p4=192,7 «klla mix
MiI0IIBOKO (YHIAMEHTY I10 oci ,,A”;

-npu 3BojoxeHHi TIpyHty I['E-2 iioro
Hecy4a 31aTHiCTh R3=147 kIla 3HIKY€ETHCS
Ha 31% BigHOCHO HampyxeHb p4=192,7

Cyreinwa Sydan N02
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klla mig migomBoio ¢yHmamenty mo oci
WA”. 3a 1HXKEHEPHO-TCOJIOT TYHUMH
nociimpkenasmu rpyHTa [IE-2 cxuibHi 10
PO3BHUTKY CY(hO31HHUX TMPOIECIB MpHU
3aMOKaHHi, 1110 TOTpedye HOTOo MiACHIICHHS
JUTSL 3a1I00ITaHHs. PO3BUTKY BEPTUKAIBHUX
nedopmarii.
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Puc. 6. [Inan ¢pyHaaMeHTIB i3 MONIepeIHUM TIepepi3oM Ta
pe3yJibTaTaMy MepeBIpHUX PO3PaxyHKiB Ha eTari
JI0 TIOYaTKy BUKOHAHHS OyIiBeTbHUX pOOIT

Fig. 6. Foundation plan with a cross-section and the results
of verification calculations at the stage before the
start of construction stage

Jia  aHamizy  pO3BUTKY  (PaKTHUHHX
nedopMmarin (ocamok)
dbyHIamMeHTy CTiHM 10 oci ,,A” BHKOHAIH

CTaTUCTUYHY OOpOOKYy TMpOeKUild IIUPUHU

HaXWJIEHUX TpiluH 3 95% 3a0e3neueHHsM, Ha
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Puc. 7. [Inan ¢pyHIaMeHTIB i3 MONIEPEYHNM IIepepi3oM

Ta pe3yJibTaTaMy NEePEeBIPHUX PO3PaXyHKIB Ha
eTari BUKOHaHHA OyIiBEIbHUX PoOiT

Fig. 7. Foundation plan with a cross-section and the

results of verification calculations at the
construction stage

BEPTUKAJIbHY BICh 3aJIEKHO BiJI (PaKTUUYHUX

KYTiB iX HaXWJIiB 10 TOPU30HTY (Tabi. 1).
[TopiBHSIHHSA cepeaHIX 0CaIOK Smidl=3,09 MM

(trabn. 1) 31 CTATHUCTUYHO OOIPYHTOBAHUMHU

OocagKkaMd 10 XapaKTePUCTHYHOTO  PiBHS
Wwe=7,48 MM (3 95% 3a0e3nedyeHHAM),
177
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nependayvae 301TbIICHHS 0CaJI0K 3a
MOJIaJIBIIUM 30UIBLIICHHSIM IUPUHHU PO3KPUTTS
HaXWICHUX TpPIIIMH, 3aMipsHUX Ha dYac
MIPOBEJICHHS OOCTEKEHHS.

MaxkcuManbsHe 3HaUYeHHS 0CanoK Wr.max=9,44
MM (tabn. 1) ¢ynmamenty mo oci ,,A”,
MIPAKTUIHO HaOJIIKEHE 70 3HaYeHb
TEOPETUYHO BHU3HAYECHUX OCAAOK $1=9,3 MM Ta
$1+=10,2 wmwm. IlpupicT ociganb MoOXe
PO3BUBATHUCS 1 Jalli 32 PaxyHOK YIIITbHEHHS
IPYHTY Big He 30aJlaHCOBAHOTO THUCKY
(p4=192,7 kIla > R3=147 kIla) mix migomBo0
GyHIaMEHTy B MEXKaxX 3aMKHYTOT'O IMPOCTOPY
Ol  BUKOHAHOTO  TMPOEKTHOTO  PIIICHHS
P03’ €IHYBAIILHOT MMAaTHOBOI CTIHKH.

Puc. 8. ®acan ,,1-7” mo oci ,,A” 3 KAPTHHOIO
PO3IOAUTY TPIMTUH Ta KyTaMU JOTHIHUX
JI0 HANpsIMKiB TPILLMH, BiTHOCHO
TOPU3OHTAIBHOI TIOIUHA [22]

Fig. 8. Facade "1-7" along axis "A" with a picture
of the distribution of cracks and the
angles tangent to the directions of the
cracks, relative to the horizontal plane
[22]

Ta6a. 1. AHani3z mpoeknid MyupuHT W HaXHJICHUX TPIlTHH HA BEPTUKAIh 3aJIe)KHO BiJ (PaKTHYHUX KYTIB a iX
HaxXWIy 710 TOPU3OHTY Ta iX cTaTUCTHYHA 00poOKa

Tabl. 1. Analysis of the projections of the width w of inclined cracks to the vertical depending on the actual
angles a of their inclination to the horizon and their statistical processing

Jlia cropona (1)

Haspa nmoka3nnka .
OyniBmi

[IpaBa cTropona () OymiBii

@dakTU4Ha [UPUHA

30 1507 21|07 |10 | 05| 10 | 20 | 05 | 50

TPITHA W, MM

Kyt naxuny a 49,0 | 43,0 | 57,0 | 47,0 | 340 | 80,0 | 69,0 | 66,0 | 60,0 | 27,0 | 58,0
90°-a 41,0 | 47,0 | 33,0 | 430 | 56,0 | 10,0 | 21,0 | 24,0 | 30,0 | 63,0 | 32,0
sin (90°- a) 0,66 | 0,73 | 0,54 | 0,68 | 0,83 | 0,47 | 0,36 | 0,41 | 0,50 | 0,89 | 0,53

BeprukanbHi mpoekiii
TPIUH Wy, MM:
CraructuaHa 00poOKa:

457 1205|129 161|084 | 576 | 1,40 | 2,46 | 4,00 | 0,56 | 9,44

niBa cropona (1) npasa cropona (r) 3aranpHa

MakcuMaibHi 3HaYCHHS Wi max=4,57 MM

Wr_max:9,44 MM Wmax:9,44 MM

3HaueHHA (95%)

CepenHi 3Ha4YCeHHS Wim=2,64 MM Wrm=3,26 MM Smidl=Wm=3,09 MM
CrangapTHE BiIXHICHHS o=1,72 mm 0=3,04 mm 0=2,68 MM
Koedoimient Bapiarii V,=0,65 V,=0,93 V=0,87
XapaKTepuCTHiHi Wix=5,46 MM Wrk=8,25 MM Wi=7,48 MM

Ilpu wupoMmy, cimiJl 3BepHYTH YyBary Ha
PI3HULII0 MaKCHUMaJIbHOTO 3HA4YE€HHS OCaJIoK

¢dbyHaameHTy 1o oci ,,A” 31 CTOpOHH OcCi ,,1” —

Wimax=4,57 MM Ta 31 croponu oci ,, 77 —
Wr.max=9,44 MM, siki y 2,07 pasu Ouiblii, 110
MOke OyTH TOB'S3aHO 31 CTaHOM 3BOPOTHOI
3acUNKU (YHAAMEHTY iCHYI04Oi OyaiBii Oinis
i€l oci, 10 sIKOI NMpuOyAOBaHA PO3IIISIHYTa
OyniBis Ta 3aBUCAHHAM (hacaJlHOi CTIHH 1O OCi

178

»1” Ha TOpLEBIM cTiHI paHime 30y10BaHOI
OymiBIIi.

Inma ¢acanna crina no oci ,,B” He 3afisHa
B HOBOMY Jie(popMaliiitHoMy Tpoiieci OyaiBii y
3B’SI3KY 31 3HQUHOIO BiJJIAJUIIO MK OCSIMU CTiH
dacaniB o ocsx ,,A” 1,B” Ta 3a 3HaUEHHSAM
KyTa BHYTPIIIHBOTO TePTS ¢r=32° IPyHTY.

AHami3  po3moaily HAmpsSMiB  TPIIIHUH,
BUKOHAHWUN Ha puc. §, MIATBEPIKYE
MPIOPUTETHICTh iX PO3BUTKY 3a MOMEPEUHUMHU
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CWJIaMH 3 PO3MOPOM Ta 3aBHCAHHSM TOPIIB
ctinu dacany 1o oci ,,A”, mo ocsix ,,171,,7”, Ha
CTiHax cTapux OyaiBelb.

Jlnst  oOcTerkeHoi OymiBIi 3 HECYUYUMH
CTIHAMH 13 HETJIIHOTO MYpy 0Oe3 apMyBaHHS,
sIKa Ma€ TPETIO KaTETOPil0 TEXHIYHOTO CTaHy 32
[IUPUHOIO PO3KPUTTS OCAJOBUX TPIIIMH B
cTiHax, 3rigHo Tabn. B.3.1 crangapry [19], 3a
SIKUM JIOJIAaTKOBI TpaHW4Hi JedopMallii OCHOB
O0OMEXYIOThCSI 3HAUCHHSIMU:

- BIJHOCHOIO PI3HHIICIO OCiJIaHb
(4s/L)y<0,0007, dacagy mo oci «A»
CTaHOBHUTb

(9,44-4,57)/L=
= 4,87/23260=0,00021<0,0007;

- MaKCHUMAJIbHUM JOJAaTKOBHM OCiHaHHS
Smax.u<7 MM, sike 1151 acagay 1o oci ,,A”
(Tabmn. 1) craHOBUTH
(9,44+4,57)/2=7,005 MM, 110 TPAKTHYHO
JIOPIBHIOE Smax.u;

- MaKCHUMAaJIbHUM JOAATKOBUM OCIJIaHHSIM
Smax.u<7MM, sike 1o (acamy mo oci ,,A” 3a
JTAHWMU, HaBEJICHUMU Ha puc. 6 Ta puc. 7,
cranoBuTh 10,2-6=4,2 MM 1 MEHIIIE Smax.u.

3a . 7.1.7 nopm [20], 3MeHIIIEHHS BILIUBY
HOBOro OyIIBHHUIITBA Ha iCHYIOYYy 3a0ymoBY
CJIiJT BUKOHYBaTH 32 JOTIOMOTOI0 1H)XKEHEPHUX
3aX0JiB  3a  pe3yabTaTaMu  IEpeBipHUX
pPO3paxyHKiB.

BHCHOBKU

Y mepmiomMy BWIIQJKy 3arnpoIOHOBaHHMA
X1 bi (o) BU3HAYEHHS MIPOCTOPOBUX
nedopMaliii 3ruHy Ta HanpsAMiB KPEHIB OCTOBY
OymiBmi, mpu sKUX 3adiKCOBaHI 3HAYCHHS
nepeMiiieHb mo ¢acagax, sAKi € CKIaJOBUMHU
IHTETpaJbHUX TIEpEeMillleHb Ta HaMpPSIMKIB

3HUKEHHS (akTU4HOI IPOCTOPOBOI
XKOpPCTKICTh OyniBmi. Lli BIUIMBM BHHUKIN 3a
paxyHOK  HEOJHOPa30BOi  3MiHM  pIBHIB
IPYHTOBUX  BOJ, 3MiHI  (UIBTpaLIHHUX

BJIACTUBOCTEH TIPYHTIB MpH  pi3HUX  iX
HaIpY>KEHUX CTaHaXx IiJl OKPEMUMHU JUITHKAMU
byHgameHTiB  OyaAiBIl  Ta  HEPIBHOMIpHOI

KOHCOJIIJaIi] IPYHTIB.

Y npyromy BHIQAKy 3alporOHOBaHHMA
MiIXi7 A0 BU3HAYEHHS naedopMailiii OCTOBY
OyniBii uyepe3 LEHTP paAialibHUX HAIPSIMKIB

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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KapTUHU TpiluH Ha ¢acaai Oynismi. [Ipoexmii
IMIMPUHU PO3KPUTTS TPIIMH HA BEPTHKaJb 32
KyTaMd 1iX paJiallbHUX HamnpsAMKiB, Jal0Th
miaxig 10 OOIpyHTYBaHHS — XapakTepy 1
BEJIMYMHU MOXIJIMBHX OCaJOBHUX Aedopmariit
OyiBIIi.

Y 1upoMy BHIAAKy NPIOPUTETHUM €
xapakTep nedopmyBanHs (acany mo oci,,A” 3a
MOTIEPEYHOI0 CHJIOKO TMiJ] BIUTMBOM PO3MIPHUX
3yCWJIb MDK ICHYIOUMMH OYHIBISIMH, MIX
SKUMU BOyIOBaHa oOcTexxyBaHa OymiBis (SIK
BCTaBKa) 1 Mae BIUIMB 3aBHCAaHHA MiX
ICHYIOUMMH OY/IiBIISIMU.

3anponoHoBaHy METOAMKY MOYXHa
PEKOMEHIYBaTH  JUIsl ~ BUKOPHCTAHHS  Ha
NOYaTKy OOCTEXEHHS OKpeMHX OyiiBesb abo
rpyl CyMIXKHUX OYyJiBesb y 3B’SI3KY 3 TUM, LI0
B TEpIly 4yepry IiKaBUTh IHTErpaJbHUIl CTaH
nedopMyBaHHS OCTOBIB LMX OyniBenb, 00
SKIIO BIH 3HaXoAMTbCA y 3-H Kareropii
TEXHIYHOTO cTaHy (He TMpuaaTHIA 110
HOpMAaJbHOI ekcrutyaraiii) [19], To TexHiuHuit
CTaH IHIIUX EJEMEHTIB KOHCTPYKIIH OyiBeb
BIJIXO/IUTh HA APYTHH IJIAH Ui MOYATKOBOTO
JIOTATKOBOTO aHAII3Y.

[Ipu mpoexTyBaHHI HOBOOYIOB B Mexax
VIIITIbHEHOI 3a0y/1I0BM HEOOXITHO BHUKIIIOYATH
MO>KJIUBICTE BUHHUKHEHHS nedopmarrii
HABKOJIMIIHIX OyniBenb. B3aemonis oxpeMux
HECY4YMX KOHCTPYKLIH B ICHYIOUMX OYIiBISIX
MOBMHHA 3a0e3medyBaTd iX HaAiiiHy poOoTy
MmiJ] 4Yac TMPOBEACHHA Oils HUX HOBOTO
OymiBHHUITBA. SIKIIO OY/IBIIS 3HAXOIUTHCS B
MeXax YIIUIbHEeHOi 3a0yqoBHM, BU3HAYEHHS
XapakTepy BIUIMBY HOBOTO OYAIBHUIITBA Ha ii
POCTOPOBI nedopmartii notpedye
BIIPOBAKCHHS HOBHUX ITiJIXO0/11B, BApIaHTH SKUX
HE 3HAWNUTM BiOOpa’keHHS y HOPMATUBHIN
JiTepaTypi.
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APPROACHES TO THE ASSESSMENT
OF DEFORMATIONS OF EXISTING
BUILDINGS OF DENSE
CONSTRUCTION BASED ON THE
RESULTS OF SURVEYS OF THEIR
FACADES

Hennadii HLADYSHEYV,
Dmytro HLADYSHEV

Summary. The proposed method of anticipatory
integral assessment of the technical condition of
brick buildings to fix the deformation of their
skeletons in the complex engineering and
geological conditions of the old compacted

Cmamma naoitiwna 0o peoaxuii 15.12.2024
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building, both before the start of new construction
on a fixed site, and during its implementation with
a possible negative impact on the already formed
building.

Two separate examples on two different objects
are considered. In these examples, the authors tried
to prove the logic of the approach from the relative
vertical subsidence of the elements of building
facades to the determination of their rolls and bends
in their planes to assess the spatial deformations of
building frameworks from the nature of the
distribution of cracks on their facade walls.

In the first given example, when the authors
conducted a detailed survey of the existing building,
the engineering-geodetic method of measurements
was applied, which made it possible to determine
the actual spatial deformations of the building
compatible with the foundation. The proposed
approach to determining the bends and tilt
directions of the facade walls of the building frame
based on the values of the relative vertical
movements of the facade elements recorded during
the survey. The obtained components of wall
deformations and their movements provide an
integral direction of reducing the actual spatial
rigidity of the building.

In the second example, also during a detailed
survey, the authors fixed the picture of the
formation of cracks on the facades of the existing
building and measured their width. In this case, the
nature of the deformation of the facade of the
building by transverse force under the influence of
expansion forces and hanging between the walls of
already existing buildings, between which the
building under investigation is embedded, as an
insert, became a priority.

The proposed method can be recommended for
use at the beginning of the survey of individual
buildings or groups of adjacent buildings due to the
fact that researchers are primarily interested in the
integral state of deformation of the skeletons of
these buildings. If the building is in the 3rd category
of technical condition (not suitable for normal
operation) according to the actual deformed state,
then the technical condition of other elements of its
constructions is secondary for the initial analysis.

Key words. Inspection, technical condition,
compacted structure, crack, deformation.
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Anortauis. [ToBHOMacTabHe BTOprHeHHS P B
YkpaiHy NpoJeMOHCTPYBAJIO 3pOCTa04e 3HAYEHHS
IMKCHEpHUX  YKpPiIUIeHb, 3aXHCHHUX  CIOPYI,
IHKeHepHHUX 3aropojkeHb Tomo. CydacHa BiifHa
MIpUBHECTA HOBI 3arpO3W 1 BHUKIUKH, SIKi CYTTEBO
BIUIMBAIOTh HAa TIOJie OO, 3aXUCT KPUTHUYHOI
iHGPaACTPYKTYpH 1 HACEIIEHHS B TWJIOBHX palioHaX,
B TOMy 4YHCI 1 Ha OCOOJIMBOCTI 3BEICHHS
imKeHepHUX  GopTHdIKAMIMHAX Ta  3aXUCHHUX
CHOPYI.

HocnimkenHs epomonii - GopTudikamiiamx i
3aXUCHHUX CIIOPYA 3 CTapoJlaBHIX dYaciB 1 J0
ChOTOJICHHS JI03BOJISE MPOCTEKHUTH, K 3MIHIOBAJIU -
¢ migxoawm 10 OOOPOHHOTO OYyAIBHHIITBA B
3aJIGKHOCTI BiJl aKTyaJlbHUX 3arpo3 BOEHHOTO
XapakTepy, IO B CBOIO 4Yepry J03BOJISE
MPOTHO3YBATH HAIPSIMH YISl TTOAAJIBIIOTO IXHBOTO
PpO3BUTKY 1 BHockoHaneHHs. [IpoBenenmii orsi nae
MOJKJIMBICTh 3PO3YMITH, HACKUIBKH BAXKIMBUM €
el HaIpsiM BOEHHOI HAYKH 1 HACKIJILKH Hapasi BiH
norpedye CepHoO3HOTO MiAXOAy SK 3 OOKy
BiIICEKOBHUX, TaK i 3 TIO3UIIii Jep>KaBH B MIJIOMY.

Amnamiz HOBUX cydyacHHX (opTu]ikaniiHuX
pimeHp, iX e(EeKTHBHOCTI Ta CIIA0KMX MiCIb €
HEOOXITHUM JUIsl IMiJBUIICHHS OOOpPOHO3/IaTHOCTI
KpaiHH B yMOBaxX HasfBHOI TIOCTIHHOI 3arpo3u
Hamany.

B po6oTi Takox HaBeICHI OCHOBHI IMiAXOIH 10
3BEJECHHS MOJBOBUX (OpTUPIKaUiHHUX CHOpyd 3
BU3HAYEHHSIM iXHBOTO (hYHKITIOHATHHOTO
MpU3HAYeHHs] Ta WMOBIPHHUX IPOEKTHUX 3arpo3
BOEH-HOTO Xapakrepy. Hamano mpomno3swuiiii, 1mo/1o
MOXIMBOI  3MIHM IIAXOMIB OO0  ITOJIBOBOI
¢doprudikamii B ymMoBaxX Cy4yacHOi BiiHH 3
ypaxyBaHHSIM JOCBiy BeICHHS OOWOBUX [ili B
VkpaiHi, a TakoX HampsSMK{A HOJANbIIOTO
PO3BUTKY.

TakoX PO3TISHYTO MiIXOAM JO 33aXUCTy IH-
BUTHLHOTO HACEJICHHS BiJ 3aco0iB TOBITPSHOTO

© . MUXANTTIOBCbKUM, 2025
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-

Hamaxy TMpOTHUBHUKA Bix dwaciB [pyroi cBitoBoi
Bil{HM 1 IO CbOTOJICHHS 3 BU3HAYEHHSM HaIpsIM-KiB
HOJAJIBILIOTO PO3BUTKY.

Y cywacHuX yMoBax BidHM B YKpaiHi
dbopTudikamniiiHi, CIOPyan iHKESHEPHOTO 3aXUCTY 1
3axXHMCHI CIOPYAM BiAIrpalOTh KIIOYOBY POJb Y
CTBOpEHHI JiHIH 000POHH, 3aXHCTI BIMCHKOBUX Ta
00’€KTiB KpUTHYHOI 1HOPACTPYKTYpPH, 30€peKeHH1
JKUTTIB IUBUILHOTO HACEJIEHHS.

Taxkum YHHOM, BUBYEHHS €BOJIIOLIT
(dopTudikaniiHUX 1 3aXUCHUX CTIOPYH € KPUTHIHO
BOXJIMBOIO JEPKaBHULBKOIO 3ajauero, fK 3
BIICBKOBOT, TaK 13 IUBIJILHOT TOUKH 30py. PO3BUTOK
Teopii 3BemeHHSA GopTH(IKAMIHANX 1 3aXUCHUX
CTIOPY CHIPUSTAME 3MIIIHEHHIO 000POHU JIEPXKAaBH,
ajanTarii 0 HOBHUX 3arpo3, IiIBUIICHHIO OE3MeKH
HaceJeHHs 1 00’ €KTiB KpUTUYHOT iHPPACTPYKTYpH.

Karwuosi caoBa: Qoprudikaniiini crnopyau;
CIIOPYAM IHKEHEPHOT'O 3aXUCTY; 3aXWUCHI CIIOPY/IH;
3arpo3d BOEHHOTO XapakTepy; 3aco0u Hamany;
3axucT iHQPACTPYKTYPH.

I[TIOCTAHOBKA ITIPOBJIEMH

MerToro JaHOo1 poboTu € OTJISAL
dopTudikamitHuX 1 3aXUCHUX CHOPYHA BiJ
CTapoJIaBHIX YaciB 1 10 Hamoro yacy. AHamui3
3arpo3, YCBIIOMJICHHS HANpsIMKiB PO3BHUTKY
dopTudikamifHUX 1 3aXUCHUX CHOPYA MPH
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HOBOMY iX OyHmiBHHUTBI 3 METOIO iX
YIIOCKOHAJICHHSI Ta BIIPOBA/KCHHS HAWOUIBII
e(EeKTUBHUX pIlIEHb, SKi MOXYTh CYTTEBO
BIIPI3HATUCH IS PI3HOMAHITHHUX 3aja4d Ta
peTioHiB.

BuBuenns eosortii 3BeneHHs popTudika-
MIHHUX 1 3aXUCHUX CHOPYd € KPUTUYIHO
BaXJIUBOIO 3aJIauelo, SIK 3 BiCHKOBOI, Tak 1 3
LIUBLIBHOT ITO3UILIIH. Po3Burok Teopii
pO3paxyHKy, 3BeleHHA (opTudikamiiHmx,
CHOpYyJ 1H)KCHEPHOTO 3aXUCTy 1 3aXHCHUX
CIOPYA CYTTEBO CHPUATUME  3MII[HEHHIO
00OpOHHU JIep)KaBH, CTIMKOCTI ii BHUPOOHHYO-
MIPOMHKCIIOBOTO KOMIUIEKCY, IIBUJIKOT aanTarii
0 HOBHX 3arpo3, TiJIBHINCHHIO O€3MeKu

HaCEJICHHS 1 00’€KTIB KPUTHYHOL
1H(QPaCTPYKTYpH.

Takox 3MiH nNOTpPeOylOTh MIAXOAU 10
IIOJIBOBOI ¢doprudikarii, K1 Hapasi

JTUIIAIOTHCS CTAIMMHU, SK MIHIMYM 3 4YaciB
Jpyroi CBITOBOi BIWHHU, NpPU CYTTEBIM 3MiHI
3arpo3 1 3aco0iB ypakeHHs, MaTepialis,
3ac001B MexaHi3arlii.

OCHOBHE JOCJIIJPDKEHHA

Po3nounemMo 3 3aranbHOrO MOHSATIMHOTO
anapaty. Ilonsarts doprudikamis - (Big jnar.
fortificatio - ykpimienns [1]) ue BiliCbKOBO -
IH)KeHepHa Hayka MpO CTBOPEHHS IITYYHUX
YKPUTTIB 1 HEPElIKOA JJIsl 3aXHUCTy BIHCBHK,
BOXIMBUX O0’€KTIB Ta HACENEHHS IIiJI 4ac
BOEHHUX Mii. B To#t xe vac doprudikariiina
criopyqa - 1e 6e3nocepeHi 000pOHHI CIOPYIN
JUISL YCHINTHOTO BEACHHS OO0 1 3aXHCTy Bif
3aco0iB Hamay Bopora

Takox MO’KHA BIJI3HAYUTH, 10
dopTHdikalis € ramy33ro apXiTeKTypH, Ky 11e
CTapoJiaBHI pUMIITHMH BiTpyBii BIy4HO
XapaKTEpPU3yBaB “‘IK MHMCTELUTBO IO€IHAHHS
byHKI1I1, KOHCTPYKIIi Ta Kpacu” [2].

@oprudikaniiHi cropyau 3MiHIOBAJIHCS B
pi3HI ICTOpPWYHI TEPIOAM BIATOBIAHO 110
PO3BUTKY TEXHOJIOTI 1 030pOEHHS, 3aBXKIU
3a0e3medyroud  HAWOUIBIIMA ~ 3aXUCT  Bif
PO3IMOBCIOKEHNX — 3ac00iB  ypaxkeHHA. B
3alIeKHOCTI  BiJ ~ TOCTaBICHMX  3ajad
dopTudikamiiftHi cHopyAu MOIUISMIOTBCS Ha
JOBrOTpUBaji 1 moapoBi. JloBrorpuBam - 11
3aBYACHI YKPITUICHHS HaIBRKIIMBUX MyHKTIB Ta
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HamNpsIMKIB 3 METOI0 OOOpOHM, 3aXHCHI
CIIOPYAH 00’ €KTIB KPUTHYHOI 1HOPACTPYKTYpH
Ta MUBUIBHOTO 3axucTy. [lompoBa - TUMYACOBI
00O0pOHHI CITOPYAH, SIK: OKOTIH, OJIIHIaK1, MiHH1
3aropoJKEeHHS, MPOTUTAHKOBI POBH TOIIIO.

Hapasi mMokHa BHOKPEMHUTH OCHOBHI BUIU
dopTudikamiiftnux cnopya:

- mnonboBl (doprudikaniiini cnopyau —
TUMYACOBI YKpIIJICHHSA, IO OYIyIOTBCS B
yMoBax OoioBux i (Bajmu, OKOIH,
Ominmaxi, MiHHI1 3aropo/IKEHHS,
MIPOTUTAHKOBI POBH TOIIIO);
noBrotpuBaii GoprudikamiiHi cnopyau —
JOBroTpuBaii ykpimiennsa, Taki sk JOTu
(moBrorpuBasi BorHeBi Toukm), J[30Twm
(mepeB’sTHO-3eMIISIHI ~ BOTHEBI  TOYKH),
OETOHH1 YKpUTTS 0COOOBOIO CKJIJy TOIIO,
Akl  OynyroTbcs 3 BHUKOPUCTaHHSIM
1HKEHEPHOI TEXHIKHU B 30HaX CHOKIMHMUX a0
BIIHOCHO CIOKIMHHX Bix OOHOBHX IIA 3

METOI0  CTBOPEHHSI  CTIMKMX  pPYOExiB
000poHU;
- Micbkl  (QopTudikauiiiHl = copyaum  —

000pOHHI CrIOpyau SKi OONAIITOBYIOTHCS B
MICBKIiil 3a0y/0BIi, YKpIMJEeH] 1 CHeliaJbHO
obnagHaHi OymiBhi 1 cmopyau, Oapukany,
O60MOOCXOBHIIA, YKPUTTSI TOIIIO;

CHOpYyIu MUBLIBHOTO 3axucty (mami - CL[3)
— CXOBHIIA, YKPUTTS ]IS HACEJICHHS, SKi
BUKOPHCTOBYIOTBCS MiJ] 4aC BOEHHUX il
a00 HaI3BUYANHUX CUTYAIlIH;

IH)KEHEpHI CIOpYIu 3aXUCTy 00’ €KTiB
kputnyHOi iHppacTpykTypu (nmani - OKI) -
crierianpHi iHxkeHepHi ciopyau (nami - CIC)
MeTa SIKUX 3a0€3MeUYUTH 3aXUCT KPUTHUHOI
iH(pacTpyKTypH KpaiHu Bija 3aco0iB Hamamy
(mami - 3H) Bopora.

HITy4Hi cCIOpYAX - YKPITUICHHS JUISL 3aXHCTY
BiJI Hama{y MPOTHBHHKA B1JIOMI HAM CTLIBKH K
CKIJIBKM BigoMa iHQOpMalis MpO PO3BUTOK
[UBUII3ALIA. Haitnasaimmmu
dopTudikamiifHuMu  cropyJamMu  MOXKHA
BBa)KAaTH: 3eMJISHI (KaM'sHi) BaJid, POBH, 5Kl
4acOM HaBiTh MITYYHO 3aIIOBHIOBAIIN BOJI0I0. B
paifoHax OaraTux JIEpEeBUHOI0 Ha 3EMIITHUX
Bajax J0JIATKOBO BJIAIITOBYBAIKCH MMAPKAHU -
yacTokoimu. B paiionax ne nepeBuHa Oyna
ne(IIUTHOIO 0/Ipa3y 3BOJIWIIHA KaM’ sTHI OTOPOXKi
- criam. Taka  oOOpoHHa  cHcTeMa
3a0e3neuyBaia 3aXyCT BiJl HASBHUX HA TOU 4ac

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 16/2025



3ac00iB ypaXeHHs: MeTalbHOI 30poi (cmucH,
JIPOTHKH, JIyKH, TMpaill TOImo), IO Maja
CYTT€BE OOMEXEHHS BiJIHOCHO CBOET TPAEKTOPIT
1 JaJIBHOCTI, a TaKOX MEPEIIKOKAHHIO
IIBUJIKKMX aTakK KiHHOTOMO [2]. Jemio mi3Hiie B
CYIIUIBHUX OOOPOHHUX CTiHaxX 3 TIEBHUMH
NPOMDKKaMU Toyanu BOYIOBYBaTH OamiTH, 3
SAKUX 3’SBISTIaCh MOKJIMBICTh CIIOCTEpIraTu 3a
BOPOTOM 1 ypaskaTd HOTro 3 OUIBINOI BifCTaHI,
OKpIM TOTO BaXIIMBUM IPU3HAYCHHSIM OarnT
Oyla MOXJIMBICTh YpakaTH MITYPMYIOUOTO
cTinu Bopora (puc. 1). OgHak 15 cuctemMa He
Jlaa 3MOTH MOBHICTIO MTO30YTHCH HETOCSKHUX
JUTsL 0OCTpiTy - MEPTBUX 30H Mij cTiHamu. Taxi
30HM HECJH TEBHY HEOe3MleKy, depe3 Te, L0
MPOPBABIIKCH 10 HUX BOPOT MaB 3MOTY BKe
poOWTH TMIAKONH, MAMATIOBAaTH CTIHH 3
JIEPEBUHH, TOTYBAaTHU 3aco0U 1100 BHUIAEPTHUCS
Haropy 1 BCTYIuTH y 01il.

Puc. 1 Cxema ykpiruieHHs 3 OamTaMu i CTiHAMH 3
qacTokony. [2]

Fig. 1. A fortification layout with towers and
palisade walls.

Cropy/DKeHHSI TaKMX 3aXHUCHHX YKPIIUIEHB
JI0CATaJI0 BHCOKOIO PIBHS MaiCTEpHOCTI I
JIaJIeKO JI0 HAIIoi epH. 3 ICTOPUYHUX JIKEPEI
BIJIOMO, 110 3aXHMCHI Mypu M. Memdic Oymu
3BeseHl B €runri 3a 3000 pokiB 10 HaIIOI epH,
a ykpieHHs baktpii B Meconoramii
BUTpHUMaJIU A0Bry obsory me B 2130 poui 1o
HAILIO1 EpH.

HaiiGimpimn B1JIOMOIO CTapOJAaBHBOIO
bopTHdikaiiftHOIO CIOPYI0I0 MOXKHA 110 TIPaBY
BBaXaTH Benwky KuTalcbKy cTiHy (pHC. 2).
Benuka kutaiicbka criHa (kut. changchéng, -
“moBra cTiHa”) - HU3Ka KaM'sSTHUX Ta 3eMJISTHUX
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YKpiIUIeHb y TMiBHIYHIM dvactuHi KwuTaro,
30y/IOBaHMX 3 METOI0 3aXHUCTYy MIBHIYHUX
KopaoHiB Kuraiicekoi immepii BiJ BTOPrHEHb
pizHuX kouoBuxX tieMmeH [3]. Haiicrapima
yactuHa Oyna 30ynoBaHa mie B IX cTomiTTi 10
Haioi epu [4]. 3BeaeHHsa Bennkoi kutaicbkoi
CTiHU JaTyeThesl modatkoM pooiT y VII crt. no
H. €. 1 TpuBajo no XVI cTopiuds Hamoi epu
BKIIIOYHO.  3arajpbHa  MPOTSKHICTH,  3a
pe3ynbTaTaMu  JOCHiI)KeHb, CTaHOBUTH 21
196,18 kM.

Puc. 2. Bennka kuraiiceka crina. [3]
Fig. 2. The Great Wall of China

Y3108k Bciel Bennkoi cTiHM cropy/pkeHi
Ka3eMaTH JJIsl OXOPOHHU Ta CTOPO’KOB1 BEXI, a B
TOJIOBHUX TIPCBKUX MPOXOJaxX - CHeLialbHi
YKpiIJIeHHs - opTeti.

Kazemar (¢p. casemate Bixg itan. Casamatta
- “ciine yKpimjeHHs’) - OKpeMe BHYTPIIITHE
NPUMIIIEHHST B YKpimieHii ¢opTtudikamiinii
criopyxi (dboprerri, GopTH TOIIO), IO 3aXUIICHE
BiJl BOPOXKOT'O Ypa)KCHHS 1 CIYXUTh IS
PO3MIIIIeHHSI TapHI30HY, CKJIaiB OO€MpHUNacis,
030pO€HHSI, TPOIOBOIIBCTBA TOLIO.

Takoro mmany ¢oprudikamiiai cropyau
BiJIOMI 110 BCbOMY CBITY. SIK IpUKJIa/1 HABEEHO
JIeK1TbKa BapiaHTIB 3 €BPOIEUCHKOT ICTOPII.

BepxHboHIMEIBKO-peLiChKUi JliMec (Bix
nat. Limes - Mexa, KOP/IOH) - BIAPI30K JIIMECY
Pumcekoi immepii y Burisai  00OpOHHHX
CIIOPY/ TOBKUHOIO 568 KM, 10 MPOXOIUB MiX
Peiinom i [lynaem. IlounHaBcst 6inist MicTeuka
PaitnOpoub 1 3akiHuyBaBcs 01y 6epera JlyHaro.
OpienToBHI poku 3Be/ieHH 83-260 Hamioi epu.

Ban Oddu (Bamt. Clawdd Offa; anrin. Offa's
Dyke) - 3emisiHe YKpIIJICHHS MPOTSKHICTIO
240 kM (puc. 3), cnopymkene y 757-796 pokax,
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K€ YacTKOBO 30iraeTeCsi 3 Cy4yaCHHUMHU
kopaoHamu Anrmii Ta VYenscy. Pamnime
CIY)KWJIO NOPUKOPJAOHHHUM  BajoM,  SIKUH
posniasiB koporiectBa Mepciro i Ilosic [5].

Puc. 3. Ban Oddu. [5]
Fig. 3. Offa's Dyke. [5]

Bucora nacuny - 2,5 m, mmpuna gocsrae 20 m
(BKJIFOYHO 3 IPUJIETJIMMU POBAMH).

Ban (uepe3 cepennboBiuHa HIM. wal Bij jar.
vallum) [6] - o6oponHa cniopyna sik OKpeMa Tak
1 y ckinaal ¢opreup, 3aMKiB, YKpPIIIEHUX
palioHIB Y BUTJISAJII BUCOKOTO HACHUITY 3 KPYTHM
CXMJIOM, PO3TAlllOBaHUM 3 OOKYy HMOBIpHOTO
Hamajay MPOTUBHHKA.

Ha teputopii Ykpaiau HailO1IbII BITOMUMH
CTapOJaBHIMH YKpIIUIEHHSIMH € 3Mi€Bl BaJH.
Ile HapogHa Ha3Ba OJHOTO 3 BUJIB JEpEBO-
3eMJISTHUX ~ OOOpOHHHMX  (OesirepaTHBHHUX)
CIIOPY/ y BUTJISIZII TOBTUIX BAJTIB, sIKI MIOITHPEHI
Ha Teputopii Cepennboi Hagmuinpsiaumau [7
— 9]. 3a indopmarliiero Ha ChOTOMHI 3arajbHa
JIOB)KWHA BajiB CTAHOBUTH OLIBII HIX 950 kM
[9].

3mieBi Bas (HOPMYIOThH JI€B'SITH OOOPOHHUX
niHii: BitsHcbko-boOpuHcebka; CTYrHSHCBKO-
Ipninceko-TerepiBebka; JlHimpo-TeTepiBchbKa;
Huinpo-Kam'suceka; Cepenniii  [Topocbkuit
Bay; Bemukuit Ilopocekuii Ban; Pocbko-
I'yiiBsiHChKa;  J[HiMpoBChbKa  JIBOOEpEkHA;
IlocynbcbKa.

3Mi€BI BaJIM € TPOIYKTOM 0araToBIKOBOI
icTopii  HacenmeHHs  CydacHOi  TepUTOpii
VYkpaian. [louatox OyTiBHUIITBO BalliB st
3aXUCTy OCUIOT0 XJIIOOPOOCHKOTO HACENCHHS
JicocTeny, MOro rocmoiapcTBa Ta JKUIHX
[OCEJIEHb BIJ JIErKOl KIHHOTA CTEHOBUX
KOYOBHKIB, 3a JOCTIPKCHHSIMH 1CTOPHKIB,
JATYEThCST X CTOPIYYSM JI0 H.€., TpuBajio 10 XI
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cTopivus H.e. 1 HaBiTh mi3Hime 70 XVI—XVIII
CTOpiub. 3arpo3y 3 OOKy cTemny HiATBEPIKYE
camMa KOHCTPYKIliI BaJliB Ta 3araibHa
CIIPSIMOBAHICTh 1XHIX JIHIA - Bajd XBHJISIMHU
pO3XOISAThCS 3 TIBHOYI HAa TIBICHb Ta
MIBIACHHHH CXiJ, yTBOPIOIOYH TTapaieibHi JTiHii.

3Mi€Bi BaJli KOJNUCH Oyl TMOTYXHHUMH Ta
CKIIQAHUMH YKPIIUICHHSIMH - 3aBBUIIKH 10-15
METpiB, MUPHHOIO OCHOBH 110 20 MeTpiB, Ha
JICpEB'THOMY Kapkaci, B JESKHX MICIIX Y
BUDVIANI  5-6  mapalielbHUX  3EeMIISTHHX
VKpIIJIeHb, 13 POBOM IITMOUHOIO A0 2-3 METpiB.

CepiieBrHA HACHITy BaJliB CKiaganacs abo 3
BUIMAJICHOI TTIMHY (AJIs1 MepuInX crnopyxa) abo 3
nepeB’sTHUX 3py0iB — kapkacy (puc. 4). Mimna
OCHOBa IEPETBOPIOBAlla Balld Ha CIPaBXHIO
3aXUCHY CTIHY.

Vi)

Puc. 4. Moyienb KOHCTpYKIIiT 3MidOBHX BalliB. [9]
Fig. 4. Model of the structure of the Serpent's
Ramparts [9].

Bci mi mpukimagm € TOBrOTPUBAIUMH
dopTudikaiftHIMU CIOPYAaMHU CTPATETTYHOTO
piBHs1. B TO# ke yac mi1 yac BOEHHUX KOMIaHii
— TIOXOZIB 3’ SIBUJIMCH TEPILi MOJIBOBI hopTrdi-
KaIliiiHi CTOpyau Yy BUIJIANI HAWUTIPOCTIIINX
3aropoJPKEHb ISl TPUKPHUTTS TabopiB (Miclb
CTOSTHOK BIWCBKA), SIK TO BaJH 1 pOBU (OKOIIH),
OKpIM TOTO 3aCTOCOBYBAJIMChH YACTOKOJIH 1 1HIITI
KOHCTPYKIIi /U 3BeZICHHs CTiH. Tak IaBHBO-
pUMCBHKa apMisi HIKOJIM HE BCTyTajia B OUTBY, HE
Mal4M YKPIILUICHOTO Tabopy, J€ 3HaXOJIUBCS
0003, mopaneni tomo [10]. [dosrorpuaii
YKpimieHHs — popTeni TuX yaciB OyayBaluch 1

ByniBenbHi kKoHCTpyKUii. Teopis i npakTuka * 16/2025



3 pO3paxyHKy OUIbII MOTYXHHX 3ac00iB
YpaKEeHHS, SK TO KaTamyJlbTH, TpeOymery,
TapaHu TOILO.

Came nmonsarts ¢oprens (Bix itan. fortezza,
Big nat. fortis - “cunpHuit”) [1] - ykpirmieHun
MYHKT 3 MIIHUMH KalliTaJbHUMH CIOPYIaMH,
MOCTIHHUM TapHI30HOM, 030pPOEHHSM Ta Pi3HU-
MH 3amacaMH, MPHU3HAYEHUMHU IS TPUBAJIO]
KpPYroBoi 000pOHH.

3 mepexoloM BiJ pabOBIACHHUIIBKOTO 10
(dheomanpHOro JIaay i SMEHIIICHHSM YUCEIBHOCTI
apMiii  MHCTEUTBO OyAIBHHULTBA MOJbOBUX

ISSN 2522-4182

YKPITUICHDb 3aHETalo.

B XI - XV cromtrsix B KpaiHax 3axigHoi
€BpolM  IIMPOKOTO  PO3MOBCIOKEHHS 1
BEJIMKOTO 3HAUYCHHA HaOylIH 3aMKu, (oprer
(puc. 5), ykpimieni Mmicta i MoHactupi. Bci
BOHM OyqyBaJUCh 3 MEPEIyMOB 3aXHUCTY BiJ
3ac00iB ypaXeHHsI BiIOMHX B TOW mepioa. 3
YTBOPEHHSM a0COMIOTUCTCHKUX (eoJalIbHUX
JepKaB YKPIIJICHHS CTaJld 3BOJUTHUCS 3a
€/IMHUM IUIAaHOM B iHTepecax 00OpOHU KpaiHH,
0 3aKaJaJo CHCTEeMaTh3alii 3HaHb y I
raiysi.

Puc. 5. doprerii. a - binropoa-uicrposcbka [11]; 6 — Kam’ssnenp-Tloainsceka [11].
Fig. 5. Fortresses: a — Bilhorod-Dnistrovskyi; b — Kamianets-Podilskyi.

deonanbHa PO3IPOOIICHICTL 1 Oe3mepepBHi
KOH(JIIKTU MDK TOpPIOBUTUMH JIMIAPAMHU -
JIBOpSHAMH ~ TIPU3BEIH [0 BEJIMKOTO
nomupeHHs B enoxy CepeHbOBIYYS 3aMKOBOT
apXiTeKTypu. SIKmo0 B TONEpeaHi Tmepiogu
rojoBHi 3ycwuist  ¢opTtudikatopis  Oynu
CIPSIMOBaHI Ha 3aXHUCT MIiCT a00 X CTBOPCHHS
¢GopTiB 13 HEBEJIMKUMHU TapHI30HAMH, TO B
nepion CepeaHbOBIYYSI caM€ 3aMOK CTae
T'OJIOBHOIO OOOPOHHOIO CIIOPY/1010. 3aMOK (pHC.
6) — me i KXUTIOBUH OyAMHOK, 1 dopTens, i
CTOPOYKOBU MYHKT TomIo [12].

XIV cTomiTTs cTamo TEepeioMHHM dYepes
NosiBY HOBOTO  (akTopy  YpaXKeHHS -
BOTHENaJIbHOI 30poi, sIKa CYTTEBO 3MIHIOE
YSIBJIIGHHSI TIPO BIMICbKOBE MUCTELTBO Y BCiX
Horo ramyssx, 1 00OpOHHa apxiTeKTypa Maja
pearyBaTd Ha HOBY CHUTYallil0 HaCTUIBKU
IIBUJKO, HACKUIBKA 11  MOXIHUBO Y
OymiBenbHiN crpasi [2]. 3 kiang XV CTOTITTS

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025

30posipi HABYHITUCS BiIJIMBATH YaBYHHI s/pa, a
rapMaTH OCHAIIYIOThCs JaderaMu, JO SKHUX
NPUKPIIIIN KoJeca, 0 T03BOJIMIO apTuiepii
cratd MoOiTBHOMO [13].

3BeeHHS  QOpPTHUQIKAMINHUX  CIIOPY.
notpebye 3HAYHO OunblIe dYacy, HIK JUTTS
rapmMar. Sk TUIBKM TapMaTH  MOYaIH
BUKOPUCTOBYBATH TIPU MITypMax (opTelp, ix
Mimi OyJio SIBHO HEAOCTATHBO ISl 3aXHCTY.
Crepury po3noyanu 301IbIIYBaTH BUCOTY BEXK
Ta CTiH, MOTOBIIYBAaTH CTIHM JJI CHIPUHHITTS
YpaXXeHHsI apTWIEpi€lo, OONAIITYBaHHA Ha
CTIHaX BEX 31 CTPUIBHHUIIIMU Pi3HOMAHITHOT
KOHCTpYKLIi (Haifuactime 3 KpyriuM abo
KJIIOYOMOMIOHMM  OTBOPOM) ISt PYYHOL
BOTHENAJNbHOI 30poi, 10 J03BOJISIIO JOBOJII
YCHIIITHO TMPOTUCTOSTH PaHHIM TapMaTaM.
CrpinpHuni Oynu Bpi3aHi 13 BHYTPIIIHBOTO
OOKy y TOBIILY MYpY 1 Maiil OpyCTBEp, Ha KU
MO3KHa OYJ0 criepTu 30poto.
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LOHXOH

uuTagens

KBafpaTHa
BEXa

3amKoBa
Lepksa

KypTuHa (npacno) KBaAPaTHa BEXa

(6pama)

KyToBa Kpyrna
BeXa

Puc. 6. Bynosa THIIOBOTO CEpeMHBOBIYHOTO 3aMKYy. [12]
Fig. 6. Structure of a typical medieval castle.

OnHi€er0 3 TepmMX BiIOMUX Tpanb 3
doprudikamii y XVI cropiyui mo mpaBy
BBAXXAETHCSI pOOOTAa HIMEUBKOTO XYAO0KHHKA,
MaTeMaTMka 1  TEOpeTMKa  MHUCTELTBa
Anwbpexta [{ropepa (Him. Albrecht Diirer, poxu
xuTTs 1471 - 1528) mig HazBoro “Hacranosa 10
VKpIIJICHHST MICT, 3aMKiB 1 Qoprens”’, sKka
HagpykoBaHa y 1527 porti. Xyn0KHUK Y35BCS
32 If0 TEMy IIiJl BPaXCHHSIM BiJ MOSIBU
BOTHEMAaIbHOT 30poi.

Iz pobGora Hammcana Oyna AnbOpexTOM
JlropepoM, cHHMpar4uch Ha JOCBiA BEIMKOL
KIJIBKOCTI BOEHHUX KaMIIaHIH, CBIZIKOM SIKHUX
oMy noBernocs Oyru. B Hil 3Halinum cBoe
B1J1I0OpaXKeHHS TYMKH 6e3nocepeHIX
YYaCHHMKIB BOEHHMX KOMIAHIA Ta MO
HIOpHOEP3bKUX 30pospiB, 1 3BICHO X BIACHI

imei  [opepa  mogo  apXiTEKTypHOTO
mIaHyBaHHS. Imei mi BUSBWINMCA HACTUIBKH
IUNAHUMH, M0 iX 1€ [OBa  CTONITTA
3am03U4yBaIN 1HXeHepu-popTHdiKaTopu
pi3HuX KpaiH €pponu. Hanpuxnan,

3ampoIIOHOBaHI HUM pPOHJEN (BIH Ha3BaB ixX
OacresiMH) — BEJTUKI CHOPYAH, 110 MaJld Haropi
BIIKPUTY TapMaTHy IUIOMIAAKY, Oyiu moOpe
3axuieHi 3 ¢poHTy 1 Quanris, i Mornu OyTu
3pyHHOBaHI JIMIIIE 32 IOMOMOTOI0 MiH, — OyJIH
pearnizoBani y ¢popreni enns-bokapa y Beponi
Tta y opremi micra ladraysen y IliBHiuHIN
[Befinapii. ropepy >k Hamexarb 1 iHII
MPOTIO3MILIi, SIKi Mi3HIIIE BUKOPUCTOBYBAIHCS
npu 3BeIeHHI PopTU(hIKALIHHIX CIIOPY, — THII
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6apau3an

OcHOBHi enemenTH
CePeAHbOBIYHOI 060POHHOI
6awT

MepnoHu

3ybuacTuit
napanet

Mawnkyni

winunka Giftwmys N
Knoyosa bitkuus

KPYTJIOTO dopry-3acTary,
YKPITUICHHS TOIIIO.
bacres (depe3 mon. basteja, HimM. Bastei Bif

KBa/IpaTHE

iTam. bastia) [14] - MPU3EMHUCTA
¢doptudikamiitna OyaiBisg, NpU3HAYEHA IS
BUKOPUCTAHHS BOTHENMaJbHOI 30poi, uus

dopma 1 posmimieHHs Oyaud 1O Bsi3aHl 13
PO3BUTKOM 00JI0T0BOI apTuiiepii. Mana ¢popmy
MiBKOJIa, TMIJKOBH 4YHM OaratorpaHHy, Oymna
BUCYHYTA TepeJl KypTUHOIO 0OOPOHHOTO MYpPY
3aa i1 3axucty (PIaHroBUM OOCTpijioM 3
BOTHENaNbHOI 30poi. Mana BiIKPUTY TOPXKY -
HE Maja 3aJHbOl CTIHKA JJIS IIBUAKOTO
MPOBITPIOBaHHS OOWOBUX TO3MIIN  micis
MOCTP1ITY.

[TosiBa BornHemanpHOi 30poi Ta apTuiepii
CYTTEBO BIUIMHYJIA HE JIMIIE HA KOHCTPYKIIIO
doprudikamiitanx ~ cmopya. B gacTtuHi
noBrorpuBaiioi  ¢oprudikamii  3MIHUIUCH
npodini oropomkeHHs GopTens 1 MiAX0Iu 10
iX KOHCTPYKIIii, SIK HACNIIOK, II€ MPU3BEJIO JI0
notpedu B CyTTeBI a00 MOBHIH iX mepeOyI0Bi.
Tak camo 3MiHWIIACh 1 MTOTKOBA (hOPTHQIKALTIS.
3’SABUIIMCS TIEPEPUBYACTI, a MOTIM CYIIJIBHI
JiHIT yKpITUIeHb 3 HAaCUITHUX (hopTUdIKaIiHHUX
cropyn. Tak, itamiiicbkumu imkeHepamu J[x.
Mamxki, M. Can-Mikene, H. Taptamps Ta
iHIMMU OyJl0 BHCYHYTO MPOMNO3HMIii, II0A0
BJIOCKOHAJICHHSI OropokeHHs ¢oprens. Crif
BIJI3HAYUTH, MO0 iX poOOTHM Oa3yBalMCh Ha
HIMEIBKIA 1HXCHEPHIN KO, 3aCHOBHHKOM
SIKO1 110 TpaBy BBaXkaeThcsi AbOpexT Jropep.
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Y XVI - XVII cr. Bnepuie 3’ABIS€ThCA
TepMiH  “dopTudikarisn’. DpaHIy3bKHHA
BIHCHKOBHI  iHXeHep, Mapman Dpanuii

Cebactoen Jle Ilperp, mapkus ae Boban (¢p.
Sébastien Le Prestre, marquis de Vauban; poku
KUTTS

1633—1707) Buiepiire y3araJibHUB HAKOITHICHHHA
J0CBiJ 3BeleHHS QopTudikauifHUX CHOpyx i
3ampoOIOHYBaB PO3AUIMTH iX HAa TOJbOBI 1
noBrorpuBaii. Po3poOuB cuctemy yKpirnieHb
KOPJOHIB Ta OTOYMB KOPOJIBCTBO KIUIBIIEM
notykHux ¢Goprenp [15-18]. Lla cucrema
oTprMalia Ha3By ‘“‘3ami3Huid mosic” BobaHa i 1o
kinug XVII  cromitrs 3pobmia  dpanuiro

SEPTIEME BXEMPTE

¢
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»/
X a9 // 2 o > ]
N 7 /~"tranchée de
2eme paralléle s > == | 7 communication/
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e \ " w~_angle de tir/ o~
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| S
'4/

Maiixe B TOi camuii 4ac TOMITHUNA BHECOK
y TEOpilo 1 MpakTUKy popTudikallii HaIeKUTh
TOJUTAaHJICBKOMY  BIHCBKOBOMY  1HXEHEDPY
6apony Menno Ban Kyropny a6o MinHo ne
Keropny (poxku xwurtsa 1641-1704), sxuit
pPO3pOOHMB CUCTEMY MPHUKPUTTSA JIeP>KaBHHUX
KOPJIOHIB MUISXOM 3BEACHHS JiHIT (hopTels,

OPOMDKKM ~ MDK  SKHMH  3aIOBHIOBAJIUCS
II0JIOBUMU YKPITUICHHSIMHU abo
3aTOTUTIOBAJIHCS.

Mins ¢opreus Kyropn O6aumB y Benukii
KUTBKOCTI BUCTYMAIOYUX OAacTiOHIB, MPUYOMY
KOKHA 30Ha CTIHH MMOBUHHA OyJa 3aXHINATHCS
MpUHAWMHI JBOMa 30HAMH 3 SIKUX BEJIOCh
BOTHEBE ypa)KeHHsI, a cami 0acTioOHN Mau OyTH
ABTOHOMHHUMH, 1100 B3STTS OJHOTO HE Mallo
BITMBY Ha 3aXUCT IHIITHUX.

Kyropna Ha3WBaJIN “roJuTaHACEKUM
BobGanom”, xouya BiH caMm OyB MPOTHBHHKOM
Bo6ana i B 1692 ycmimHo 3axuIaB BiJ HbOTO
¢opt Bimerensm y Hamiopa, moku He OyB

BiJIpi3aHUH Bl JOMOMOTH 1 3MYIICHUH
371aTUCH.

B meit mepiom 3araibHMA miAXig 10
3BeICHHSA (QOPTEIh CYTTEBO 3MIHIOETHCS.
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HEBPA3IMBOIO JUIS 30BHINIHIX BoporiB. Horo mo
npaBy  MOXKHAa  BBaXaTH  OAHUM 13
HaBU3HAYHIIINX BiICBKOBUX 1H)KEHEPIB CBOET
eIOoXHU.

Came wmapku3zy 1ne BoOaHy HanexuTh
CTBOPCHHS MEPIINX 1HKEHEPHUX MiAPO3ILIIB —
canepiB. Cama Ha3Ba camep MOXOJUTH 3
dpaniry3pKkoro “sape”, 1m0 NEPeKIATAEThCA K
- MOTHKA, IIJIKON. Y TOH Yac 3 ’SBISETHCS
MOHATTA ‘“‘TMXa cama”’, SKHM Ha3HWBalOTh
Hi3€MHY TpaHIICIO, MPOPHUTY OO BOPOKHX
VKpIIJIEHb 3 METOIO iX MiJPUBY.

Huxde Ha puc. 7 HaBeIEHO CXeMy IITypMYy
dopTenp 3a TOMOMOTOI0 1HXEHEPHUX CIOPY,
Ky 3anpornoHyBaB BoOaH.

Puc. 7. Cxema mTypmy ¢opTelli 3a JTOMOMOTOIO
IHKEHEpHHUX Cropyxd 3a MeronoM BoOawna.
[15]
Fig. 7. Scheme of storming a fortress using
engineering structures according to the
Vauban method

3’ABNAE€THCS HOBHI BUJ 0acTiIOHHUX (hOpTEILb,
3arajibHI CXE€MH SIKMX HaBEJICHO Ha puc. 8.

Puc. 8. Cxemu Oacrionnux ¢oprens. [11]
Fig. 8. Schemes of bastion fortresses [11]
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baction (¢p. bastion, itran. bastionato -
“BcsiKa BHCTYIaro4a criopyna”, Bij jgat. Bastilio
- “Oymyro ykpimieHHs”) [14] — m’aTukyTHA
noprodyacHa  (dopreuna) abo  MOIBOBa
dboprudikariitna crnopyaa, 1Mo 3BoAMIACA Ha
KyTax (OpTEUYHOI OTOpOKi, MpU3HAUaIacs s
BOTHEBOT'O 3aXHCTy MYpiB, POBIB i 00CTpity
MICIIEBOCTI Oe3nocepeIHbO nepen
YKpirieHHsM (puc. 9).

JIBi mepeaHi cTOpoHU 0aCTiOHY Ha3UBaIHCA

dbacammu, naBi OiuHi - (IaHKamMu, TUJIBHA,
3BepHEHa J0 (opTeli CTOPOHA - TOPKEIO.
bactionn nmo3Bossuin Otk €(PEKTUBHO

oOcTputoBaTH 3 (puaHry
MIJCTYIH 10 KypTHHHU.

Kyptuna (itan. cortina - “3aBica”) [14] —
cepefHs dYacTuHa (OpTeYHOro OACTIOHHOIO
¢bpoHTy, MO 3’€aHYE (QUIAHKK CYMIXKHUX
6acrioniB (puc. 9). Kypruna 3a3Buuaii Oyna
00’€KTOM aTaku OOJIOKHUKIB, SIKI MpParHyiu
3poOUTH B HIH MPOJIOM AJS IITypMy. Y KiHII
XVI cropiyus nepe KypTUHOIO CTaJIU 3BOJIUTH
0COOJIMBY CIIOPYy - paBelliH, SKHi IPUKPUBaB
KYpTHHY BiJ BOTHIO 1 YTPYIHIOBaB aTaky. 3
I[BOI'0 Yacy aTaka cTajla CIpPSMOBYBaTHCS Ha
0acTIOH.

(pmankyBath)

Puc. 9. 3araipHa cxema OacTioHy.
1 — ¢nank; 2 — mneue; 3 — dac; 4 — BUXigHUN
KyT, 5 — OpwiboH; 6 — KypTHHa; 7 —
anmapens; 8§ — ropxa; 9 — Bamranr; 10 —
opyctBep; 11 — 6anker; 12 — kopmoH. [14]
Fig. 9. General scheme of the bastion.
1 — flank; 2 — shoulder; 3 — face; 4 — exit
angle; 5 — orillon; 6 — curtain; 7 — rampart;
8 — gorge; 9 — valgang; 10 — parapet;
11 — banquet; 12 — cordon.

Pageunin (nat. ravelere - “BigokpemiroBatu’)

- poptudikamiiina cnopyna TpukyTHoi Gpopmu,
sKa pO3TAlIOBYBajacsi TeEpen KypTHHOIO
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nornepeny GopTEUHOTO POBY B MPOMIXKKY MIiXK
OacTiOHaMH, IO CIYXKWIa JJIs MEPEXPECHOTO
oOcCTpiny miAcTymiB 10 (GOpTEeyHOro 0OBOAY,
MIITPUMKHA CBOIM BOTHEM CYCifHIX OacTIOHIB
(puc. 10).

Mypu paBeiHy, SK IpaBUIIO, OyJIU HA METP-
HiBTOpa HIKYE MYpIB LEHTpPaNbHOI (opTel,
00 y pasi 3aXOIUICHHS paBeliHy MOJETTIUTH
Horo 06CT\piJI.

Puc. 10. Cxema gactuan opTemi 6acTiIOHHOTO
tumy. 1 - 6acTion; 2 — KypTHHa; 3 — pOB;
4 — pasednin; 5 - rmacic. [14]

Fig. 10. Scheme of part of the bastion-type
fortress. 1 - bastion; 2 - curtain wall;
3 - moat; 4 - ravelin; 5 - glacis.

Pemroit (dp. reduit - mpurymok) [14] —
BHYTpIIIHE YKPIIUICGHHS, CHOPYKyBaHE B
3IMKHYTHUX YKPIIUICHHSX IS X TOCWJICHHS 1
000  BCepeIMHI OCTaHHIX, YUM JEII0
BIIpI3HAETHCS BiA peayry. CrodaTtky pemroiT
CIY)KMB ~ TPHUTYJIKOM Ui TapHi30HY,
aTaKOBaHOTO 1 MPUTUCHYTOTO 3 ycix OokiB. ITifg
PEIIOITOM  pPO3YMIETBCS  TAKOXK  OCTAHHIN
000pOHHUI OMOPHHI MYHKT Y BUTJISAI MAJIOTO
3MIITHEHHSI, MOMIIIEHOTO BCEPEINHI IHIIOTO,
OUIBIIOTO, SKUA € OCTaHHIM  OIIOTOM
3axUCHUKIB. Hampukman, y — KJIacH4HId
dboprudikamii MUTaACIb € PEIIOITOM (OPTELi.

Y XVII - XIX CTONTTAX TMOHATTS
“tdoprudikariis” OXOIUTIOBAIO BXE HE TLIbKU
CTBOPEHHS 1 3acTOoCyBaHHS (opTU(IKALIHHUX
CIOPY/I B CUCTEMI 3MIIHEHHS MICIIEBOCTI, aJie 1
OyIIBHHUIITBO BIMCHKOBUX JOPIT, MOCTIB,
BJIAIITYBaHHSI TIEpernpaB 1 3aropoKeHb,
BEJIeHHs o0sorn 1 oOopoHH  (opTeip
(YKpiMJIeHUX MiCIlb, MOHACTUPIB), MACKYBAHHSI.

BaxnuBicthb 0acTioHIB 3MEHILINJIACS
HanpukiHi XVIII cromitrsa, koimu modamu
OyIoyBaTH KaroOHIpH, 3BEICHHS SKUX HaOylo
posnoBcromkeHHs 'y XIX cromitri. Kamonip
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OyB HEBEIMKUM, 3 TMOBHICTIO MOOYIOBaHUM
o0JIaJTHAHHAM, NPU3HAYEHUM MJis OJIM3BKOTO
3axXHCTy POBY 4H 1HIIOT 00OPOHHOT JIiHi{ ITif] 9ac
ITYpMiB BOpOTa.

Kanonip (¢p. caponniere — “nHima”) —
dopTtudikamiitna crnopyna, mo 3abe3neuye
BeJleHHS (IaHroBoro abo  IMO370BKHBOTO
(KOCOMPHIILTEHOTO) BOTHIO B JBOX
MIPOTUWIIC)KHUX HamnpsMkax. Kanonip 3a3Buuait
BCTAaHOBIIOETBCS  SIK  Ka3eMaTHa cCropyaa
Ba)KKOT'O THITY B CUCTEMI MOJHOBUX MO3UIIIN Ta
JOBFOTPUBAJIMX YKPIIUIEHP Ha 3BOPOTHHUX
cxmiax abo 3a maropbamMu Ha MiCIICBOCTI.

OkpiM KamoHipiB iICHYBaJM Taki (praHKyroul
cnopigHeHi cnopyau [19]: HamiBkamoHip -
¢nankyroua cropyAa Juii BEACHHS BOTHIO Y
OJTHOMY HAmpsSMKY; BIIKPUTHNW KarloOHIp -
BIIKpHTa 3BepXy uyacTuHa Qopremi, 10
BUCTYIA€ Yy PiB [UIsl BEJECHHS BOTHIO Yy OJHOMY
abo J[BOX HampsMKax; KOCHUH KamoHip -
KaroHip, 110 3BEJICHO 1]l HEMIPSIMUM KYTOM 10
Bay  ¢opTeui; TWIBHUH  KamoHip -
JIBOITOBEPXOBA CIOpYy/Aa y THJIbHIM 4acTHHI. 3
HOro HM)KHBOT YaCTHHU MPOCTPIIIIOBABCS PiB, a
3 BEPXHBOI - MICIICBICTh MIXK IIEF0 0OOPOHHOIO
CHIOPY/IOK0 Ta CYCIIHIMH.

B meit mepiom 3’SBASIOTBCS Pi3HI BUIH
CHopyA TodboBOi  (opTudikamii: penyru,
JIFOHETH, IIAHI{l TOLIO ...

Penyr (dpp. redoute — “yxputTsi, onmopHHiA
nyHkT”) —  doprudikamiiine  yKpirIeHHs
3aMKHEHOro0 BMJy, SK IpaBwio (ane He
O0OB'I3KOBO) 3EMJIIHE, 3 BaJlOM Ta DPOBOM,
MPU3HAYCHE ISl caMocCTiiHOi oboponm [20,
21]. BbynyBaBcs uyactime Bcboro B (opmi
YOTHUPUKYTHUKA, XOYa ICHYBaJIM 1 H'ITU- Ta
IIECTUKYTOBl ~penyTu. 3a3Bu4aii MaB B
noBxkuny 50-200 KpokiB, 3aleXHO BiJ
YHCEIBHOCTI TapHI30HY, 110 HapaxoByBaB 200—
800 uomnogik. Pexytu Bimomi 3 XVI cromiTrs,
mHpoko BukopucroByBaiuch B X VII-XIX
CTOJIITTSX B POJII OMIOPHUX MTYHKTIB.

Penytu cknanamucs 13 30BHIIIHBOTO POBY 1
BaJly 3 3€MJISHOIO CTYHiHHIO. Ban yTBOpioBaB
yotupu ¢acu: (HpoOHTOBHM, 1Ba OOKOBUX 1
rop>keBUil (3 TUJIBHOI CTOPOHHM), MPHUUOMY 32
OCTaHHIM BCTAHOBJIIOBAJIM HacuIl (TpaBepc)
JUTSL obcTpimy  Bopora,  S[KIIO  BiH
HaMaraTUMETHCS] BAKOPHCTATH MPOXi/I.
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Jlronet (¢p. lunnette, OykB. — “ManieHbKUI
Mmicsp”) — noaboBa GoprudikaniiHa cnopyaa,
mo ckiaaganacs 3 1-2 daciB ta 2 ¢naHkiB 1
BiZKpuTa 3 THIY [19].

[Manens (wiMm. Schanze -  “okom”,
“yKpimieHHs”) - 3eMIIsTHa I10JIbOBA
dopTtudikamiitna  cmopyga, fKa  CIYyrye

3aXUCTOM BIJl OOCTpUTY CTaHIIIOHAPHOI YH
TEXHIYHOI  apTuiepii, abo ypaxkeHp 3i
CTpLIIELbKO1 30pOi CYyITPOTUBHUKA.

VY mmpniomy 3Ha4€HHi, MIAHII - 1€ 3arajibHa
Ha3Ba MOJbOBHUX Ta BIMCHKOBHUX YKPIIUIEHb Y
[TiBuiunili €Bpomni 3 Ili3HROTO cepeTHBOBIYYS
1o nouatky XIX cromitra. 30kpema, moaiOH1
VKpIIUIEHHST HaOynM TMOIIMPEHHS B Yacu
rpomaasHcbkoi BitiHM B AHTHIT B X VII cTomiTTi
(puc. 11).

Puc. 11. Anrmniticekuii manens 1627 poky B
Hinepnannax. [19]

Fig. 11. English trench of 1627 in the
Netherlands.

bnokray3 (uim. Blockhaus — “nim 3 xonon™)
— ¢opTudikauiiiHa crnopyaa, Npu3HayeHa AJs
BEJICHHS KpYyroBOI'O CTPILIELBKOTO i
apTUIIEPIIICHKOTO BOTHIO, 8 TAKOXK MMPOKHBAHHS
rapHizony [22].

brokray3su OymyBanu cmepiry i3 jaepeBa
(puc. 12), mpo 10 CBITYUTH MOXOKEHHS ITiET
Ha3BW, aje 3 YacoOM CTaJld 3aCTOCOBYBATH:
KaMiHb, OeTOH, cTaib. JlJI1 BEJICHHS BOTHIO
OJIOKTay3W  OCHAIIYIOTBCS  amOpa3ypamu.
Jepes’sHi OJIoKTay3u y MOJIbOBIN
doprudikamii Bmepmie Oyau  3aCTOCOBaHI
pyCcChKOI0 apmiero y 1778 porri.

191



ISSN 2522-4182

Puc. 12. Briokrays 3 nepeB’stHux 6pycis. [22]
Fig. 12. Blockhouse made of wooden beams. [22]

VY noBroctpokosiii poprudikairii O10kray3u
3aCTOCOBYBAJIMCS TOJIOBHUM  YHHOM  JJIS
MPUKPUTTS MOCTIB, NMPU OOOpPOHI Yy MicCTax,
JCUCTO-00JOTUCTIH ~ MICLEBOCTI, TIPCBKUX
mpoxoJax 1  CHUCTeMi  JIOBFOCTPOKOBUX
VKpIiIJIeHb. bBIIOKray3m 4acTo 3BOAMIIHCH SIK
3aMKHYTI CIOPYIM BCEpEIUHI YKPIMJICHb
(popTenp), abo IHMHMX OCOOIMBO BAXKIUBUX
MICLISIX, SIK OCTaHHIH pyOiK 0OOpOHH.

Craix okpeMo TPUAUINTH YyBary i Hamomy
ko3auTBy. Ko3aku mnepmuMu BHKOPHCTAIN
METOJI BUKOITYBAHHSI IIAHI[IB, KA BUSBHBCS
HaIWHIIIM CIIocoooM 3aXUCTY BII
CTPUISSHUHU B CTENOBii MicmeBocTi. Ko3ambki
[IaHIIl CKJIAJalucs 3 OKOIIB, POBIB 1 M, 1€
KO3aKHu XoBajwcs Bij oOctpiry. KoxkeHn ko3ak
MOBUHEH OyB MaTH MpHU €001 J0mary-KUpKY,
mo0 HaBiTh mig Yac 000 MOXHa Oylo
CIIOPY/AMTH IIaHEeIb YU iHIIe yKpirieHHs [23].
VYMIHHS IIBUIKO 1 SKICHO 3BECTU 1H)XKEHEPHI
yKpirieHHsT Oyno Ui KO3allTBa, 3 OTJIsAAy Ha
JacTy IepeBary Cuj BOpora, TUTAHHIM KHTTS 1
cmepti. bormman Bigmiuas, mo 500 tatap He
HaBaXXyBaJMCh atakyBatu 50-60 K03aKiB, SIKIIO
Ti 3HAXOIMJIMCH MiJl 3aXHUCTOM Tabopy, a CTO
KO3aKiB B TaOOpi MOXYTh BIIOWUTHCA 1 BIJ
tucsyi mossikiB. I1ix gac 60t0, 0c0O6IMBO MPOTH
030POEHUX MOTYKHOI apTUIIEPIEIO TIOJSAKIB Y1
TYpPOK, KO3aK{ JIATaly MiJ BO3M U CTPUIIN
nexadn. Y paszl HEOOX1THOCTI BO3H 3aCHIAIIA
3eMiIeto abo B3araji BKOITyBaJH B IPYHT [23].

3 Jlitonucy Camiiina Benuuka Bijjomo, 1110 y
outBi mig XKotumu Bomamu y 1648 por,
Bilicbkko Peui Ilocmomuroi Ta yKpaiHChKe
KO3aIlbKO-CEeJITHChKE BIHCHKO Tl TPOBOJIOM
bormana XMenbHUIIBKOTO OTOYYBajdud CBOI
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00031 OKOIIaMH, JI¢ TEepediKyBajdu TapMaTHi
00CTpisK, 00OPOHSUIUCH, TA 3 SIKUX MTEPEXOTUITH
y Hactyn: “Ilonsiku Ha TIOJITOPH THUCSYH
CBOET0 CTPATHUBIIU TOBAaPHUCTBA, 3b BEIUKUMb
ObactBOMB 1 paHamMu 30CTanu  BBrHAHU
mabJIsIMH 10 OKOMy cBoero” [24].

[Tlin wac ximpkox BiH XIX cropigus
(Kpumceka BiiiHa 1853-1856 pp., dpanko-
npycceka BifiHa 1870-1871 pp. 1 pocilicbko-
Typenpka BiiiHa 1877-1878 pp.) y 3B’s3Ky 3
MOSIBOKO HAPI3HOI 30poi mmie OiuMbIuX 3MiH 1
MOJaJbIIOr0 PO3BUTKY HabyBae TMOJIHOBA
doprudikamisi, ska  HadyBae  BUTIIAILY
CYLTbHUX TO3HUIIIH, 110 CKIIaJat0ThCS 3 OKOIIIB,
BOTHEBHUX IIO3UIIH, OJMIHJaXIB Ta IHIIHX
yKpuTTiB. Jl0 3BElNEHHS YKpIiIUIEHb CTalu
3aJTyyaTHCs HE JIMILE CarlepHi MiApOo3aLIH, aie 1
iHII  BiliCbKa, IS 4YOrO0 BOHU OTPUMAIH
HIaHIEBUN IHCTPYMEHT. JoBrorpusaina
dopTudikaiis TaKoK 3MIHIOETCS, Y 3B S3KY 3
MIJBUILIEHHAM JaJIeKOOIMHOCTI apTuiiepii OyB
po3po0iieHuit HoBuii TUN HopTOBUX (hOpTELH 13
BUHECEHUMHU BIIEpe]] IBoMa mnoscaMu (opTiB 1
YKPIIJICHHSMU B IPOMIXKKaX M1 HUMH.

Jnst 3axucty Big Opu3aHTHHX 1 QyracHHX
CHapsAiB, sKi Oynu cTBOpeHi HampukiHii XIX
cTopivus, mija yac OyaiBHUITBA (GOPTELH CTATU
3aCTOCOBYBAaTH OETOH 1 OPOHBOBI KOHCTPYKIIIi,
IO BHAMArajo IOAajbIIOr0 PO3BUTKY Teopii
doptudikamii. Jlo mouatky XX cropiyus Bce
e BHUIUTAJIOCS B  CaMOCTIHY Taiy3b
BiliCHKOBO-1HKEHEPHOTO MUCTELTBA, a
TEOpEeTHYHA Ta MpaKkTUYHA obmacri
3actocyBaHHs QopTudikamnii Oymu oOMexeHi
NUTAHHSIMH BIIAIITYBAHHS YKpIIJIEHb Ta iX
BUKOPHUCTAHHSI.

IcToTHI 3MiHM B morysgax Ha popTudikaiito
BiOymnucs micist PociiicbKO-STOHCHKOT BIHHU
1904-1905 poxkiB. BIiliCbKOBI  MTOBCIOJHO
BIIMOBJSUTMCS  Bil ~HacuUmHuX  (optudi-
KaliiHuX cropys (peayTiB, JIOHETIB, MIAHIIB
TOMO) 1 Tepednum a0  3ariaubJIeHHX
o6oponHuX criopya. [TonboBi ykpituieHHs 0yi1o
3ampornoHOBaHO OynyBatu B 2-3 iHil Ha
rouHl 2-4 KM 1 MaTth THJIOBI 0OOOpOHHI
no3umii. Pa3omM 3 TUM OCHOBY CHCTEMH
MPUKOPAOHHUX Ta IPUMOPCHKUX YKPIIUICHb, SIK
1 panime ckimagamu JOBrotpuBam ¢oprudi-
KalliliHi criopyu - gopTeti.
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HacrynHuii Benmukuii etarn 3MiHU KOHISTIIIT
dboprudikamitnux crnopya BigOyBcs mij dvac
nepuioi  cBiToBoi BiitHM (1914-1918 poxmn).
Biitna mpuHecna 6arato 3MiH K B MOTY>XHICTh
1 MampbHOOIWHICTE 3acO0iB ypakKeHHS TakK 1
BHUSIBHJIA HEJIOCKOHATIICTh OOOPOHHUX JIHIH,
mo Oa3yBaluch Ha CcUCTeMi  (OpTelp.
binbmicte poprens benbrii, @panmii Ta Pocii
B X0/ 11i€1 BIfHU OyIM 3aXOTUIEH] Micst JOBOJI
HETpUBAJIOr0 omopy. Jlume neski 3 HUX
BUTPUMAJIM TPUBATY O0JIOTY, a (paHIy3bKa
dopreus BepueH BuUCTOsUIA JIMIIE TOMY, IO
CTajla YaCTHHOIO 3arajJbHOT0 YKPIIJICHOTO
paioHny.

CyrTeBUX 3MiH 3a3Haia 1 TOJHOBA
doprudikaris. Bororoui apmii okomanucs mo
obuzBa 60oku 3axigHoro 1 CxiiHOTo (PpOHTIB Ta
(GaKkTUYHO 3YNUHWIM CYTTE€BE MPOCYBaHHS
nepe0yBaloyl  Tepesl BOTHEBOI  MIIIIIIO
cynpoTtuBHuUKa. [lepra cBiToBa BiiiHa yBiiiia
B ICTOPIIO SIK IIEpIlIa OKOMHA BiifHa. B xoni wiei
BIlHM, KOHCTPYKIISI OKOMNIB  IOCJIJOBHO
PO3BHHYJIACH BiJl MPOCTOI KaHABH O CKIIAIHOL
00OpPOHHOI CUCTEMM, OCHOBY SIKOi CKJIAJIU TPHU
OCHOBHI €JICMCHTH: JlaMaHa IIHIS OKOIIIB,
OpOTSIHI ~ IHXKEHEpPHI  3aropo/DKEHHS  Ta
KynemeTd. A janexoOllHICT,  apTuiepii
npu3Bena 70 MOTpeOu 3BeNeHHS TIHMOOKO
€IIeIOHOBaHOT OOOpPOHHOI JiHIT B  AKId
KUTBKICTb JIiHIH OKOIIiB 301JIBIITHIIACE.

Tunora JIHIS 000poHH, nepen
HEUTPAJIBHOKD  CMYIOK, Majla IepeloBY
MO3UIII0 3 3-4 JiHIA OKOIB y MOBHHH 3pICT
(puc. 13), Ha Bigctani 100 mMeTpiB OguH Bif
OHOTO, 3’€THAHMX YHUCEIBHUMH XOJaMHU
cnonydeb (puc. 14). UYepes 2-3 km
CTBOPIOBAJIACH JIpYra MO3MIIisl, TEX 3 TphOMa
TMHIIMA OKOMIB, 3a SKUMH pPO3ropTalach
apranepisa. TpeTs Tmo3WIis, SK TPaBHIIO,
HemoOynoBaHa, mependadanach BXE  Ha
BIJICTaHI rapMaTHOTO MOCTPLTy (4-6 KM).

3acTOCYyBaHHS pPY4YHUX TpaHatr, BEJIHUKOL
KUIBKOCTI KYJIEMETIB 1 apTuiepii BEIMKUX
KajgiOpiB Ha (POHTI MpHU3BENO 10 SKICHOTO
CTpHOKY B PO3BUTKY MOJIbOBOI (opTudikarii.
3axucT BiA apTHiepiiicbkoro o0CTpily craB
JKUTTEBO HEOOXIMHMM [UId IMXOTHHIE. B
OKOTax novyam BCTaHOBJIIOBATH
MPOTUTPaHATHI  CITKH,  IPOTHUIIPATHEIbHI
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KO3UPKH, OyayBaTu ONHAQXI - 3eMJISTHKH 3
KiTBKOPSTHUM TIOKPUTTSM

=) oy
I~ One rifle longth >3

Puc. 13. Cxema okomy (TpaHiei) 3 KepiBHAIITBA
JUIS TIXOTHUX Mipo3autiB Benukoi
Bbpuranii 1914 poxy. [25]

Fig. 13. Trench layout from the British Infantry
Manual of 1914. [25]

Puc. 14. Cxema oxomiB [lepmoi cBiTOBOI BiliHH.
[25]
Fig. 14. World War | trench layout. [25]
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JIEpeB’SHUMHA  KOJIOJlaMHA - HaKaTamH, 3
MepelyMOBU, 1100 Take MOKPUTTS 3MOrjio O
BUTpUMATU 6-mroiiMoBuil cHapsa (152.4 mm)
[25].

[upokoro mommMpeHHs HaOylIH JIOKaJIbHI
YKPHUTTS IS TIIXOTH, TaK 3BaHi1 “JTUCYl HOpH -
HIIIM, BUKOMNAHI B MEPEAHIH CTIHII OKOMy 3
pPO3paxyHKy Ha oJHy HoauHy. s ob6opoHu
ONMKHIX MiICTYMIB, BiJ OpycTBepa, CIOYaTKy
BUKOITYBQJIUCh BUHECEH! BIEpe] CTPiIelbKi
OKOITYMKH, a TIOTIM KyJIEMETHI THi3]1a, SIKi MaJlu
3a0e3neuyBaTd XOPOUIM CEKTOp (PpOHTAIIb-
HOTO 00CTpimy, 6€3 MEepTBOrO MPOCTOpY, HE
menme 200 xpokiB, orisg He Mmenme 1000
KpOKiB 1m0 (poHTY 1 (hIaHroBUH BOTOHb.
Ilepeans niHis TpaHIIEH - OKOMIB CIIOJIydanach
3 TWJIOBHMMH JIIHIAMH OKOIIB. Bl mimxomu mo
no3uuid Oyau NPUKPUTI MIHHUMH TOJSMH,
¢yracamu 1 KOJIOYUM JIPOTOM B KUIbKa PSAiB.
Ockinbku Onu3pbkuil  BHOYX CHapsja Mir
3pyiHYBaTH U1 TUISTHKY TPaHIIEH, TO X CTIHU
1 BIOJKOCHM TMOYald TMiJACHIIOBATH PI3HUMH
eJIeMEHTaMHU, B XIJ WIUIM: JOIIKHA, JpiOHI
JIepeB’siHI KOJIOJU, TUJICTEeHUH THWH, JIHCTOBA
CTallb, MIIIIKH 3 3eMJICIO.

Came nonarts OmiHgax (¢p. blindage, Bin
blinder - “nokpuBaT 3aciioHamMH, OpPOHIOBA-
TH’) - 3arnubieHa B 3emimo (opTudikariiina
criopyJia, Ma€ MillHE TIOKPHUTTS TMPUKPUTE
[IapoM TPYHTY, BIAIITOBaHE Ha OOMOBUX
MO3UIIISIX I YKPUTTS 0COOOBOTO CKJIATy Bif
apTUJIEPICHKOTO Ta I1HIIOTO BOTHIO TMPOTHB-
HUKA.

Jis  TUnoBUX JiHIA 00OpoHH, 1€ Oyna
MO>KJIUBICTh, MOYAJIM MAacOBO 3aCTOCOBYBaTH
3amizo0eToH Ta OpoHectanb. bymyBamu mniHii
dbopTudikaifHuX CcHopya 3 IMiABHIICHUMH
3aXMCHUMHU BIIACTUBOCTSIMH 3  3aKPUTUMU
BOTHEBUMH  CIIOpyJdaMHu, OJiHIaXaMd 1
KOMaHIHUMH  TyHKTaMH  Ta  IHIIAMH
MPUMIIIEHHSAMHA HEOOXITHUMHU 1)1 (DYHKITIOHY-
BaHHS, TIPOBOJIWIM B HHUX EJEKTPHUKY Ta
TenedOHHUM 3B’ I30K.

3a cmoragamu TeHepana bpycuinoBa, Ha
3a0o0104eHux auigsHkax Boauacwkoro Iomiced,
OKOITH BJIAIITOBYBAJM HaJl MIOBEPXHEIO 3€MIIi 3
KOJIOJ, MPHUKPUTUX 13 30BHIIIHBOI CTOPOHU
rpyaroMm. OcoOnuBa yBara TOpUIUISLIACH
MacKyBaHHIO MMO3HUIiH, 30€pEKEHHIO OKOIIIB BiJ
3aTOIUICHHS. PeTenpbHO TPHXOBYBATU MICIS
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po3TamryBaHHs ~ BOMpajeHb Yy  TOJIOBHIH
TpaHilei, TOMY 1110 BOHU YacTO OyJIi OCHOBHUM
00’€KTOM JJIs1 BOTHIO IIPOTUBHUKA (TaM 3aBKIU
OyJI0 CKYITYEeHHS COJIIIAT).

Sxmo Bifickka HAATO JOBrO nepedyBanu B
OKOIax, TO TMOIIMPIOBAIKNCH 3aXBOPIOBAHHSI
BUKIIMKAaHI  aHTHCAHITAPIEID,  PO3MOBCIOJI-
JKEHHSIM TPU3YHIB, TOCTIHHO MOKpHUMH Ta
XOJIOMIHUMH HOTaMH, a TaKOoX BOIIAMH.
XBOopoOM HE PO3pI3HSIM HaIIOHAJIBHOCTEH, 1
OOMJIBI CTOPOHU CTPAXKIAIA OIHAKOBO [26].
3’gaBuiacs 1 “OKOIHA TaKTHKA™ BEACHHS BIHHA
3 METO BHMOTYBaHHS TPOTHBHUKA Ta
BHUCHAXCHHSI HOr0 €KOHOMIKH, III0 MPAIIO€ Ha
nocrayaHHs (GpoHTy. [IpOTUBHHK 3arafsiBCs
apTUNIEPICBKUM BOTHEM B  YKpUTTHA, a
aTakyroua TMiXOoTa MIAXOAWIA  HACTUIBKH
OJIM3BKO 10 OKOIIB CYNPOTHBHHKA TiJ Yac
apTUIEPIChKOro 0OCTpITy, 110 BOHA BCTUTalla
Hicisl MPUNUHEHHS (TIEpEHECeHHs) apTBOTHIO
JNO00IrTM 10 HUX MIBHANIE, HDK O0OOPOHII
BCTHTAIM BIJKPUTH BOTOHb 31 CTPLICLBKOT
30poi mo arakyroumx. Hepigko misi 11p0oro
MIPOBOIUIIOCS IJTAHOMIpHE 30TMKEHHS
BJIACHUX OKOITIB 3 OKOIAMH CYIPOTHBHUKA.
BukonyBanu npuxoBaHi MmiA3eMHI TyHeli, L0
MIiIXOAMINA TPAKTHYHO BIPHTYII JI0 BOPOXKUX
OKOITiB, BUXIJ] 3 IKUX BIJIKOITYBaBCS TIJIBKHU i
4ac apTHiArOTOBKH JIO aTaKH.

BukopucroByBanach BelIMY€3Ha KUIBKICTh
aprunepiiicbkux cHapsaiB. [loku aTtakyroda
CTOpOHA TsTJa 4Yepe3 3pyHHOBaHY MPOPHUBOM
MICIIEBICTh apTHJIEPit0, OOETIPUTIACH Ta MXOTHI
HiAKPIIJICHHS, CTOpPOHA sIKa OOOPOHSIACH,
CIIMpAlOYnMCh HA HE 3pyWHOBaHI  JIiHIT
NOCTayaHHs, BCTUTala OpraHi3yBaTH HOBI
000pOHHI JTiHIi.

HeMOoXITHBICTh 110/10J1aTH YKPITUIEHY OKOTIa-
MU JTiHII0O 0OOOpPOHM CIIOHYKana 110 PO3pPOOKH
HOBHUX 030pO€Hb Ta 3aco0iB BeAeHHs OOI0.
Briepmie Ha moni 0or0 3’SBISIIOTBCA TaHKH,
IIMPOKO 3aCTOCOBYIOTHCS TUPMKAOII 1 JTiTaKH,
KyJIEeMETH, BOTHEMETH, 3€HITHI Ta MPOTHUTAH-
KOBI TapMaTH, MIHOMETH, TPaHATOMETH,
OomOoMeTH, JIajeKoOifiHI TapMaTH, pPY4HI
rpaHaTd, XiMi4HI Ta JUMOBI CHapsAu, OOHOBI
OTpYIHI PEUOBHHHU Ta MIPOTHUTA3H [26].

Sk 0aunMMO pPO3BUTOK O30pOEHHS BIUIMBAE
Ha ToJanblie YAOCKOHaleHHs (opTudikarii,
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sKa B CBOIO YEPry CIIOHYKA€E JO TMOJAJIBIIOTO
MOKpAIEHHS 3aC001B ypaXKeHHSI.

Tak, mosiBa TaHKIB MpHU3BEa 10 CTBOPECHHS
B CHCTEMi 3aropojKeHb CIEIiaJIbHUX DOBIB,
3aCcTOCYBaHHsI HaJOBOHIB, Oap’€piB TOIIO.

Jo xinug Ilepmioi cBiToBOi BiliHM CcKiIanacs
cUCTeMa TIOJbOBUX YKPIIUICHHX CMYT 1
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MO3MIINA, OCHOBOIO SKUX CTajlM TpaHIIEi,
oOnaaHani B OOHOBOMY 1 JIOTICTUYHOMY
HOPSI/IKY, @ TAKOK 3aKPUTI BOTHEBI CIIOPYAH Ta
YKPUTTSL.

Brnepmie  mouanm = BHKOPHCTOBYBATHCH
BOTHEBI MO3WIII Yy BUIIIAAI OpPOHEKOBIIAKIB
(puc. 15) [27].

20P7

Puc. 15. Bponekosnaku 30-x pokiB MUHYJIOTO cTOpivus. [27].

Fig. 15. Armored helmets from the 1930s. [27].

Y mepiog wmix Ilepmoro 1 J[pyroro
CBITOBUMH BiiiHaMu (opTudikaniiiHi cropyan
B OCHOBHOMY 3BOJIMJIUCH TSI 3aXHCTY KOPJIOHIB
1 B IpUKOPAOHHUX paiioHax. HamiTuBcs diTkuit
nepexig  goBrorpuBaioi Qoprtudikamii  Bifg
cucteMu Qoprers 10 HOBUX (hopM 000pOHH Y
BUIIIAA1 yKpituleHuX paiioniB. Hanpukinui 20-
X — 1mo4. 30-x pp. MPUKOPAOHHI YKPITIIEH] JiH11
Oynu cTBOpeHI B pAdl €BPONEHCHKUX KpaiH
(“Jlinis Maxwuno”, “Jlinia 3irdpuma”, “JlinHis
Mannepreiima”, “Jlinis MonoTtosa”).

Vkpimienuii paiioH - pailoH abo cmyra
MICIIEBOCTi, OOJIaIHAHI CHUCTEMOIO JIOBrOTpH-
BAJIMX 1 TOJIBOBHX CIHOPYA B TOEIHAHHI 3
PI3HUMH 1HXCHEPHUMHU 3arOpPOJDKCHHIMH Ta
MIITOTOBJICHI JIsl BEJICHHSI TPUBaAJoi 000pOHU
CHeliaJbHO MPU3HAYCHUMHU BIMChKaMU CaMo-
CTiiHO abo y B3aemomii 13 3arajabHOBIN-
CHKOBMMHU YacTMHaMH. bazyBanucek ykpimieHi
palioHH Ha By3JaX 00OPOHU SIKi CTBOPIOBAIIUCH
3 JIOBIOTPUBAJIMX BOTHEBUX CIIOPY/] TaK 3BAaHUX
JOT.

JloBrorpuBasna BorueBa Touka [28], Takox
3YCTpIYa€ThCS IOBMOTPHBaIa 0OOPOHHA TOYKA,
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ckopoueno: JJOT (anrn. pillbox) - kamitanpHa
3anmizo0eToHHa GopTudikamiitHa cropyaa s
INPUKPUTTS apTUJIEPIACHKOI YM KYJIEMETHOT
30poi, 11 00cmyru, mpu3HAYCHHS IS BEICHHS
JIOBroTpuBaiioi oooponu (puc. 16).

Puc. 16. IOT Ne 417 KuiBchbKOT0 YKPIIICHOTO
pationy. [28]

Fig. 16. DOT No. 417 of the Kyiv fortified
district. [28]

[ToxibHO A0 IHIIMX BUAIB JOBIOTPUBAIUX
doprudikamiitnux cnopyn, JAOT 3axuman
0co00OBHIl CKIag BiJ MPOEKTHUX 3aco0iB
YpaKeHHS Ta HaJaBaB IM MOJKJIMBICTh BECTH
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BOTOHb II0 TPOTHBHUKY uepe3 amOpasypH,
CIIOHCOHH 1 0aITOB1 HA0Y/IOBH.

Ha mouatky 30-x pokiB XX cropiyusi Bxke
BU3HAYAETHCS YiTKa Kiacudikaris
dopTudikamiitHuX Cropya B 3aJeKHOCTI Bif
3aco0iB ypaxkenns. Tak, JOT poszninsmu Ha
Taki rpynu [28]: 1- muimTa HOKPUTTS TOBIIUHOIO
1,1 M, dbpoHTANBHI CTiHK 1,5 M 3 MOHOJIITHOTO
3ai1300€TOHYy, TTOBHUHHI BUTPUMYBATH MOOIH-
HOKe ypakeHHs 203-MM cHapsoM rayouri
ta/abo 152-MM cHapsiioM rapMaty; 2 - IUIUTa
MOKPUTTS TOBHIMHOKO 0,9 M, GpOHTANIBHI CTIHU
1,35-1,4 M 3 MOHOJITHOTO 3ai300€TOHY,
MOBUHHI BUTPUMYBATH TMOOJAMHOKE YpaxKEHHS
152-mm  cHapsgom rayommi  Ta  152-Mm
CHaps/IOM TrapMartd; 3 - IUIMTa TOKPHUTTA
ToBIMHOKO 0,6 M, ¢ppoHTasbHI cTiHU 0,9 M 3
MOHOJIITHOT'O 3aJli300€TOHY, MOBHHHI BHUTpPHU-
MyBaTH  TOOJAMHOKE  ypaxkeHHs  122-mm
cHapsoM Trayounmi Ta 76-MM  CHapsaoM
rapMary.

[lapanensHo icHyBana kiacudikamis 3a
MPOTUXIMIYHOIO 3aXHINeHICTIO [28]: Tum “b” -
yci cropyaud 3 MPOTUXIMIYHUMHU (Te€pMETHY-
HUMU) IpUMIILIEHHAMU; TUI “M” - yci ciopyau
0e3 MPOTUXIMIYHOTO TpuMimeHHs. s
MpUKIaxy, cropyna ©0e3 MNpOTUXIMIYHOTO
OPUMIIIEHHS ~ TPYOM  3axuIIeHOCTI 2
MapKyBajach sk “M2”.

VY 20 - 30-x pp. 3a3HaNM ICTOTHUX 3MiH 1
MOTJIAIM Ha TOJhOBY doptudikamito. bymo
HiAHATE THUTAaHHS 3acToCyBaHHS opTHdi-
KaI[iiHUX CIOpYA B iHTepecax 3a0e3medeHHs!
BHUCOKOMaHEBpPOBHX 0OWOBHX Jiil. Buxonsuu 3
i1ei po3wieHyBaHHA OOHOBUX TOPSIKIB Ha
npiOHI Tpynu (po3paxyHKH), OyJo 3amporio-
HOBAHO BIJIMOBHUTHCS BiJi CHCTEMH TpPAHIIEH 1
MEPENTH 10 OKPEMHUX OKOIIiB 1 cIopy (IepeBo-
3eMJSIHUX, 31 30IpHOrO YM MOHOJITHOTO
3ai300eToHy a60 OeTOHY), sIKi MOBUHHI OynIu
00’ e THyBaTHCS 332 JOIIOMOTOXO XOM1B
CTOJIy4eHHSI B ONOpPHI IMYHKTH, € mependa-
qanocsi TaKOoX CIOPYMKYBaTH YKPUTTS ISt
0CO0O0BOTO CKJIQJy Ta BIHCHKOBOI TEXHIKH. Y
®pannii, HiMedunHy Ta 1HIIUX €BPOMEHCHKUX
KpaiHax B NMUTaHHAX MOJBOBOI (hopTUdikarii
MIPOJIOBKYBAIM JTOTPUMYBATHCS TOTJISAIB, 1110
ckiamucst mpotsaroM [lepmoi cBiTOBOi BiifHH,
TOMY KOHCTPYKILII 1 TUIH X dopTudikamiiaux
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CIIOPY/I B MICIISIBOEHHI POKU BEITUKUX 3MiH HE
3a3HaJIM.

[Tig wac pangsHCHKO-(piHCHKOT BiliHU (1939-
1940 pp.) BHepiie 3aCTOCOBYETHCS TEPMiH
nepeBo-3eMisiHa o0opoHHa Touka abo J[30T.
30T saBasB cO00 3aKpPUTY TOJBOBY
dopTudikamiiiny ciopyay A BEACHHS BOTHIO
3 KyJeMeTiB 1 rapmar, IO 3BOJWIACh 3
JEPeB’THUX KOJIOA 13 3aXHCHOI0 TOBIICHO 3
IpYHTY, KameHto, meOHio Tomo. B JI30Tax
CTIHM 3a3BHYail TaKOX pOOMIHCH MOABIHHUMU
3 yJallTyBaHHSAM MK HUMH 3aXUCHOI TOBILI 3
IPYHTY, KAMEHIO TOIIO.

3 nocsiny BiiiHu B Icmanii 1936-1939 pp.,
3’ sIBUJIACS TEH/ICHIIS bi (0] HIMPILIOTO
3aCTOCYBaHHSA NpU OO0JIaJHAHHI TOJBOBHUX
NO3UIIN  3a1i300€TOHHUX 1  OpOHBOBUX
KOHCTPYKIII, CTalu HaJaBaTh OLIBIIOTO
3HaueHHs  (QoprudikamiiiHii  MAroTOBI
NO3MLIH 1 paliOHIB PO3TaIlyBaHHS BIHCHK.

3’ABIAIOTHCS TaKl YHIKaJIbHI CHOPYAH SK
OpOTUTAaHKOBI BorHeBi TOouku abo IITOT
(puc. 17) [29]. bynyBanucst moniOHI criopyau
Oinss Jopir Ta Ha HampsMKax, Jie¢ IpOpPHUB
OpOHBOBAHMX MAIMH CYNPOTHBHHKA OyB
HaliMOBIpHILINM.

Puc. 17. [IpoturankoBa BorHeBa Touka abo
IITOT. [29]
Fig. 17. Anti-tank firing point or PTOT. [29]

bynyBamucr 1 iHmi  Qoprudikariiini
CHOPYAH, Taki SK: KarmoHIpW 1 HaMiBKANOHIPH,
tomo. HamiBkamoHip — 1ne dopTtudikaiiiina
criopyna, ska Bene (hIaHTOBUH BOTOHH B
OTHOMY  HamNpsMKy, KamoHIp ke MaB
MOJIMBICTh ~ BECTH  BOTOHb Y  JIBOX
NPOTHUJICKHUX HAMPSIMKaX.
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JoBrotpuBani QoprudikaniiHi crnopyau
THX 4YaciB OOJIAIHYBAINCh CIICIiaIbHUMHU
MEPUCKOTIaMH, PaliOCTaHIisIMH, Teae(oHOM, a
JUISL BHYTPIITHBOT KOMYHIKaIlii TeperoBOPHUMHU
TpyOamu.

Himenpka apmis Ha mouatky Jlpyroi
CBITOBOi BIHHM 3a3BHYail  OOMEKYBaIHCS
3aCTOCYBaHHSIM CaMOOOKOIYBaHHs 1
MPUCTOCYBAHHAM JI0 OOOpPOHH HACEJICHHX
MYHKTIB; JIMIIE TICJA MOpa3ku miag MOCKBOIO
BOHM CTaJd CTBOPIOBAaTH OOOPOHY, IO
CKiajanmacsi 3 JOBOX OOOpPOHHHX  CMYT
3arajgbHO0 ThHuOmHO 10-15 kM. PamsHCBKI
BiliChbKa B IMOYATKOBUW MEPioJ BIHHU IMIHPOKO
BUKOPHCTOBYBQJIM  MIATOTOBKY B  THIY
00OpOHHUX pyOexiB 1 JiHI oOopoHH
OIIEPaTUBHOIO 1 CTPATEr1YHOIO 3HAYECHHS; JJIs
iX BHAIITYBaHHS 3ajydalucs CIeLialbHi
dbopmyBaHHs Ta MicuieBe HaceneHHs. 3 1943
POKYy OCHOBHUM €IIEMEHTOM  YKPIIUICHHS
BIMCHKOBUX TIO3UIIIN CTajla CHCTEMa TPaHIIEH 1
XOJIB  CIOJy4eHHS B  TMOEAHAHHI 3

JIepEBO3EMIITHIMH, OyTOOETOHHUMH,
3aJ11300€ TOHHUMH i OpOHBOBAHUMHU
CIOpYAaMH. Koncrpyxkuii Ta THIIA

doptudikamiitnux crnopyn Oyiau 3HAYHOIO
MIpOIO BJOCKOHAJE€Hl, HAaJ3eMHI TrabapuTh
3MEHIINIHCA, 3aXMCHI BIIACTHBOCTI
T IBUTLIAITHCS. [TigBumyroun CTIHKICTD
o0opoHHu, monboBa (GopTHDIKAIis B IBOMY
crpusiia ycmixy OOHOBUX Mi paassHCBKUX
BIHCBK.

VY xonxi Jlpyroi cBITOBOi BifHHM MMaHYIOUYOIO
dopmoro B ¢dopTudikamii cTaiu yKpirjaeHHs,
0 BJIAIITOBYBAJMCS BIWCbKAMU B IHTEpecax
3abe3neueHHs 0Ooro (omeparii). IlocTynmoBo
30UIbITyBaacss TIMOWHA TO3WIIA 1 CMYr B
000pOoHi, 00JIaTHYBaIUCS THIIOBI OINEPATHUBHI
Ta CcTpaTeriydi OOOpOHHI pyOexi, BUXITHI
IUTALIapMu 7Sl HAcTyIy. Y TJIIMOOKOMY THITY
MPOBOJIAJIACS IMITOTOBKA O OOOPOHHU MICT 1
BEJIMKHUX HACEJICHUX ITyHKTIB.

JIn1st YKpHUTTSE 0COOOBOTO CKJIAJy HIMPOKOTO
pO3MOBCIO/KEHHsT ~ HaOyBae  OyIiBHUIITBO
3eMistHOK (puc. 18), OmingaxiB (puc. 19) 1
YKPUTTIB 0COOOBOTO CKIaay 3 JepeB’sHUX
KOJIOJI 3aCUMaHUX 4YH OOCHITAHUX IPYHTOM.
[TokpUTTS BUKOHYBAJIOCH 3 KOJOJ JliaMETPOM
160-180 MM B aekinbka mapiB — HakaTiB. Jlis
3a0e3nedeHHs JOCTAaTHBOTO PiBHS 3aXHUCTy Bif

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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ICHYIOUMX 3arpo3, a I IOOJUHOKE MpsiMe
ypaXeHHS CHapsiiamu 152 MM Ta MIHOMETHUMH
MiHamu 122 MM BIaIITOBYBaJIU HOKPUTTS B TPU
HaKaTH 1 TOBIIIMHOIO 3aCUIIKH IpyHTOM 10 1200
MM. Crig 3a3HaYUTH, IO CXEMHU IUX CHOPYI
Mail>ke He 3MIHWINCh 3 THX 4YaciB 1 Jocl
HaJal0ThCs 151 3actocyBaHus [30].

I
'lu"" '-\..
_"‘ll'

Puc. 18 KoHCTpyKIis 3eMIISSHKA 3 JIepeB’THUX
xomoz. [30]

Fig. 18. Construction of a dugout made of
wooden logs. [30]

Puc. 19 Koncrpykuist OmiHmaxy 3 AepeB’sHUX
komoa. [30] 1 — mepekpura miisHKA
TpaHIei; 2 — BeHTWISIHHNN KOpoO; 3 —
Hakart; 4 — Hapw; 5 — micte A cCHIiHHS;
6 — miv 3 MiCIIeBUX MaTepiaiB; 7 — CTOSIK

Bxoay, 8 — onBepHumd ImuT; 9 -
MPUBAHTAXYBAIGHUIM EIEMEHT 3aBicH;
10 — Tarm 3 2-MiTIMETPOBOTO

BiJIIaJICHOTO IpOTY; 11 -
repMeTH3yBallbHA 3aBica.

Fig. 19. Construction of a dugout made of
wooden logs. 1 — covered section of the
trench; 2 — ventilation duct; 3 — roll-up;
4 — bunks; 5 — seating area; 6 — stove
made of local materials; 7 — entrance
riser; 8 — door panel; 9 — loading element
of the curtain; 10 — rods made of 2-
millimeter annealed wire; 11 — sealing
curtain.
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3 3acTOCyBaHHSIM cTpaTeriuHoi 6ombapmy-
BaJIbHOI ~ aBiallii, a 3roAoM 1 TepIux
HEKEpPOBaHMX pakeT BHHUKAE TOTpeda B
3aXHMCTI O0’E€KTIB CTPATEriYHOrO 3HAYEHHS 1
[UBITBHOTO HACEJICHHS B TJIHOOKOMY THITY.
Briepiie 3’SIBISIIOTBCSL CIIOPYIU TSI 3aXUCTY
IUBUIBHOTO HACEJIEHHS 1 00’€KTIB KPUTUYHOT
iHGpacTpyKTypy  Bi  HasgBHUX  3ac00iB
Ypa)kKeHHSI, B IIEPIIy YEePTy: paKkeT i aBialliiHIX
60M0.

Tak B KoponiscTsi Bennka bputanis gepes
BEJIMKY CKJIAJHICTh 3BEIEHHS MOBHOLIHHHUX
00MOOCXOBHII B iCHYIOUil 3a0y10BI 3HAYHOTO
PO3MOBCIO/KEHHsT ~ HAaOynM  1HAUBIAYaJbHI
YaCTKOBO 3ariMOJIeHI YKPUTTSA 3 TOPpOBaHOT
cTaJi 1 0OCHUIIKOIO I'PYHTOM, TaK 3BaH1 “‘YKPUTTS
Anpnepcona”. Taki ykpuTTs He 3a0e3neuyBaiid
MOBHOIIIHHUN 3aXHUCT BiJ 3ac00iB ypakKeHHs
MOBITPSIHOTO Hamajay NPOTHBHUKA, OJHAK iX
Oy/lno IIKOM JOCTaTHS A 3aXUCTy Bi Ail
bakTopiB  ypakeHHS TPU  HENPSIMOMY
Biay4anHi: BYX 1 ockoJkiB.

3 yacoMm, IHIWBIIyadbHI YKPHUTTS IUBIJIb-
Horo 3axucty (mami - YIL3) B KopomniBcTBi
Benuka bputanis HaOynu HACTIIBKY BEJTUKOTO
PO3MOBCIOKEHHS, 110 1X MOYalu MpUKpalaTu
Ha CBif po3Cyl, Haye 3Mararuuch OJWH 3
OJTHUM.

[MapanenpHo, 3 iHgUBigyanmpHUMH Y13
MIEBHOTO  PO3MOBCIOJKEHHS  Halyna  iges
CTBOPEHHS 1HAMBITyaTbHUX 3aXUCHHUX KarcyIl.

OkpiM Kamncyna BHOPOBaKyBaiach ines
3aXHMCHUX MICIlb B JKUTJIOBHX MPUMIIICHHSIX,
Tak 3BaHi “ykpuTTs Moppicona”. s ines xuBe
1 0ci, xo4ua i Mae 0OOMEeXeHEe BHKOPUCTAHHS 1
3a0e3nedye cyMHiBHUHN 3axucT. CydacHi nosio-
HI CXOBMIA BUIOTOBJIAIOTHCS IIIJABUIIEHOT
MIIIHOCTI 1 HaBiTh 3 3aI1acaMy BOJM 1 1K1, TAKMM
YUHOM HaBiTh MPU 00BN CIIOPY/IH, TAKE MiCIIe
3aJIMIIACTLECS [IJICHAM HAaBITH IIJ 3aBaJlaMH
OyIIUHKY i JI03BOJISIE JIOYCKATUCH
PATYBaJIHUKIB.

B Himeyunni Oymu cTBOpeHi mie OUIbII
[ikaBl  CHOPYAM  IMBUIBHOTO  3aXHUCTY
Luftschutzturm Bauart (puc. 20), [31].

bomOocxoBuia  mikaBoi  KOHCTPYKIIIi,
OCHOBHOIO 1JI€€10 3BEJICHHS SKHX, OYyJI0 T€, 110
aBiamiiiHa Oom0a, He Morja MpPOOUTH [ax,
CKOB3aJIa 110 CTiHaxX i BUOyxana Oijisi MaCHBHOT
JIOCHUTD MOTYXHOi OCHOBH, HE 3aBJIA0YH [IKOIN
criopyi B miisiomy. OKpiM TOTO 3 MICIIS MIJIOTY
6oMOapayBalibHUKA TaKa Criopy/a 0 BUIIIsiana
K TOYKa, W0 3HAYHO YCKIQJHIOBAJIO IX
ypaxKeHHs.

fir Frishly
Kampfstoff Filter

Schubrovmbelifler
Wnktebverschivs
Venkitasten

Puc. 20. 3araneHuii BUTIS i po3pi3 copya IMBiapHOTO 3axucTy Luftschutzturm Bauart. [31]
Fig. 20. General view and section of civil defense structures Luftschutzturm Bauart. [31]
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bamtu mnporumnoBiTpsiHOI 000pOHU  abo
3eHiTHI Oamtu (HiM. Flaktirme, anrm. Flak
towers) [32] — psa OeTOHHUX CHOPYI,
noOynoBanux Ha teputopii Himeuunnu Ta ii
COIO3HHUKIB JUISl 3aXUCTY BIJ CTPaTEriuHUX
6ombapnyBasb i yac Jpyroi cBITOBOT BiiHH.

Bcboro Oyno 3BeeHO TpW  TIOKOJIHHS
3€HITHHUX Oamir.

Puc. 21. Bexa nepmoro nokounminas Flakturm IV
y 'amOyps3i. [32]

Fig. 21. First generation Flakturm IV tower in
Hamburg. [32]

[lepmie mTOKOMIHHS BEX Majo 3arajbHi
rabaputai po3mipu B tuiani 70.5 m x 70.5 wm,
BucoToro 39 M (puc. 21). JIpyre NOKOMIHHS BEK
MaJo 3arajbHi rabapuTHi po3Mipu B IUIaHi
57 M*x57 M, Bucotoro 41.6 M. TpeTe mokoIiHHS
BEX MaJlo 3arajibHi rabapuTHI pO3MipH B TUIaHi
43 mx43 m, BucoTOI0 54 M (pHc. 22).

Puc. 22. Bexa TpeThOro moKOIiHHS B
Ayraprene. [32]

Fig. 22. Third generation tower in Aughar-tene.
[32]

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025
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VYV koxHii OamTi OyB CBili KOIOISA3b 3
MUTHOIO BOJIOIO, BJIACHA €JEKTPOCTAHIIis, ABa
BaHTAXXHI JIQTH, BETUKI CKIaau OO€NpHIaciB
Ta Tki. CTiHU BeK OyJIM 3aBTOBIIKH 2,6 M, a 1ax
OyB 3po0IeHuit 3 3ai300eTOHY TOBIIMHOIO 3,8
M. Y Oamrax MNepHIOro MOKOMIHHS MPOEKT
nependavyaB  BEJIMKI  BIKHA,  OCKLIBKHU
BBaXAJIOCh, L0 Ha Tepuropii Himeuunnu
0OMOBI J1ii BECTUCH HE OYIYTh, 1, BIIITOBIAHO, HE
BUHHMKAaTUME HEOOXITHICTh OOOpOHH  BIf
HACTYMAIOYMX HAa3eMHUX BiMChK. bamtu
JIPYroro 1 TpPeThOro TMOKOJiHb BXe Oymu
1030aBJICHI ILOTO HEJOJIIKY.

Boanowac  mmpoko  3acTOCOBYBAaJIHCh
migzeMHi Y113 Big 3ac00iB MOBITPSHOTO HaMa Ly
OpPOTMBHUKA 3  LUIBHOI  JIEPEBHHU 3
00BaJTyBaHHSM IPYHTOM.

Hyxe wyacTo B SKOCTI OOMOOCXOBHIIL
BUKOPDHCTOBYB&JIM IMIiJBaJd B  ICHYIOUHX
Oynunkax. Haxanp, H©He Bci  migBamu
BUTPUMYBAJIM Ypa)K€HHS 3aco0aMy MOBITPS-
HOI'O Hamajay, 1 4acTo NepeTBOPIOBAIUCH B
Oparcbki Moruiu, yepe3 1o B KopomiBcTsi
Benuka bpuranis myupoKoro po3mnoBCIOIKEHHS
Ha0y710 BUKOPUCTAHHS CTAHIIN MeTpo. Takox,
napajieinbHo, Oyno po3poOieHO  JIeKiJbKa
IHKEHepHUX  pIlIEHb MIOJ0  MIACHICHHS
OyaiBeNbHUX KOHCTPYKIIIH ICHYIOUYHX ITi/IBAJIB.
OCHOBHMMH TEXHIYHUMH DIIIEHHSMHU CTaju
HiATNOPKU 3 I€PEBUHU, K1 BIIUPAIH B MUIOTY
ab0 TpyHT IiABANIB 1 MIAMUPATN MEPEKPUTT,
3roJIoM, JI0JIATKOBO TIOYajHM BJIAIITOBYBATU
JIOTATKOBI TIEPEKPHUTTSI, SIKI MOTJIA yOEperTu y
BUNIAJIKy PYHHYBaHHS ICHYIOUOTO TEPEKPHUTTS
MiBajly Ta CTald 3aCTOCOBYBAaTH Y SIKOCTI
€JIEMEHTIB MiJICHJICHHS HE JIUIIE ACPEBHHY.

Haiinpoctimmmu YKPUTTSIMHU SIKE
BUKOPHCTOBYBJIO IIMBITbHE HACEICHHS BiJ
3ac00iB TMOBITPSHOTO Hamaay MPOTHUBHUKA, B
OCHOBHOMY aBiaIliiHUX OOMO cTaau HIUTHHU —
3eMJISIHE YKPHUTTSI HAWMPOCTILIOTrO BUTJISAY,
K€ 3a3BHYAN BUTJIAIAIIO SIK 3BUYAHA TPAHILIES
1 Oynu BIAKPUTUMU 1 miepekputumu (puc. 23)
[30].

Bynu 1 cnpoOu BUKOPUCTOBYBATH B SIKOCTI
HANMPOCTIMINX YKPUTTIB 3a11300€TOHHI TpyOH,
AK1 3aKOMyBaJINCh B 3eMJII0 a00 OOKIaganuch
MIIIKaMH 3 IMICKOM. 3 II€I0 XK METOI MO>KHA
Oy70 BUKOPHCTOBYBaTH 1 CTajeBl Tpyou
BEJIMKOI TOBIIMHU CTiHKH.
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Puc. 23. Ilinunu: a — Bigkpura; b — mepexpura.
[30]
Fig. 23. Gaps: a —open; b — closed. [30]

Cnim  3a3HaUMTH, MO 1  BaXJIUBY
1HPPaCTPYKTYpY BOEHHOTO Yacy, B OCHOBHOMY,
3aBOJIM BOEHHO-TIPOMKCIIOBOTO KOMIDICKCY 1
BIMCHKOBI 0a3u Mmodaiy 3aXUIATH BiJ 3ac00iB
ypaxeHHs. B ocHOBHOMY Taki 00’€KTu
nepeMilany M 3eMII0 1 3axXuIlaiu
OETOHHUMH KOHCTPYKIISIMU BEJIMKOI TOBIIUHHU.
TakoX MIMPOKO  3aCTOCOBYBAaBCS  METOJ
TEPUTOPIAIBHOTO PO30CEPEHKEHHS CTpaTeriv-
HO BKJIMBHUX 00’ €KTIB MIPOMHUCIOBOCTI.

Opniero 3 BigoMHX coopyx € 0Oasza
migBoaHUX 4oBHIB y Jlop’sHi (puc. 24) [33] —
OYHKEpHHI KOMIUJIEKC, pO3TAllOBaHUU Yy
Jlop’sni  (bperanp, @panmisi). Ilouatok
OyniBHuuTBa 1941, NOBHICTIO 3aBEpLICHO B
1944 pomi.

Puc. 24. basa nigBoauux 4oBHiB y Jlop’sui. [33]
Fig. 24. Submarine base in Lorient. [33]
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baza ckmamamace 3 TphOX OyHKEpiB:
Kepoman-I, II 1 III, Tta ABOX KymOJbHUX
OyHKepiB, pO3TaIIOBaHUX B paiioHi
pubanscekoro mnopty Kepoman, a Takox
OyHkepa, po3ramoBaHoro B Jlanecte, Ha 6epesi
piukn Cxopdp¢. Hdns ix crnopymxeHHs Oyio
3amydeno 15 000  OyniBedbHHKIB 1
BUKOPUCTAHO Maibke MIJIbHOH KyOoMeTpiB
oetony. Tpu Oymkepu Kepoman MawTh Bif
ST 10 CEMU TYHENIB, MPU3HAYEHUX IS
PO3MIIIICHHSI ~ MIABOJHUX  YOBHIB, MaJH
TOBLIMHY nepekpurts 3.5 m ansa Kepoman-I, Il
ta 7.5 M ms Kepoman III 1 cTiHu TOBIIMHOIO
BiZ 7 M. ToBuIMHA TOKPUTTS 301IbIIyBaNIach 31
30UIBLIEHHSIM 3JAaTHOCTI HOBUX aBlaliiiHuX
O60MO, sKI MOCTIHHO YIOCKOHAJIIOBAIMCH 1
PO3pOOISUIINCH  CHEWiadbHO Ui YpaXKCHHS
MONIOHUX 3aXMIEHUX 00 €KTIB Ba)kIUBOI
1H(DpacTpyKTypH.

SAx BugHO 3 puc. 24  NOKPUTTA
BJIAIITOBYBAJIOCH 3 TOABIMHOIO 3aXHUCHOIO
TUTUTOIO MIXK SIKUMU PO3MIIICHO 3a1i300€TOHH1
O6anku. lle mamo 3mory 3HA4YHO 3OLIBIIUTH
3aXMCHI BIACTHBOCTI MOKPUTTA B IIJIOMY.
®daktnuyHo  Brepmie  OyB  3aCTOCOBaHUH
NPUHIIAI  BIIHECEHHS TOYKU  EMIUEHTPY
BUOYXY, SIKHW BiOyBaBCS HAa BEPXHINA TUIUTI
MOKPUTTSI.

Tak camMo 3 TMOABIMHUMH TEPEKPUTTIMHU
noyanu Oya1yBaTH Mi3eMHI Ka3eMaTH, sIKi MaJil
3aXMINATA B  YPOKCHHS  aBlallliHUMH
6omOamu. DaKkTUYHO BXKE 3’SIBISETHCA CXEMa
3BEJICHHA 3aXMCHHUX CIHOpPYd 3 BEPXHBOIO
OCTOHHOIO  IUIUTOIO “TrodsikoM” 1
PO3MOIITBYO0 TOBIICIO IPYHTY.

[Ticns  xapyroi cBiTOBOi BIWHU IOYaBCs
Mepio1 INTEHCUBHOTO PO3POOJICHHSI 030pOEHHS
MacoBOT0 ypakK€HHSI Ta BUCOKOTOYHHMX PaKET
CepemHpOro 1 JambHbOrO  paniyciB. lle
OpU3BENIO 70O HOBHX BHKIMKIB 1 Tepen
iHxKeHepaMu, 100 ¢opTudikamiiHuX Ta
CIIOPYJl IUBIIBHOTO 3aXHCTy. Y TIOJIBOBIH
doprudikamii HaMITHIMCA TEHACHLII 10
yHi(ikamii cnopya, iX OyniBHUITBY 31 30ipHO-
pO30IpHUX  KOHCTPYKLIA  IPOMHUCIOBOTO
BUTOTOBJICHHS TIPY MaKCHUMAaJIbHINA MeXaHi3arii
poOIT, IIMPOKOMY  3aCTOCYBaHHIO  TIpHU
o0JaJIHaHHI TIO3MINH 3eMIICPUIHMX MAITUH.
OcHoBHUI mnpuHIMI OyB 3aKjIaJieHU B
paisSHCHKI Yach 1 BIJIITOBXYBaBCS  BiJ
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OpraHizaliifHO-IITaTHOI CTPYKTYpH apMii. Llum
OPUHIUIIOM  Trependadanoch  MiAroToBKa
KOXXHHM OilIIeM OJIMHOYHOTO OKOITy JUIsi ce0e
(puc. 25), micis 4oro 3’€aHAHHS OAMHOYHUX
OKOMIB BIJJIVICHHA TpaHIIESIMHU, OOJIaTHAHHS
MEePEKPUTHX IIUTHH YH 1HITUX TUITIB YKPHUTTS Ta
IH)KCHEpHUX 3aropoJDKEHb, Jalli BiIAIICHHS
00’eqHYBaJIM CBOI TMO3MINI 1O B3BOJHOTO
ormopHoro nyHKTy (nmam — BOII), skuii B
MOJIANIBIIIOMY YIOCKOHAIIOEThCS y 00MOBOMY 1
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rOCIIOAapChKOMY BiTHOIICHHI (00JIaIHYIOTHCS
XHOHI  BOrHEBI IMO3uIii, OmIHZAXI, XiI
CIIONyYEHHS B THJ MPUCTOCOBYETHCS IS
BEJICHHSI BOTHIO, 00JIaTHYIOTHCS M1AOPYCTBEPHI
MPOTHUOCKOJIKOBI HIIIll, BJIAIITOBYETHCS OJISAT
TpaHIIEH 1 XOAIB CIOJYYEHHS) MICIS YOTro
nekinmpka BOIT 00’enHyrOThCS MK c000I0 B
potHuit onopuuit myHkt (mani — POII) [34 —
37].

6 — JUIsl TIOJIOKEHHS CTPLIbOU crostun. [36]
Fig. 25. Single trench. a — for the prone firing position; b — for the kneeling firing position; ¢ — for the
standing firing position

POII po3rsaryerbes Ha 1-1,5 kM 1o GppoHTY 1
1m0 1 kM B rnubuny, npu 1pomy KoxkeH BOIIT
Mae 3abe3neuyBatu 000opoHy — 1o 400 M mo
¢ponty i 10 300 M y rmubuny. [Ipomixkku Mix
POII noBunsni 6ytn no 1000 M, a mixx BOII —
10 300 m.

OxkpiM TOTO PO3pOOJISIINCH OCHOBHI CXEMH
doprudikamitHuxX crnopya SKi Malo YuM
3MIHIOBAJIMCH 3 4YaciB JIpyroi CBITOBOi BiifHI 1
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(dbakTH4HO N10Ci, 0€3 TPYHTOBHUX PO3PaxyHKIB
BUKOPUCTOBYIOTbCS ~NPH  3BEJCHHI  JIHIN
000pOoHH.

OcHoBHi BuU QopTudikaliiHUX CIOPY] Ta
0COOJIMBOCTI 1X 3BEJCHHS HaBeACHO B [36, 37]
3BIJIKM, 3 IEBHOIO aJallTalli€l0, BOHHU 3’ SBJIS-
JIUCh 1 B IHIIIN HaBYaJIbHO-METOIWYHIA Ta
pexoMeHamilHii Jiteparypi. ns nux THIO-
BUX CHOpPYA MOXXHa 3HANTH MTPOpPaXOBAHUU
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0o0’eM MaTepiasiB Ta 3aTpaT JIOACHKHUX
pecypciB.

Crnix 3a3HayWTH, IO BCi LI CHOPYAH
IIOBUHHI BUTPUMYBAaTH MOOJMHOKE YpaKCHHs
155-mm cHapsgoM rayOuri abo rapmaTe Ta
ypakeHHsI 120-MM MiHOMETOM JIsl TAKTHYHOTO
piBHSL.

Jlnst  3a0be3medyeHHS TOTPIOHOTO  PiBHA
3aXHIIEHOCTI TAKOX YacTO PEKOMEHIYETHCS
BUKOPUCTAHHS 0ararolmapoBUX KOHCTPYKLIH
npu 3BeleHHI (QopThdikamiiHUX, 3aXUCHUX
CHOPY[ 1 YKPUTTIB 0COOOBOTO CKIaay. Tak mpu
3BEJICHHI CIIOpPY[ 3 JepeB’STHUX KOJIOJ MOXKHA
BUKOPUCTOBYBATH pILIEHHA 3 THOABIHHUMU
CTIHAMH YH TEPEeKPUTTAMHU 3 JCPEBUHH 3
3aCUIIKOI0 MMOPOKHUHU MI’)K HUMHU ITPYHTOM YU
rpasiem (puc. 26) [37].

Puc. 26. ®optudikauiitna cnopyzaa 3 moaBiiiHOO
CTIHOIO 3 JIePEB’STHUX KOJIOJ 3 32CUITKOIO
MOPOKHUHU I'paBieM. [37]

Fig. 26. Fortification structure with a double wall
of wooden logs with the cavity filled
with gravel. [37]

B mepiox micns apyroi cBiTOBOi BiliHI B
YChOMY CBITI IIUPOKOTO PO3MOBCIOIKESHHS
HaOymu ¢opTtudikamiitHi cnopyau 3 rabdioHiB
(puc. 27). llIBunkicTh 3BeACHHS B OyIb sKiit
MICIICBOCTI 1 3a0€3Me4YeHHS JOCTaTHBOT'O PIBHS
3aXHUCTY B BCIX BHJIB CTPUIELBKOI 30poi, a y
BUMAJKY BIAMITYBAaHHS JOCTaTHHOI TOBIIWHU
CTIH 1 MMOKPUTTS, 1 apTUIEPINCHKUX CHAPSAIIB 1
MIHOMETHHX MiH, JIO3BOJIHIIO UM
KOHCTPYKIISIM 3alHATH OJHE 3 TMPOBITHUX
Mmicub. Ilpu upomy Bigmagae mnoTpeda B
3eMIITHUX poOoTax. OMHAK MaCKyBaHHS TaKHX
KOHCTPYKIINA € JOCUTh CKIQAHHM IPOIECOM.
BinnoBigHO 1I KOHCTPYKIII HaBpsA MOXYTh
3HAWTH IMIUPOKOTO PO3MOBCIOIKEHHS HA TiHIT
0OIfOBOro 3ITKHEHHS, OJHAK I 3BSIACHHS
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OJIOK  TMOCTiB, THMYacOBUX CHOpYyA Ha
OTICpPAaTHBHINA 1 HaBITH CTpATEriyHINA TIUOMHI,
3aXUCTy €JIIEMEHTIB 00 €KTIB  KPUTHUYHOL
iHppacTpyKTypH, 3BEIEHHI CHOpya  JUIs
3aXMCTy HACENEHHS TOIIO BOHU IIUIKOM
MIIXOIATh 1 TIOKa3aJld BUCOKY €(EKTHBHICTB,
0COONMMBO B CHPUHHATTI TakuxX (HaKTOpiB
ypaxeHHs sSK BHUOYXOBO-yIapHa XBWJIS 1
MPOOUBAHHS OCKOJIKAMU (YJTaMKaMH).

I"aGionni criopyau ITUPOKO
BuKopucTOBYIOTh apMmii CLLIA, Bpuranii i psay
IHITUX KpaiH.

VY nosrorpuBaniii ¢oprudikamii mopsg 3
PO3pOOKOI0 1 BIIPOBAPKCHHSIM HOBHUX THITIB
cropya 30epiraioTh 3HaYCHHsS KOHCTPYKLIi 3
MOHOJIITHOTO Ta 30ipHOrO 3a1i300eToHy. VY
CydyacHUX yMOBax (opTudikaiis MpoIOBKYeE
BiJIirpaBaTl BaXJIMBY pOJib NPHU BHPILICHH]
TaKTUYHUX, OMNEpPAaTUBHUX 1 CTPATErIYHUX
3aBJ/laHb.

A R
TR R R

Puc. 27. 3axucHa criopyna 3 rabionis. [30]
Fig. 27. Gabion protective structure. [30]

Boenni nii B VYkpaini mnpusBenu 0
HarajgpbHOi  TOTpeOM  3BEAEHHS  BEJIMKOI
KiIbKOCTI  (popTu(iKaliHHUX Ta 3aXUCHHUX
CIIOpYA PI3HOMAHITHOTO TIPU3HAYEHHS Ta
KOHCTPYKTUBHUX (OpM, SKI MarTh OKpIM
3BHYAHUX HABAHTAKEHb 1 BIUIMBIB BIIIIOBIITHO
no [38] ypaxoByBaTH 1 0COOJMBI BIUIMBU
MOB’sI3aH1 3 3arpO3aMy Hamajay NPOTUBHUKA.

o TaKHUX BILIUBIB BIJTHOCSITHCS
HAJTUIIIKOBUH THUCK BHOYXOBO-YIapHOI XBWIIL,
OCKOJIKOBE Ypa)K€HHSI, TPOHUKHEHHS YaCTKOBE
Yyl TIOBHE OO€mpumaciB B TUIO 3aXHUCHOI
KOHCTPYKIIi, fIKE MOXE CYNPOBOIKYBATUCh
noJajblllM BUOYXOM, TemIepaTypa TOMIO.
[MuTanHs 100 PO3paxyHKY HAJJIMIIKOBOTO
THUCKY BiJi BUOYXOBO yJIapHOI XBWJI JIOCHUTH
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rapHO BHCBITJICHO B 0aratbox poborax [39-43],
I0JI0 MPOHUKHOI aii OoempumaciB abo ix
YaCTUH, OCOOJIMBO OCKOJIKOBOTO ypasKeHHs [42
—47].

Hapasi, 3 HapoLIeHHAM TOTYXHOCTI 030po-
€HHSI JJI1 CTPATETiYHOTO Ta OMNEPaTUBHOTO
piBHS  JOBroTpuBanux  QoprudikamiiHux
CHOpYI CJiJ BpaxoBYBaTH IOOJUHOKE ypa-
kKeHHs  155-MM  cHapsmom  rayowmmi  abo
rapMatd, ypaxkeHHs 240-MM MIHOMETOM,
HMOBIPHICTD TOOJMHOKOTO Yypa)KeHHs Oe3Iri-
JOTHUMH JITAJbHUMH amapatamu (mam —
briJIA) IIPOTHBHUKA TaKTUYHOT' O Ta
OMEePaTUBHOTO piBHIB Ta ypaxxeHHs
aBlalifHUMU 3aco0amMH ypaKeHHs, HaO1IbII
HeOe3MeYHNMH 3 SIKUX Ha ChOTOJIHI € KEpOBaHi
aBiauiiiHi 6om6u (nani — KAB) ta pakeru [45].

Crix 3a3Ha4YMTH, 10 OINBIIICTE HIAXOMIB B
3BEJICHHI TIOJBOBUX Jla 1 JIOBFOTPUBAIUX
dopTudikaiiHuX  CHopyd  3alUIIAIOTHCS
3aCTapuUiMMU 1 TMiJ 4Yac TMOBHOMACIITaOHOTO
BTOPTHEHHs, OCOOMMBO B TeEpIIl JBa POKH.
Hapasi BHHHMKaIOTP MOMEHTH $IKI BUTAIYIOTh
BIHCHKOBOCITYKOOBIII ~ CaMOCTIfHO  IIBUJAKO
aJanTylOunuCh TMiJ HasBHI 3arpo3u. Tak 3
MacoBOIO MOSBOIO JPOHIB 31 ckunamu 1a FPV
JPOHIB, MIMPOKOTO PO3IOBCIOKEHHS Ha0YII0
yJaIITyBaHHS 1HAMBIAYalIbHUX “IHCAYIX HIp”
SIK1 BJIAIITOBYIOTHCS B CTIHKAX OKOITIB UM XO/I1B
CIIONy4YeHHS,  HATATYBaHHA  CITOK  Haj
MMO3HUIISIMH TOII[O.

Tam ne no3Boiisie onepaTHBHA OOCTaHOBKA
3aCTOCOBYBaTH TEXHIKY HaMararoTbCst
BJIAIITOBYBAaTH BOTHEBI TOYKM Ta ONiHAAXI 3
3aCTOCYBaHHSM 3a11300€ TOHHUX KOHCTPYKITIH,
AKI 4acTO MAlOTh PsiJi HENOJIKIB: BiACYTHICTh
HeoOXximHoro doptudikamiitHoro apMyBaHHS,
MPOTHUBIIKOMIOBAIBHUX IIApiB, JOCTaTHHOT'O
MacKyBaHHSI TOIIO. BiABIIICTE 3 IUX CHOPYH
HaBITh HE PO3PaXOBYIOTh JCTAILHO HA HasBHI
cydyacHi  3acobm  ypaxkeHHs.  Biacytas
KiIacuikaris 3aXWIIEHOCTI LUX CIOPYI BiJ
3ac001B Ypa)KeHHS 5K 11e OyJI0 paHiIle.

Cnix  BIAMITHTH IO  IIAXOOH IO
MPOEKTYBaHHS 1 3BeleHHs (popTudikarinaux
CIOpYA Maibke HE 3MIHIOBAJIHCH TMPOTATOM
OCTaHHBOTO CcTOpiuds. B Toit wac sk
TEXHOJIOTIYHUN TIPOLIEC PO3BUTKY JIIOJCTBA
3HaYHO MPOCYHYBcs Bmoepen. Tak camo 1 1l
criopynu noTpedyoTh YIIOCKOHAJICHHS,
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BBEJICHHS HOBHX ITIJIXOMIB 10 MPOEKTYBAHHS i
3BEICHHA MJI1 JOCATHEHHS MAaKCUMAalIbHOT
e(heKTUBHOCTI BUKOHaHHS 00HOBHX 3a/ad.

Hapasi 3auacty 3BenieHHs hopTrdiKamiiHIX
CIIOpPYJl BUKOHYIOTh IMBUIBHI a00 1H)XKEHEpHi
MIIPO3AUTH SIKI HE PO3YMIIOTh 3arajibHOTO
3alyMy OOOpOHHM 1 HE MOXYTh MPABWIBHO 1
aJleKBaTHO BW3HAYUTU BOTHEBI MO3MIii 1
CEKTOPH CTPLIBOH.

HaBeznemo niekiibka TUIIOBUX PEKOMEH AL
IIOI0 BJIAINTYBAaHHS TpaHIIEH 1 OKOMIB:
npodine TpaHiiei Mae OyTH TpamelieBUIHUH,
33y 900 MM a 3Bepxy 1200 MM 17151 BiTHOCHO
KOM(pOPTHOTO TMEpecyBaHHS BIHCHKOBOCITYXK-
OOBIIIB 31 CHOPS/KEHHSM; TpaHIIei i OKOIMU
MOBHHHI MaTH 3ir3aro-noAioHy ¢popmy B IUIaHI,
JUTS 3aXUCTY BiJ] OCKOJIKIB y BUIIQJKY MPSMOTO
Yp@KEHHS YM CKHAy; OOOB’S3KOBO CIiJ
BJIAIITOBYBATH JAPEHAXHI KAHABKH Ta MPUSIMKH,
K1 MOXYTb CITY’KHUTH 1 K YJIOBIIOBadl rpaHar,
K1 MOYHA JIETKO CKUHYTH B HHUX 1 3MEHIIUTH
OCKOJIKOBY JI1}0; BOTHEBI MO3UIIi] MatOTh OyTH 3
OepMamMu, HimlamMu A 30epiraHHs Ooempu-
maciB Ta IHIIOTO BaXIMBOTO OOJIaTHAHHS;
000B’sI3KOBE MAacCKyBaHHSI XOJIB CIIOJy4€HHS,
Kpalle IMOBHE 3aKPHUTTS 3BEPXY MOKPUTTAM 1
IPYHTOM [UIsI TIPUXOBAHOTO TIEPEMIIICHHS,
oOJlagHaHHS IMOJLOBUX IMO3MIIA 1 XOMdIB
CIIOJyYEHHS CITKaMM YJoBIOBaHHA brJIA
NPOTUBHUKA, JJIi YHEMOJXIIMBICHHS TNPSMOTO
Ypa)KEeHHS; YJIAITYBaHHS BXOJIB B OKOIH YU
ONMiHAaX1 TOMIO 3 PI3KUM TOBOPOTOM, IO
YHEMOXIIUBITIOE MPSIME YPaXKEHHsI TPU 3aJIbOT1
ockoikiB i briJIA mporuBHuKa. OKpiM TOTrO
caMi BXOAM Ha TIO3WII TOBHHHI OyTH
MaKCUMAaJIbHO IPUXOBaHi a00 3aMacKOBaHi.

Jlo pexkoMmeHpamiii M0J0 BIAIITYBAaHHSI
3aXHIIEHNX BOTHEBHUX ITO3HIIIH, ONIHIaXIB Ta
IHIMUX 3aXUCHUX CIOPY/: KOHCTPYKINiSI TOK-
PUTTS Mae 3a0e31meuyBaTy HaIIHHUN 3aXHCT BiJl
MPSIMOTO  YPaXKEHHS HaWOIIBIIT WMOBIPHHUMH
3aco0aMu Hamaay MPOTHBHHKA (BIAIITYBaHHS
JIOCTaTHHOI TOBIIUHU 3 IPABUIILHIUM KOHCTPYK-
TUBOM CaMmoOi CIIOpYIH, JOCTaTHS TOBIIMHA
“TI0QsIKY” 1 TPYHTOBO 3aCHITKH ); BX1]] Ma€ OyTH
BUKPHBIICHHUH 200 PUKPUTHIA OPYCTBEPOM 15t
YHEMOXJIUBIICHHS IPSIMOTO YPaXKeHHSI; IBEp1 B
TaKi CIIOPY/H 1 IITOPKH IS 3aKPUTTS aMOpas3yp
MaloTh OyTH HEMpOOWBHI (SK KyMsSMU TakK 1
OCKOJIKaMH); JI0OOBa CTiHA BEJCHHS BOTHIO
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TaKOX Ma€ BHUTPUMYBATH TMpsSME YPaKECHHS
3acobamMu Hamagy MPOTUBHUKA; CHOPYIU
MaloTh Oytu o0agHaHi xogya  ©
€JIEMEHTaPHUMH CUCTEeMaMH BEHTWJISII, MaTH
MOJJIMBICTh OOIrpiBaTHUCh, MaTH TEIUIO 1
ITyMOI30JIAIIII0 3 BHYTPIIIHBOT'O OOKY; BOTHEB1
CHOpYAM MalTh OyTuW OOJagHaHI HAIIHOIO
CUCTEMOI0 3B’A3Ky, a KOMaHIHHH MYyHKT
00JIaITOBaHMIA TaKuM YUHOM 106
3a0e3mneuyBaTd MaKCUMAaJIbHHUM OTJISA CMYTU
BIiJIITOBITAJTEHOCTI.

Bzaram migxim mo 3BeAcHHS OOOPOHHHX
JiHIM Mae 3MiHIOBaTHUCh. B cywacHiil BiifHi
BiJnazae nmorpeda B 3BEJEHHI CYLUIbHOI JiHIT
OKOIIIB YM BOTHEBUX PYOEXiB 3’ €IHAHUX MIiX
coboro, abo psagy BOIIiB. Yepe3 Macose
3aCTOCYBaHHS BHCOKOTOYHHX CHCTEM ypa-
xeHHsl, ik FPV briJIA Oynp sike Hakomn4eHHs
BIMCBKOBOCITY>KOOBIIIB  CTa€ TMPIOPUTETHOIO
U0, 10 TPHU3BEIO [0 3MIHH TaKTHKU
3aCTOCYBaHHsl MIXOTH. [HIIE OUIBII MOTYXHE
BHUCOKOTOYHE 030POEHHS SIK apTUJIEPiChKe TaK
1 3ac001B TOBITPSHOTO Hamafgy, Takux sik KAB,
3BOJUTh HAaHiBEIlb €(EKTUBHICTh BEITUKUX
OTIOPHUX IYHKTIB, SIKI MOXHa JIETKO BUSIBUTH
3aco0aMu MOBITPSHOI po3BiAKU. BinOyBaeThcs
MepexiJy B HANPSAMKY HEBEIMKUX OIMOPHO -
CIIOCTEPEKHUX TMYHKTIB Ha 3-4 BiliCHKOBO-
CITyXOOBI[l, SIKI PO3TAlIOBYIOTHCS TaKUM
gyiHOM 100 3a0e3nmedyBaTH MaKCHMalbHE
CIIOCTEPEIKECHHS 3a TIPOTUBHUKOM 1 MaTH
MOXKJIUBICTh BECTH BOTOHb MO BCIH miHIT
(dbpoHTY 6€3 YTBOPEHHSI MEPTBUX 30H, Bi/ICTaHb
opieHToBHO 10 60-100 M. 3a MOXJIHBOCTI BCi
OTIOPHO — CTIOCTEPEXKHI1 MYHKTH MOXYTh OyTH
o0’€HaHI TUISIXaMU CIIOJYYCHHS 1 MaTu
BIJIBIHI IIUISIXM B TWJI, B 1/I€aJTbHOMY BapiaHTI,
10 TOYKM TmepecyBaHHsA. Bei  muosxu
CHONYyYyeHHS — TpaHmei, MawTb OyTH
3aMacKOBaHWMH 3TOPH, [UISI MaKCUMAIBHO
mpuxoBaHoro  mepecyBaHHs. OmnopHO -
CTIIOCTEPEIKHI TMO3UIII TTOBUHHI MAaTH CTIMKHHA
3BSI30K 3 IYHKTOM KEpyBaHHs sl Iepenayi
iHpopmamii 1m0mO Aiii  TPOTHBHUKA  JIJIS
KOperyBaHHs apTHiepii, MIBUAKOTO BUKIHKY
ynapaux brnJIA, texuiku tomo. Jlpyra miHis
IOBHHHA MaTyh o0JajgHaHl 3alacHi mo3uiii B
rmbOuny 10 100 M 17151 BUAKOTO BiTHOBICHHS
O0OpOHM Yy BHWIAJKYy 3HHUIIEHHS SKOIiCh 3
no3uniid. Ha Bixzcrani 500-1000 m Bix neproi
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JiHIT Mae pO3TAalIOBYBaTHCh Jpyra JIiHis
000OpOHM 3  €BaKyalliiHUMH  TOYKaMH,
KOMaHIHUMH ITyHKTAMH, JOTICTUYHMM MO3H-
LISIMH, TO3MIISIMH JJI1 3aco0iB BOTHEBOI
HiATPUMKH (KpyHMHOKaTiOepHi KyJeMeTH, aBTO-
MaTU4YHI T'pPaHATOMETH, MIHOMETH TOIIO)
no3uttisimu PEB, briJIA, HPK, 3a morpe6u PJIC
tomo. EBakyaniiiHy 1 JOTiCTUYHY CHUCTEMY
NOCTa4yaHHS TEPeJOBUX MO3MIHA CIij opra-
HI30BYBaTH 3a JOINOMOIroK  Oe3MiJIOTHUX
CHCTEM, Yepe3 BUCOKY IIUIbHICTh PO3BiyBajlb-
Hux brJIA 1 yacTo BiZCYTHICTH MOKIHUBOCTI
Oy/Ib SIKHIX ITePEMIIIeHb BIHCHKOBOCITYKOOBIIIB,
0CO00JIMBO B CBITJIMHA Yac JOOM.

3BiCHO, 11 Kpamoro MAacKyBaHHS 1
MaKCUMAaJIbHOTO YCKJIQAHEHHS IPSMOTO 3aJ1b0-
Ty briJIA nosuii, kpaie o0aHyBaTH B 30HaX
HocajoK JiepeB. MoxyTh OyTH BapiaHTH, KOJIU
CIIOCTEPEKHI MOCTU BUHOCATHCS BiJl OCHOBHOT
no3unii Ha 40-50 M Bixg mocamku, ane 1e y
BUIAJKY YCHIIIHOTO 3BEJICHHS MOBHOLIIHHOTO
XOJly CHOJIYYEHHS 3 HAKpUTTSIM Ui MPHUXO-
BaHOT'O TIEpPECyBaHHS.

[lpu ynamrtyBaHHI JiHIE OOOPOHU TaKOX
Tpeba MPUILIUTH OCOOJIMBY yBary BIIAIITY-
BaHHIO  MIHHO-BUOYXOBHMX  Ta  IHIIMX
3aropoikeHb. Jlyxe eeKTUBHO MpH ITypMax
BOPOXKOi MIXOTH cebe MOKa3yloThb MiHHU
COpSIMOBAaHOI [1i 3 KEpOBaHUM IMIAPUBOM.
Takox B Cy4acHUX YMOBax akTHBHO 3aCTOCO-
BYETBHCS JNHUCTAHIIHHE MiHYBaHHS 3a
pormomororo  bmJIA 1 HPK, ocoGauBo
JIOTICTHYHUX MUISAXIB MMIXOMIB TMPOTHUBHUKA,
X04a MOKHa MiHYBaTu Oy/Ib SKi JUISTHKH.

Bce Hammcane Bule, TOBOPUTH IPO
HarajibHy 1oTpedy 3MiHM MiAXOIIB 10
noOynoBu GoprudikanifHuX Copya Ha JiHIT
00HOBOTO 3ITKHEHHS 3 YpaXyBaHHIM Cy4aCHUX
3arpo3 1 3aco0iB Hamagy. BigHoBneHHs abo
CTBOpPEHHsI HOBOi kiacudikamii ¢poprudi-
KaI[ifHUX 1 3aXUCHUX CIIOPY/ B 3aJICKHOCTI BiJT
3ac00iB ypakeHHs. BOTHEBI TOYKHM MOBWUHHI
3aXMINATH BiJl apTHUIEPINCHKOTO Ta MIHOMET-
HOro 06cTpiny Ta briJIA npoTuBHUKA, 1 MOKYTh
MaTH Pi3HUM piBeHb 3axucTy. Te came Moxe
CTOCYBaTHUCh OJIIHAAXKIB. A JUIA 3aXHUCTy 0C000-
BOI0 CKJaJly MaroTh OOOB’S3KOBO 3BOAMTHUCH
MIOBHOIIIHHI YKPUTTS 3 MaKCUMaJIbHUM PiBHEM
3aXUCTY, AKi O MOIJIM BUTPHUMYBAaTH HaBITh
ypaxxeHHs KAD.
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Takox 000B’I3KOBUM €JIEMEHTOM OIOPHOTO
MyHKTY Mae OyTH TyalleT 3 IPUXOBAaHUMU
HUIIXaMHd TIePECYBaHHA 1 TEBHUM piBHEM
3aXHUCTY, 11100 HE MOBTOPIOBATH JOCBIJ MEPILIOT
CBITOBOI BiifHH.

OgHuM 3 CydacHHMX 1 MIBHAKHX CIIOCOOIB
BUTOTOBJICHHS ~ OJIIHAQXIB  CTaB  CHOCIO
BUT'OTOBJICHHS B 3aBOJICBKMX YMOBaXx 3 KPYIJiol
ropoBanoi TpyOu abo cTaneBUX KOHTCHHEPIB
TOTOBUX CIOPYI, $SKi BCTAHOBIIOIOTHCS B
3a3daNeriip  MArOTOBIEHI  KOTJIOBAaHU 1
3aKOMmyroThCs. Taki CHOpPYAM MOXYTh MAaTH
BHUCOKUH CTYIIiHb 3aBOJICBKOi TOTOBHOCTI 1
(baKkTUYHO 3BOJUTHUCH Ha JIiHII 0OOOPOHM aYyXKe
mBUAKO. €nuHe npoOJeMHE TUTaHHA 1€
MiATOTOBKAa  KOTJIOBaHy. Takoro  mjaHy
KOHCTPYKTHBHI IIPUHOMH MOKYTh CTOCYBaTHUCh
1 JUId 3aXMCHUX CHOPYJ IUBIIBHOTO 3aXUCTY
HaceleHHA. B 3anexHocTi Bl TNPOEKTHUX
(bakToOpiB  ypaX€HHS MOXHA KOPEIIOBATH
3aXWCHY TOBIIY TPYHTY 1 BJIAIITOBYBAaTH HaJ
CHOPYJOI0 TONATKOBI IUIUTH — TIOPSKU 3a
PO3PaxXyHKOM.

Hanpuknan, moxkHa ¢GopMyBaTH OMOpPHI
MyHKTH 3 CHCTEMHU TpaHIICH 3 BOTHEBUMH
nmo3umisiMa 1 omgHoro 4 jaekibkox JIOTiB
00’ €THAHUX XOJIOM CTIOJMYYEHHS 3 T1J3eMHUM
YKPUTTSM, 3 HAHOUIBIIMM CTYyNEHEM 3axHIIe-
HOCTI BiJl 3aco0iB Ypa)K€HHS MPOTHBHUKA.
Takox 000B’SI3KOBO MarTh 00JaAHYBAaTUCh
MIPUXOBaHI XOJH CIOJYUEHHS JIUIs OC3METHOTO
3ax0]1y 1 BUXO/Ty 3 00MOBUX MO3UIIii1 0cOO0BOTO
CKJIany.

HaranpHoro € 1 morpeba BiamITyBaHHS
MO3UINKN JJI1 poOOTH eKimakiB Oe3MiJIoTHUX
cucteM. BOHM MOXYTh OOJIAIITOBYBATUCH SIK
OKpeMO Tak 1 B ckmaai abo B MICIIX
O0JIalITYBaHHA OMNOPHUX IYHKTIB JIPYToOi,
TpeThoi JiHIH o00opoHH. MoXxHa 00JaImTO-
ByBaTH Takli OKpeMmi mo3uwii amsi pobotu
eKimakiB  OE3MIJIOTHMX CHUCTEM 1  Ha
JIOTICTUYHHX IIAXaX, IO JACTh 3MOTY BUKOPH-
CTOBYBaTH iX 3 MOJBIMHMM NpU3HAYEHHSIM.
Taka cama yBara Mae OyTH mnpuaiieHa i
KOMAaH/IHUM ITYHKTaM pPi3HOTO PiBHSI.
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Puc. 28. Cy4acHa KOHIIETIIisI 3BEICHHS 3aXUCHUX
CIIOPY/I 3 TIPEIETOHAIIITHUMH €KpaHaMH.
[47]

Fig. 28. Modern concept of construction of
protective structures with pre-detonation
screens. [47]

CyuacHi 3aco0M ypakeHHS, SIKIi MaroTh
BeNMKY (yracHy i1, OJHAK MOXYTh OyTH
3YNMHEHI KOHCTPYKTHBHMMH 3aXO/JaMH Ha
MeBHIN BifcTaHi BiJg 3axucHOI cropyau (e
CTOCYETBCS B TIEpITy uepry pizHux BuiB briJIA
Ta IHIIUX 3acO0IB TIOBITPSIHOTO Hamamuy)
PEKOMEHZIOBAaHO  3aXMIIATH 33  CXEMOIO
MOJIBIHOT OOOJIOHKH, /i€ HaBKOJIO OCHOBHOT
3aXMCHOI CTIOPY/IH BIAIITOBYETHCS MIPECTOHA-
miHHUA  ekpad (puc. 28), sSKuUil TOBUHEH
3yIMUHUTA 3aci0 YpaKeHHS Ta BUKIUKATH
JNETOHallil0 Ha HboMy. Takuil mpuiiom mpae
MOJKJIUBICTh CYTTEBO 3MEHIIUTH (PyracHy Jifo.
OcxkonkoBa Aisi 3ac00iB YpaXXCHHS B TaKOMY
BUTIAJIKY 3QJIUIIAETHCS.

B ctpareriunomy mmaHi ans  00’€KTiB
KpUTHYHOI iH(ppacTpykTypu (mami - OKI)
CXBaJIeHO TMocTaHoBor Kabinery MinicTpiB
VYkpainu Konnenmito “Kpaina-gpoprens”, sika
MICTHTb IHTETPOBAHHUM MIJXIJ 10 1HKEHEPHOTO
3axucty OKI Bin ¢axTopiB ypaxeHHs 3aco-
0amMHu TIOBITPSHOTO Hamaay MPOTUBHHKA. 3a
UM TIapaMeTPOM BCl CTHOPYIX 1HKEHEPHOTO
3aXUCTy MOAUIEHO Ha TPHU piBHI: HepHMi
pIBEHb — 3aXHUCT B MOOJUHOKHX HETPIMHUX
Biny4anb briJIA Ha BifcTaHi moHan 5 MeTpiB Bif
CI3 Ta MOOAMHOKHUX HENMPSIMUX BIy4aHb PAKETH
Ha Bijctani moHan 15 metpiB Big CI3, a mns
00’€KTIB MOPCBKOi Ta PIYKOBOI KPUTUYHOT
iHppactpykTypu (mami — OMPKI) nonatkoBo
BiJl MOOJWHOKHX HEMPSAMHUX BIIy4aHb O€3Ili-
JOTHHX IJIaBy4yHx amapartiB (mani — bnllA) ta
Topren Ha BijcTaHi moHaxa 5 M Bia CI3; apyruit
piBeHb — 3aXHUCT BiJl MOOJAMHOKHUX MPIMHUX
BiydyaHb bnJIA Ta NOOJMHOKHX HENpPSIMUX
BJIy4aHb PAaKeTH Ha BijcTaHi moHaj 15 meTpiB
Bin CI3, a mma OMPKI pgomatkoBo Bif
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IIOOJMHOKMX TNpsAMuX BiaydyaHnb bnllA Tta
TOpIEa;, TPETI pIBEHb — 3aXHCT BIJ MMOOJH-
HOKUX IpsiMUX Biay4daHb bnJIA Ta mooanHokux
npsmux Biy4danb paketu y CI3, a jiiss OMPKI
J0JaTKOBO BiJ] TOOJMHOKHUX TMPSIMHUX BIy4YaHb
bnllA Tta Topnen.

Jlnist mepuioro piBHS 1HKEHEPHOTO 3aXHCTY
PEKOMEHIYETbCA 3aCTOCOBYBATH HAMMPOCTILIIi
CHCTEMH, HaWKpale 3 SKHX HposSBWIN cebe
rabioHH1 CIOPYAH.

Criopyau 1H)XEHEPHOTO 3aXHCTy JPYroro
piBHS 32 KOHCTPYKTHBOM BUKOHYIOTH CYIIiJIb-
HUMH OJTHOIIAPOBUMHU 200 TBOIIAPOBUMH: OC-
HOBHA 3aXMCHa CIOpyJa 1 MpeaeTOHalidiHuN
€KpaH, YaCTKOBO a00 MOBHICTIO 3arJINOJICHIMH,
00BaJIOBaHUMHU IPYHTOM.

Crnopynu 1HXEHEPHOTO 3aXHUCTy TPEThOTO
PiBHS MOXYTh OyTH: 3 TOBHUM 3arJIMOJICHHSAM;
3 YaCTKOBUM 3arjvOJICHHSIM; Ha IOBEpPXHI 3
30BHIIIHIM TIO(SKOM Ta 06cumnkorw (puc. 29),
SIK TIPABUJIO, CKJIAJIAIOTHCS 13 3-X KOMITIOHEHTIB
(3Bepxy AOHU3Y): TIOPSIK, SIKUM BUKOHYE POJIb
3aTPUMYIOUOi ITUIMTH Ta NPU3HAYCHUH IS
3YMUHKA MEXaHIYHOro mnpoHMKHeHHs bY i,
BIAMOBIAHO, BiAJaIeHHsT MICLSI HOro MOXKIIH-
BOTO PO3pUBY Mpu (yracHii Ail; po3moiibya
TOBIA, S5IKA Ma€ aMOpPTHU3yBaTH BHOYXOBY
XBWJIIO TpH BHUOYXy 3apsaay Ha TO(DAKY;
HECYYHH Imap — KapKac 3ariau0IeH0T KOHCTPYK-
1ii, IKKI Mae BUTPUMYBATH K BJIACHY Bary 3
HOpMaJbHUM THUCKOM IPYHTY, TakK 1 BapiaHTH
TucKy Big BYX B 3emui: BepTukanbHOi abo
014HO1.

< 2N 7
3]
D
3]

Puc. 29. BapianTtu ciopy/] iHXeHEpHOT0 3aXHUCTY
TPETHOTO PIBHS: @ — 3 IOBHUM
3arIMOJICHHAM; b — 3 YacTKOBUM
3ariu0IeHHsIM; C — Ha MOBEPXHI 3
30BHIIIHIM TIOQSIKOM Ta 00cUTKO¥0. [47]
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Fig. 29. Variants of third-level engineering protection
structures: a — with full burial; b — with
partial burial; ¢ — on the surface with an
external mattress and rubble. [47]

OkpiM TOro, MOBHOMACIITA0HE BTOPTHEHHS
CHPUYHMHUIO OTPeOy B MOLIYKY palioHATBHUX
KOHCTPYKIIH, AJI1 MAKCUMaJIbHOTO 3MEHIIICHHS
HACJIIJIKIB 3arp03 BOEHHOTO XapakTepy. AHai3
HACNIJIKIB pyHHYBaHHS OyIiBenb 1 CIOPYA
PI3HOMAHITHOTO TPHU3HAYEHHA 3a pe3yib-
TaTaMd YpaXEHHS 3aco0aMH  TOBITPSHOTO
Hamany mnpoTtuBHHKa [48, 49] mokazas, mo
CIIOPYIIX 3 MOHOJIITHUM 3alli300€TOHHUM Kap-
KacoM MarTh Kpally Hecydy 3JaTHICTh, Y
NOPIBHSAHHI 3 LErJSHUMHU, 30IpHUMHU 3a1i30-

OCTOHHMMH Ta  CTaJICBUMH  KapKacamm.
OCHOBHMMM  IPUHLMIAMU  IPOEKTYBaHHS
BUOYXOCTIMKMX  3aJ11300€TOHHUX  KapKaciB

BUCOTHHUX Oy[iBeJb € palioHaJbHI KOHCTPYK-
THBHI CHCTEeMH 1 CXEMH 3 TIPOCTUMH 1
KOMIIAaKTHUMU KOH(]IryparmisimMmu Ta
CUMETPUYHUMH IUIaHAMH.

B pobGori [49] nochmimkeHi TPHYUHU
pYHHYBaHHS 3alli300€TOHHUX IUIUT TEpeK-
PHUTTIB BHCOTHMX KapKaCHO-MOHOJIITHUX Oy-
JiBeNb BiJl TUCKY BHOYXO-ylapHHMX HaBaHTa-
KCHb Ta HaBEJCHO 3aXOJ IO IiJICHIICHHIO
JUISHOK KOHCTPYKIIN MEepeKpPUTTIB BUCOTHHUX
KapKaCHO-MOHOJIITHUX Oy/iBelsb, KI MOXYTh
OyTH 3pyilHOBaHi, 30BHIIIHIM apMyBaHHAM —
NPUKICIOBAaHHSIM  apMyBaJIbHUX  MaTiB Y
BUIVISIAI TKaHUH, JaMeneili abo CITOK 3
BYIJIELIEBOTO BOJIOKHA JIO BEPXHIX 30H IUIUT
0111 BEpTUKAJIBHUX OTIOP.

BUCHOBKMU I IIEPCIIEKTMBUA
IMOAAJIBIINX JOCIIIJ’KEHD

Y po60oTi po3rIIIHYTO ICTOPUYHUIA PO3BUTOK
OymiBHMLITBA  pi3HOMaHITHUX  QopTHudika-
IMHKUX 1 3aXxWCcHUX cnopya. HaBemeHno mpuk-
Janu, sIKi MATBEPIKYIOTh, 110 popTHdikariiHi
CIIOpyZi iCHyBalM 3 JaBHIX JaBeH, 3 YaciB
NEepUIMX BOEHHUX [iH JIIOJCTBA, a OTXKE BECh
nepiog Moro iCHyBaHHsS 1 3aiiMaly BaXKJIMBE
MiCIIe B PO3BHUTKY Oy/iBEJIbHOT raiysi.

JloBeneHa mpsMa  3aJEKHICTh  YIOCKO-
HaJleHHS QOpTU(IKAIITHHX 1 3aXUCHUX CTIOPY/T
Bil 3aco0iB ypaxeHHs. Bce po3BuBaeThCs
MIEBHOIO MIPOIO LIUKJIIYHO, 3’ SIBJISIFOTHCS 3aCO0U
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YpaKeHHS 1 K HACJIJOK BiOYBA€THCS MOIIYK
NUISIXIB MPOTHIT, OJJHUM 3 SIKMX 3aBXIH OYJIu
doprudikamiitai 1 3axucHi cmopyau. Lli
CIOPYAH JOCATalOTh BUCOKOTO DIBHS 3aXHU-
IIEHOCTI 1 Le 3MYIIy€e IIyKaTH, pO3BUBATH i
BIPOBAJKYBAaTH HOBI 3acOo0M YpakKeHHs, SK1
MOXYTh JOJIATH 3aXHCHI 1 ¢opTudikamiiini
CIOPY/H.

Jlo 3BeneHHs GopTHPIKAIHHNX 1 3aXHUCHUX
CIIOPYZ 3aBXIU CIIiJ] 3aCTOCOBYBAaTH IHTEIpo-
BaHUI KOMIUIEKCHMH MiaXid, SKWH I[TOBUHEH
BpaxoBYBaTH MIMOWHY PO3TAIIyBaHHS B JiHIT
00HOBOTO 3ITKHEHHS, a TAKOXK Cy4acHi 3aCO0U
Ypa)K€HHS Ta IPOTHU/III0 HUM.

€ marampHa mOTpeda 3MIHHM MIIXOMIB [0
noOynoBu GopTudikalifHuX COpy] Ha JIiHIi
00HOBOr0 31TKHEHHS 3 YpPaXyBaHHSAM CY4aCHHUX
3arpo3 i3aco0iB ypa)KeHHsI, a TAKOXK CTBOPEHHS
HOBOIO  HampsiMy  BIIICBKOBO-1H)KE€HEPHOI
HayKW, ska O TMOYMHAIach BiJl PO3POOKHU
apxiTeKTypu QOpTHU(IKALIHHUX 1 3aXHCHUX
CHOpyA 1 BpaxoByBaja (hakTopu HeE JIHUILe
TEXHOJOIIYHOCTI 1 BHMKOHaHHA  0a30BHX
3aBJlaHb, aje 1 3pYYHOCTI 3aCTOCYBaHHS 3
YpaxyBaHHSM BCIX HasBHUX TEXHOJOTIUHUX
0COOJIMBOCTEH Ta CydyaCHHX 3arpos.
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EVOLUTION OF FORTIFICATION AND
PROTECTIVE STRUCTURES

Denis MYKHAYLOVSKYI

Summary. The full-scale invasion of Ukraine by
the Russian Federation has demonstrated the
growing importance of engineering fortifications,
protective structures, engineering barriers, and
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more. Modern warfare has introduced new threats
and challenges that significantly affect the
battlefield, the protection of critical infrastructure,
and the civilian population in rear areas, including
the specifics of constructing engineering
fortifications and protective structures.

The study of the evolution of fortification and
protective structures from ancient times to the
present day allows us to trace how approaches to
defense construction have changed in response to
current military threats. This, in turn, makes it
possible to forecast directions for their further
development and improvement. The conducted
review highlights how important this area of
military science is and how much it currently
requires a serious approach from both the military
and the state as a whole.

Analyzing new modern fortification solutions,
their effectiveness, and weaknesses is essential for
increasing the country's defense capability under the
conditions of a constant threat of attack.

The paper also presents the main approaches to
the construction of field fortification structures,
defining their functional purpose and likely military
design threats. Proposals are made regarding
possible changes in approaches to field fortification
in modern warfare, taking into account the
experience of combat operations in Ukraine, as well
as directions for further development.

Approaches to the protection of civilians from
enemy aerial attacks from the time of World War Il
to the present are also considered, with the
identification of future development directions.

Under the current conditions of the war in
Ukraine, fortifications, engineering protection
structures, and protective shelters play a key role in
creating defense lines, protecting military personnel
and critical infrastructure, and preserving civilian
lives.

Therefore, the study of the evolution of
fortification and protective structures is a critically
important state task, both from a military and a civil
perspective. The development of the theory of
construction of fortification and protective
structures will contribute to strengthening national
defense, adapting to new threats, and improving the
safety of the population and critical infrastructure.

Keywords. fortification structures; engineering

protection structures; protective shelters; military
threats; means of attack;, infrastructure protection.
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Anoramia. PoOora mnpucesueHa aHamily
eKCIDTyaTaliiHol MPUAATHOCTI CIIOPYAH YKPUTTS
JUISL  JITakiB MiJ BIUIABOM BHOYXOBHX Ta
CCHCMIUYHUX  HABaHTWKEHb 3  ypaXyBaHHIM
ocobnMBoCTEH X MOIMIMpPEHHsS Yepe3 IPYHTOBE
MOKPUTTS. Y  NOCHIDKCHHI  PO3TIISIAETHCS
3HIDKEHHS HECY4Ooi 3[aTHOCTI KOHCTPYKIIii
MOKPUTTSL B 3aJIGKHOCTI Bijl CTYIICHsI apMyBaHHS
KOHCTPYKTHBHHX eneMeHTiB. Okpemy yBary
NPUAICHO PO3pOOIl 3aXO0/iB, CIHPSIMOBAHUX Ha
3arno0iraHds MPOTPECHBHOMY OOBaJCHHIO ILIAT
MOKPUTTS  aHrapHOi CHOPYOH y  BHIAIKY
MOXKJIMBOTO pakeTHoro yaapy. CrarTs aHamizye
KiJIbKa CIHeHapiiB BHOYXOBOI'O BIUTUBY, IO
JTO3BOJISIE BU3HAYUTH HAHO1IBI KPUTHYHI YMOBH
i 3a0e3nedeHHs  HaAIHHOCTI  aHrapy B
HaJ[3BUYaHHUX CUTYyaITisiX. PozrisinyTo
MEXaHI3MH MOIIUPCHHS BUOYXOBHUX XBHWIIb IPH
HazeMHOMY BHOyXy. Takox mpeIcTaBIeHO
MPUKIAA PO3pPaXyHKy apodYHOi KOHCTPYKIIii
aHTapa Ha Jitf0 BUOyXOBO1 XBUJIi 3 BUKOPUCTAHHIM
nporpamuoro komiuiekcy JIIPA-FEM y Bunmanky
noBepxHeBoro BHOyXy. [IpuBemeHi pe3ynbraTh
HENTiHIHHOTO PO3PaxyHKY apKH Ta TUIAT TOKPUTTS
Npy JOJATKOBOMY YJapHOMY HaBaHTaXCHHI 10
20tc/M?. MoJemoBatHs HEIHIMHOTO MpoIEeCy
HAaBaHTXKEHb TPOBOAMJIOCS TP BpaxyBaHHI
nemngyBaHHS IPyHTOBOi ocHOBH a0 10% Ha
o 10 80m? 3 koedinieaToM quHamivHOCTI 1.2
B IIK «JIMPA-FEM», po3paxyHOK Ha aBapiiiHe
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KaouoBi caoBa: amapiliHuii BUOyXOBHU
BIUIUB, OOOJIOHKOBI  KOHCTPYKIIii,  3aXHCHi
CHOpYIH, CTIMKICTh, TpoTrpecyroue 0OBaJeHHS,
JIIPA-FEM, HeniHiiHHHA pPO3paxyHOK, METOJ
CKIHUEHHUX €JICMCHTIB, KPUTUIHI HaBaHTaKCHHS,
TPILIMHOCTIHKICTb.

BCTVYII

Y BIACBKOBHM Yac CTa€ HEOOXigHUM
PO3paxoBYBaTH 3aXHCHI CIOPYAH JIsi 00i0BOT
aBiamii Ha aepoapomax Oa3yBaHHS Ha ii0
yIapHUX XBHUIIb IPU BUOYXax.

Ha cborosHi 3aCTOCOBYIOTBCS TaKi OCHOBHI1
TUMA 3aXUCHUX YKPHUTTIB [Js aBiamiiHOT
TEXHIKH, HA3€MHOI'O o0naHaHHS,
MaTepianbHUX 3ac00iB Ta 0COOOBOTO CKIIANYy:

— 3am300€TOHHI  3aXUCHI  YKPUTTS
apKOBOTO THUITY;

— 3eMJISIH1 BaJly;

— IIBUJIKOMOHTOBAHI YKPHTTS;

— mia3eMH] aBiariigi 0as3u.

VY GaraTbox KpaiHax Juis YKPUTTS OOHOBHUX
JITaKiB ITUPOKO 3aCTOCOBYIOTHCS
[IBUIKOMOHTOBaHI YKPUTTS — aHTapH.

CrangapTHe apoyHe YKPUTTS ABIILE€ COOOIO
KOHCTPYKLIIO 3 HamiBapok 13 peOpamu,
TOBIIMHA SIKUX cTaHOBUTH 60 - 100 cm. 3Bepxy
BOHO 3aCHIIaHE 3EMIJICI0 Ta TOKPHUTE BEPXHIM
IapoM IPYHTY BKPUTUM TpPaBOK, IO
BOJHOYAC 3a0e3leuye TapHE MAaCKyBaHHS.
OcHOBHE TPUMINICHHS, € PO3MIILYEThCA
OoiioBuii miTak, Mae po3mipu ~20%28,0 meTpiB
(€ TakoK KOPOTIII a00 JOBIII BapiaHTH).

[lepennss wacTMHA apKW 3aKPUBAETHCS
3a11300€TOHHOI0 ~ TOPIIEBOIO  CTIHOO 3
MeTaJieBUMH a00 32113006 TOHHUMHU BOPOTaMH,
gaki OyBaloThb [JIBOX THUIIIB: BIJKaTHI Ta
pO3MallHi.

I[TOCTAHOBKA 3AZ1AYI

B craTTi po3risigaEeTbes 3aXUCHA CIIopyaa
aHrapy apoyHoro TUIy JUIst JliTakiB. [ 0710BHUM
3aBJaHHAM 1 OCHOBOIIOJIO)KHUM KpHUTEPIEM
IIPYU MPOEKTYBAHHI MOAIOHUX KOHCTPYKLIN €
KOHCTPYKTHMBHA Oesrexka, a TaKOX
HEOOXIJHICTh OLIHKM CTIHKOCTI aHrapHoi
CTIOPY/IX 10 KPUTUYHUX BIUIMBIB 1 BU3HAUCHHS
pe3epBiB 11 Hecyuoi 31aTHOCTI Po3paxyHkoBa
MOJIeNb aHTapy MpeACTaBlieHa Yy BHIJIAII
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IPOCTOPOBOTO  3aJ1i300€TOHHOTO KapKacy 3
METaJIeBUMH HECy4yuMH oOojoHkamu. Jlns
OLIIHKM CTIHKOCTI CHOpyIW aHrapy InpHu
BUHHUKHEHHI dhopc-MaxkopHOL cuTyarii
HEOOX1THO BUKOHATH YHCEITFHE MOICITIOBAHHS
nporecy  nedopmariii 1 pyHHYBaHHS
KOHCTPYKIIi}i aHTapy.

Cxema cmnopyaid TNpud po3paxyHKy Ha
ceiicMiuHe HaBaHTA)XCHHS MPHUUHATA PaMHO-
B’513€BOIO. BpaxoByetbes edexT
3aKpy4YyBaHHS CIIOpY/IH, BUKJIMKAHHHA
HECHIBIAIHHIM IIEHTPY XKOPCTKOCTI CIIOPYAH
3 IIEHTPOM TIPHUKJIAJIAHHS MaC MPU CEHCMIIIi.

AHAJII3 OCTAHHIX NOCJIIJUKEHD I
ITYBJIIKALIN

OcCkibKM B KOHCTPYKLil  aHrapy
BUKOPHCTOBYIOTHCSI 000JIOHKOBI TOKPUTTSL, TO
BapTO NPUAUIMTH yBary B TOMY YHCIi
pO3paxyHKy IUX KOHCTPYKIIHA. PesymbpTaTn
HAYKOBUX JOCIIKEHb B Tally3l po3paxyHKy
O00OJIOHKOBUX  TPOCTOPOBHX  KOHCTPYKIIT
CBiUaTh, LI0 Ha CTajil NepearnpOeKTHUX
JNOCHIDKeHb ~ TakuX  CIOpyAd  MOTpPiOHI:
YTOUHEHUH YHCeTbHUN PO3paXyHOK Ha OCHOBI
METOJIIB HEJIHINHOI Teopii MNpPYXKHOCTI Ta
IUIACTUYHOCTI.  pO3poOKa HOBHUX METOJIB
po3paxyHky.[1, 2, 3].

Jlis MaTeMaTUYHOT'O ONMCAHHS HEMIHIMHUX
npoueciB 1eOpMyBaHHS TaKUX KOHCTPYKIIIM
HIMPOKO BUKOPHCTOBYETHCS X1
dbopMyTIOBaHHS BU3HAYAJIBHUX pPIBHSIHB Y
npupoctax, abo y dopmi audepeHIiaIbHuX
3ayie’)kHOCTEH [4]. Buxonsuu 3 mboro mijaxomuy,
KOHCTPYKIiS, IO PO3IJISIIAETHCA B 3aaHUMN
MOMEHT 4acy, 3HaXOJAUThCS B CTaHl CTATUYHOT
piBHOBarw, MNPUUOMY HANpy>KEHHH CTaH
BiJIOMHUH Ha (DIKCOBAHUX 1HTEPBAIAX Yacy.

CkiH4YeHH1 HEJTIHIHHO-TIPYKH1 Ta
[UIACTAYHI nedopmartii omnucasi
IHTETpyBaHHAM OTPHMAaHUX CITiBBiAHOIIECHb
B3JIOBXK 3aJaHOT0 UUIAXY IHTErpyBaHHA 3
BUKOPUCTAHHSAM amnpokcumanii (yHKmioHana
JUUI. OMUCY HampyxeHoro crana [4]. 3 Touku
30py  KIHEMaTHYHUX  OOMEXeHb,  MIO
HaK/IaJaloTbCcsl Ha PO3paxyHKOBI (parMEeHTH
WX KOHCTPYKIIHM, BIAHOCHTBCS N0 KJacy
3ajay  B3AEMOAIl  CcTaJeBUX  OOOJIOHOK
(He3HIMHOI OmamyOKH) 3 3al1i300€TOHHOIO
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apkoro.  [IpyxHO-HENiHIiHI  BIIACTUBOCTI
KOMITO3UTHHX, abo aH130TPOMHO-
KOHCTPYKTUBHUX  (YMOBHHX)  MarepiajiB

JOCIIIJDKYBAaHUX OOOJIOHKOBHX KOHCTPYKIIIH
pu HasIBHOCTI 3HaA4YHUX (BEJIMKHUX)
nedopmariii - anpoKCUMYIOTBCSI Yy TIpoleci
€BOJIIOIIIT JedopMarlii IHTErpaTbHIM 3aKOHOM
CTaHy 3 BHUKOPUCTAaHHSIM Yy3arajJbHEHOTO
3akoHy ['yka, po3moBCIO/KEHOTO Ha 00JacTh
CKIHYCHHHX AedopmMaliiii s i30TPOMHOro Ta
“eKBIBaJICHTHOT'O OPTOTPOITHOTO MaTepiairy
(mpstmodtiHiiHA abo KpUBOJIIHIHA
oprotportis) [5].

3a3HaueHUN Kiac 3a7ad BIAHOCUTHCS 10
HENIHIHHUX 1 y 3araJpHOMY BHUIAAKY Y
TPUBUMIPDHOMY  HIPOCTOpI i 3ajadi
PO3B’A3yIOTHCS HA OCHOB1 YUCEIBHUX METO/IIB,
30KpeMa METOAYy CKIHYEHHHX EJIEMEHTIB
(MCE). [6].

I[Ipu BubGoOpi 6azooi cxemu MCE
3BEPTAETHCS yBara Ha mpoOieMy BpaxyBaHHS
TOPU30HTAIBHUX MPYKHO-TUTACTUIHHIX
3MIIIEHh  CIOPYAM TPH  MaKCUMAJIbHOMY
po3paxyHkoBomy 3emierpyci (MP3) mns
CEHCMIYHMX  HaBaHTWXEHb 10  TPHOX-
KOMITOHEHTHUX CHHTE30BaHUX
akceneporpamax. Jlns  BupimeHHs i€l
npoOJeMH  BHUKOPHCTOBYIOTHCS — HENiHINHI
CKIHYCHHI CJIEMEHTH.

YTOouHEHHS Teopii 000JI0HOK 13
3aCTOCYBAaHHSIM YHCEJIbHUX METOMAIB HaOyiu
po3Butky B pobotax O.C. Caxaposa [7], B.A.
Baxxenosa, B.M. Kucnooxoro, O.I. Orio6mi,
B.K. [uxanoscekoro [8], O.B. Illumanos-

cbKoOroO [8].
[Tutanusam PO3poOKH METOJIB
TOCIIKEHHS KOHCTPYKITIHHOT Oe3nexu

OyniBenb Ta criopyn mnpucBsueHi npami M.C.

f W]y H )+ PG) + CCo)
v

A A

A
§ + o) +yx) dv+fpﬁ-wdv—fﬁ-aﬁdv—fq-aﬁds=o
v v

x=0

bapabam [9, 10, 11, 12], O.C. I'opoaeupkoro
[6], B.I1. Makcumerko, [11], Hemunnosa 1O.1.
[13, 14] Tta iHmMX BYCHHX. Y MpaIsx
MOKa3aHUN BIUIMB JHUHAMIYHOTO €(EeKTy Iija
4ac  MPOrPecyrduoro  OOBAJICHHSA,  SIKE
3MEHIIYEThCSA TPHU 30UTBIICHHI TJIACTUYHUX
nedopmamiii [15, 16, 17, 18, 19].

BUKIIA/L OCHOBHOI'O MATEPIAJTY

byio BHKOHaHO KOMII'IOTEpPHE MOJENIO-
BaHHS KOMOIHOBAHOI 3aXMCHOI CHOPYIU IUIS
JTakiB 1 pO3paxyHKH  KOMOiHOBaHOIi
MIPOCTOPOBOI CHCTEMHM Ha CEHCMIYHI, aBapiiiHi,
HABAaHTA)XCHHS Ta BHOYXOBI BIUIMBH 3
BpaxyBaHHSIM IPYHTOBOT OCHOBH.

[Ipouecu nedopmanii, pyiHyBaHHA 1
OOBaJIeHHs KOHCTPYKII 3a CBO€I0 CYITIO €
PO3BUHEHUMU CUJIBHO HEeJHIHHUMH
npolecamu, 10 CYIPOBOJIKYIOThCS,
BEJIMKUMHU IUIACTUYHUMU JedopMalisiMu Ta
MEePEeMIIIEHHSM, KOHTAKTHOIO B3aEMOIIEI0 MiXK
rpynamMy €JIeMEHTIB, BIUIMBOM JUHAMIYHOTO
edhekTy B MOMEHT BIIMOBH €JIEMCHTIB

KOHCTPYKIIIH.
VY gKoCTi BUXIOHHUX CIIBBIJHOIIEHDL IS
CKIHYEHHOEIEMEHTHO1L JTUCKpETU3aIIi1

PO3paxyHKOBOTo (pparMeHTy OOOJIOHKOBUX
KOHCTPYKIII, IO BHKOPHCTOBYIOTBCS B
CHOpYAl aHrapy, BHKOPHCTOBYEMO MEpIIUi
BUpa3 MPUHIUIY BIPTyaJbHOI pPOOOTH IS
IWHAMIYHOI 3a7adi, BUXOOIYM 13 IOJIOKEHD
Teopii y  TNPUPOCTAaX,  CIIBBITHOIICHb
IHTETPaJILHOTO 3aKOHY CTaHy Ta PO3KJIaJaHHs
byHKIIH HampyxXeHb 1 aedopMaiii y psn
Teiinopa B eixeMeHTapHOMY psii, TOOTO AJs
JIOBLIBHOTO MOMEHTY 4Yacy ““7” maemo:

£l +pl0+ )
x=0

(1)

S

Py 2\ T(x) o
Ae N’ |x_ o M ()™ qirenn poskiIagaHHs TeH30PHOT (BYHKIIIT TOYAaTKOBHX HAIIPYKCHB,

Clep)
b

x=0
TUTACTUYHUX AedopMaIliiii;
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- TEH30p MPY>KHOCTEW YETBEPTOrO PaHTy 3 ypaXyBaHHSIM PO3BUTKY MPYKHHUX 1
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A A A
& , (%), Y(x)- unenn po3kiIagaHHs TEH30pHOI QYHKIIT pupocTiB aedopmartiit Kormi-
x=0
['puHa;
/\ A
6¢l 5(/’()(), SY(x) - wieHn posKiajaHHs Bapiaimii TeH30pHOI (YHKIII TPUPOCTIB
x=0

nedopwmartiit Komri-I'pina;

-

i, U - BiIMOBIIHO BEKTOPU MPUPOCTIB EPEMIIIEHB i IPUCKOPEHB;
D, { - BiINOBiZHO BEKTOPH y3araJbHEHHX 00’ €MHHUX i TIOBEPXHEBHX CHIL.

BuKOpUCTOBYIOUM CITiBBITHOIICHHSI CXEMHU
CKIHYEHHMX  €JIEMEHTIB 1  3HaxoIs4d
CTaliOHApHY TOUKY MOIU(iKOBAHOTO
GyHKLIOHaTy TpH  BapilOBaHHI  BEKTOpa
npupocty mnepemimens {u(t)} wa momi
MOXJIUBUX  TE€PEMIIICHb (KiHEMaTHYIHO
JOMYCTUMHUX B’SI35IMU ), OCTATOUHO OTPUMAEMO
nudepeHIianbHe PiBHAHHSA PYyXy CKIHYEHHO-
€JIEMEHTHOT Moeni (CE-monenni)
PO3paxyHKOBOTO (h)parMeHTy JOCIHiKyBaHOI
KOHCTPYKIIIi:

[MI@@®)} + R 0} - {00}
=0

ne [M] - ysromkysana wmatpuist mac CE-
MOJENi;

{R(u,t)}- BekTOop HeMHIHHMX peaxIii
y3araJlbHeHUX BHYTPILIHIX CHUIT,

{Q(u, t)}- BexTOp y3arasbHEHMX 3OBHIIIHIX
CHII,

U, 1 - BEKTOpU NPUPOCTIB MEPEMIIIEHb 1
MPUCKOPEHB.

Pe3ynbpTat KOMIUIEKCHOTO YHCEIBLHOTO
MOJEJIFOBAHHS ICTOTHO 3aJIeXKaTh BiJ METOIB
BUpIIIEHHS 3a/1a4, SKi 3aCTOCOBYIOTHCS:

* HEJIHIWHI AUHAMIYHI 3a7a4i;

* FEOMETPUYHO HENTIHINHI 3a/1a4l 3
BEITMKUMU TIEPEMIIIEHHSIMU Ta 3
BEJIMKUMU AehOopMaIlisiMu;

* (hi3MuHO HeNiHINHI 3a/1a4i 3 PO3BHHEHOIO
IIJIACTUKOIO 1 HAKOITUYEHHSIM
MIOIIIKO/KEHb MaTepiaioMm;

* 3a71a41 KOHTAKTHOT B3a€EMO/IIT Pi3HUX
TPYII €JIEMEHTIB KOHCTPYKIIIH.

Po3paxyHOK KOHCTpYKLIH Ha JIWHAMIiYHI
HABAHTKCHHS MPOBOAMTHCS 33 METOAOM

ByniBenbHi koHCcTpyKuii. Teopis i npakTuka * 16/2025

IPaHUYHUX CTaHIB - 32 HECYUOKO 3[aTHICTIO
(TpaHHYHI CTaHH MEPIIOT TPYIIN).

IloBHEe pyliHYBaHHS XapaKTEpU3YETHCS
OOBaJIeHHSAIM KOHCTPYKLii 1 Moxe OyTH
BUKIIMKAHO OOPHUBOM PO3TATHYTOI apMaTypH,
3MIIIEHHSIM KOHCTPYKLIH 3 omop abo ix
pyiinyBaHHsM. OOpuB apMmatypu 3a3BHuail
Ma€e Miclle MpH HEeBeNHKid il HasBHOCTI abo
3aCTOCYBaHHI BUCOKOMIITHOT apMaTypH.

I HEnoBHOrO pPyHMHYBaHHS XapaKTEpPHO
pyHHYBaHHs OETOHY CTUCHYTO1 30HU B OTHOMY
a00 JIEeKIJIBKOX MePEeTHHAX 1 3HIKEHHI Hecyuoi
3IaTHOCTI, OJTHAK, OOBaJICHHSI KOHCTPYKIIIA HE
BinmOyBaeThcs. KoHCTpykiis 3maTHa — 1Ie
BUTPUMATH HaBAHTAXKEHHS BiJl BIACHOI Bary i
TUMYaCOBOTO  TPHBAJIOTO  HABAaHTAXKCHHS.
[lepemimeHHs KOHCTPYKIIIT HE OOMEKYIOThCS.
[HTeHCHBHICTh 3HIMKCHHS HECYYOl 3aTHOCTI
3aJIC)KUTH BiJ] BMICTY apMaTypH B €JIEMEHTI — [
(%): uum Oinplue BiACOTOK apMyBaHHS, THM
mBHALIE BiAOYBa€TbCS 3HIDKEHHS HECYYOi
3/IaTHOCTI 1 HABITAKH.

Hopmyroui BenmuuMHM TpH JUHAMIYHOMY
HABAaHTA)XCHHI BUOUPAIOTHCS TAKUM YHHOM,
mo6 iXx MoxkHa Oyno oOuyuciuTH  3a
JIOTIOMOTOI0 ICHYFOUMX METO/IiB PO3PaxyHKY, a
TakoXX, 100 BOHM Oynu 3py4Hi IS
€KCIIEPUMEHTAILHOTO BU3HAUCHHS.

OCKUIbKM 3aCTOCOBYBaHI B JaHUM yac
METOAHM PO3PaxyHKY O3BOJISIOTH BHU3HAYATH
3THHaJbHI ~ MOMEHTH, TMPOTUHH,  KYTH
PO3KpUTTSI B MIapHIpax IUIACTUYHOCTI, TO
TpaHUYHI  3HAYE€HHA IUX  BEJIMYMH 1
MPUIMAIOTHCS B SIKOCTI HOPMYIOUHX.

BincyTHicTh mimacTHUHUX JAedopmaiiii B
apmartypi Oyne 3abe3nedyeHa 3a yMOBH:

M < My, (3)
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ne M - 3ruHajabHUN MOMEHT B KOHCTPYKLIIT,
M4 - MOMEHT, NpHU SKOMY HAIpyKEHHS B
PO3TATHYTIHM apMaTypi HOCATHYTh JUHAMIYHOT
rpanuii Texyvocti [20].

[lporoHyeThcst ~ HAcTymHa  METOJHMKA
MPOBE/ICHHS YHCEIBHOTO MOJICNIOBAHHS 1
aHaJi3y aBapiiiHOi cuTyalii:

* OIIIHKa JKOPCTKICTHUX  XapaKTEpPHUCTUK,
JTIACHUX cXeM poOOTH 1 3aJHIIKOBUX
pecypciB 3IaTHOCTI HECYYMX KOHCTPYK-
TUBHUX BY3JiB TpU  MHUTTEBOMY 1
TPHUBAJIOMY THIIaX HABAaHTAKEHHS B yMOBaX
HOPMAaJILHOT'O PEXKUMY €KCILTyaTallii;

*OI[iHKAa 3MIHM  CXeMH  poboTH 1
JKOPCTKICTHUX XapaKTEPUCTHK KOHCTPY-
KTUBHUX BY3JiB TpW il MiJABHIIEHUX
HAaBaHTaXEHb 1 PO3BUTKY IUIACTUYHHUX
nedopmaniii 10 TOBHOI BTpaTH HECYYoOi
3IaTHOCTI IIPU aBapiiiHUX BIUIMBAX;

* OI[IHKa BIUIUBY BHUSIBJICHHUX CXeM poOOTH
BY3JIiB Ha JIOKaJIbH1 30HU KOHCTPYKIIii;

* OLIHKA CTaHy CIOPYAM Ha BBEACHHS
MOKJIMBUX BUSIBICHUX KOHCTPYKTHUBHHUX
3MiH.

X

Puc. 1. TpuBuMipHuil 3araqbHuiA BUA aHTapy Ta JOIMOMIXKHHUX CHOPYA
Fig. 1. Three-dimensional general view of the hangar

I8 MK NIIPA-CANP 2024 R2 x64 - [arka-2
Bk aig

4.3aBanTax-4 Asapiiina no X
Mosaika q(rutom.) y3108 oci X(G)
OHHMLI BIMIPY - TA2

Puc. 2. Po3paxynkosa cxema MCE mipu BHOYXOBOMY BIUIMBY Ha apKy Ta JOJAaTKOBE aBapiiiHe
HEPIBHOMIpHE HaBaHTAXKEHHSI 110 X
Fig. 2. Calculation scheme of MFE in case of explosive impact on the arch and additional emergency
uneven load along X
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Puc. 3. HeniniiiHi 3akoHn apMyBaHHS O€TOHY, apMaTypH Ta THUIIM apMyBaHHsI apKH 110 TEXHOJIOTI] 3a1aHOT0
apmyBanHs (T3A)

Fig. 3. Nonlinear stress-stain diagrams of concrete reinforcement, reinforcement and types of arch
reinforcement using the given reinforcement technology (TR)
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4 PCH4(ZTBH B.1.2 - 2:2006_1)
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OIHHHII BEMIDY - MM

2
Y

Puc. 4. [30momns mpy>KHO-TUTACTUYHHUX BEPTUKAIBHUX JeopMalliii aHrapy BijJl aBapiiHOTO HaBaHTaKEHHS
(PCH-4, Ilocriitne+/loBrotprBane+ABapiiine)

Fig. 4. Diagrams of elastic-plastic vertical deformations of the hangar from an emergency load (RCL-4,
Constant + Long-term + Emergency)
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Puc. 5. KoedirienTH 3amnacy MIIIHOCTI aHrapy npH BILiuBi 1o +VY, +Z, nemnyBaHHs IPYHTY He OljbIiie

20%

Fig. 5. Safety factors of the hangar when exposed to +Y, +Z, soil damping no more than 20%

BUCHOBKU TA PEKOMEHJIALIT

OtpumaHi  pe3yapTaTd  CBiI4aTh, 11O
eKCIUTyaTamiiiHa  TPUAATHICTE  CIOPYIU
3a0e3neuyeThest 3 KoeQillieHTOM HaiiHOCTI B
mexax 0.9 - 1.5 ta Ounblie 5, mporpecyroue
00BaJIeHHS IUTUT JOMOMDKHHUX CHOPYA aHrapy
HE BiIOYBa€ThCS npu 3a0e3neueHHi

218

apMyBaHHA: B HW)KHBOMY IIapi IUIMT B
cepelvHi NPONBLOTYy He MeHme 15.4cm?/mM
(914mMm kpokom 100MM mpu TOBIIMHI IUTUTH
40cMm); B BEpXHBOMY IIapi TUTUT HAJl CTIHAMHU
He wMenme 28.lcv¥mM  (@14MM  KpokoM
200mm+20mm  kpokom 200MM) Ta mpH
3a0e3MedyeHHi HeoOXIJHOI 3a pPOo3paxyHKOM
30HH aHKEPYBaHHS apMaTypH.
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MakcuManbHUi ~ HETPYXHUH  TepeKic
Clopyay  TpH aBapiiiHOMy BHOYXOBOMY
BIUIMBOBI Ha cmopyny ctaHoButh 0.00537
(1/186), mo wmenme pomyctumoro 3a JIBH
B.2.1-10:2018 OcnoBu 1 ¢yHIaAMEHTH
OyniBens Ta ciopyn [23].
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ASSESSMENT OF THE RESISTANCE
OF THE HANGAR PROTECTIVE
STRUCTURE TO EXPLOSIVE
IMPACTS

Mariia BARABASH,
Valeriy MAKSYMENKO,
Nataliia KOSTYRA,
Illia BARMIN

Summary. The study is dedicated to analyzing
the operational suitability of an aircraft shelter
structure under explosive and seismic loads, taking
into account the specific characteristics of wave
propagation through the soil cover. The research
examines the reduction in the load-bearing capacity
of the roof structures depending on the degree of
reinforcement in the structural elements. Particular
attention is given to the development of preventive
measures against progressive collapse of the
shelter’s roof slabs in the event of a potential
missile strike. The article explores several
explosive impact scenarios to identify the most
critical conditions for ensuring the reliability of the
hangar structure under emergency situations. The
mechanisms of blast wave propagation resulting
from a surface explosion are also analyzed. An
example calculation of the hangar’s arched
structure under explosive wave loading is provided
using the LIRA-FEM software for a surface
explosion scenario. Results are presented for a
nonlinear analysis of the arch and roof slabs under
additional impact loading of up to 20 tf/m2 The
nonlinear  loading process was modeled
considering soil base damping up to 10% over an
area of 80 m?, with a dynamic coefficient of 1.2
using the LIRA-FEM software. Emergency load
calculations were performed based on specified
reinforcement types (TA).

Keywords: emergency explosive impact, shell
structures, defense structure, stability, progressive
collapse, LIRA-FEM, nonlinear calculation, finite
element method, critical loads, crack resistance
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