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Abstract. The current state of a significant part
of the building stock is characterized by a gradual
decrease in the operational reliability of reinforced
concrete structures, which is due to the combined
effect of physical and mechanical, environmental
factors, as well as a result of military operations.
Long-term operation, the influence of aggressive
environments, exceeding the design loads, as well
as design errors and military operations lead to the
development of defects and damage, which in some
cases go into the emergency stage. Particularly
critical is the disruption of the operation of beam
elements, since they determine the stiffness and
load-bearing characteristics of the structural system
as a whole. Under such conditions, there is a need
to implement effective technical solutions aimed at
restoring the load-bearing capacity.

The paper considers an approach to
strengthening reinforced concrete beams using post-
tensioned ropes. Unlike traditional methods based
on increasing the cross-section or introducing
additional elements, the proposed technology
allows for the implementation of the effect of pre-
compression in the stretched zone without a
significant increase in the mass and dimensions of
the structure, which is fundamentally important
when working with existing and emergency
facilities.

The experimental part of the study is based on a
comparative analysis of two series single-span
beams:

v’ control samples without amplification but
with a different manufacturing method

v’ equipped with a post-tensioning system,
which are reinforced using various methods.
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In this case, the reinforced beams include both
samples in which the design solutions provided for
the possibility of tension at the manufacturing stage,
and elements whose reinforcement was performed
after the concrete gained strength by arranging
holes, installing anchor devices and subsequent
monolithic construction. This approach allows us to
assess the effectiveness of the technology both for
new structures and in the conditions of
reconstruction of existing elements.

During the tests, the dependences between the
level of applied load and the magnitude of
displacements were investigated, and the features of
crack development and stiffness changes at
different stages of operation were analyzed. The
organization of the experiment provided for phased
loading with continuous fixation of parameters,
which provided the possibility of detailed analysis
of the behavior of structures.

The practical significance of the study lies in
using the obtained data to improve calculation
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models and recommendations for the use of post-
tensioned systems in reconstruction.

Keywords: reinforcement; prestressing; post-
tension; ropes; experiment

INTRODUCTION

Ensuring the reliability and safety of the
operation of buildings and structures is one of
the key tasks of modern construction science
and engineering practice. During long-term
operation, reinforced concrete structures
undergo a gradual decrease in their physical and
mechanical characteristics, which leads to a
deterioration in their bearing capacity, stiffness
and crack resistance. A significant part of the
existing building stock, formed mainly in the
second half of the twentieth century, currently
operates in conditions that differ from the
initially established design assumptions, which
leads to an increased risk of defects and
damage.

The main causes of structural degradation
are the complex action of operational and
environmental factors, in particular, corrosion
of reinforcement, carbonization of concrete, the
influence of cyclic and long-term loads, as well
as  exceeding  permissible  operational
parameters. Taken together, these phenomena
lead to the accumulation of damage, which can
turn into a pre-accident or emergency state.
Beam elements are especially vulnerable,
which play a decisive role in the transfer of
loads and the formation of spatial rigidity of
structural systems.

A separate and extremely relevant factor that
significantly affects the technical condition of
buildings and structures in Ukraine is the
consequences of military operations. Explosive
loads, shock waves, local destruction and
damage to load-bearing elements lead to a sharp
decrease in their performance or complete loss
of load-bearing capacity. Under such
conditions, a significant number of emergency
structures are formed, which are characterized
by integrity violations, the development of
cracks and dangerous deformations. This
necessitates the development of effective
engineering solutions that can provide
operational strengthening and stabilization of
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the state of structures without full-scale
reconstruction.

Traditional methods of restoration and
reinforcement, based on increasing the cross-
section or installing additional elements, do not
always meet the requirements of speed and
technological feasibility of work, especially in
conditions of limited access or the need for
urgent intervention. In addition, such methods
are often accompanied by a significant increase
in the mass of the structure and the
complication of its operation.

In this context, technologies that allow for
purposeful change of the stress-strain state of
structures with minimal intervention in their
geometry are of particular interest. One of the
promising areas is the use of post-tensioned
ropes, which provide the introduction of
compressive forces into the stretched zones of
elements. The use of post-tensioned ropes
allows for effective reduction of the level of
tensile stresses, limiting the development of
cracks, reducing deflections and increasing the
overall stiffness of structures.

An important advantage of this approach is
that it can be applied not only to new elements,
but also to existing structures, including
damaged or emergency ones. This makes post-
tensioning technology particularly relevant in
post-disaster recovery conditions, in particular
for structures damaged by military operations,
where time is critical and the need to quickly
restore the functionality of structures is
essential.

Despite the existence of separate studies
devoted to the use of prestressed elements in
domestic practice [1...14], this direction
remains underdeveloped and fragmentary.
Most of the works are focused mainly on
theoretical aspects or individual applied
problems, which does not allow to form a
generalized methodological basis for the
widespread implementation of the technology.
The lack of systematized experimental data and
substantiated recommendations significantly
limits the possibilities of applying post-
tensioning in the practice of strengthening and
reconstruction  of  reinforced  concrete
structures.
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At the same time, in world engineering
practice, post-tensioning technology has
become widely used and has proven its
effectiveness in various construction industries
[15...22]. Accumulated international
experience indicates the feasibility of its use
both in new construction and in the restoration
and strengthening of existing structures, which
emphasizes the need for further development of
this area in Ukraine.

This gap between international experience
and national practice emphasizes the need not
only to develop an experimental base, but also
to integrate Ukrainian regulatory documents
[23...25] with modern world standards [26].
Harmonization of requirements will ensure the
effective implementation of post-tensioning
technology and create conditions for increasing
the reliability and durability of building
structures in the processes of reconstruction and
restoration.

Thus, conducting experimental studies
aimed at assessing the effectiveness of using
post-tensioned ropes to strengthen reinforced
concrete beams is an important scientific and
practical task. Of particular relevance is the
study of the possibilities of wusing this
technology for the operational strengthening of
emergency structures, which will allow
increasing the level of safety, ensuring the
stabilization of their operation and creating the
prerequisites  for  further operation or
reconstruction.

EXPERIMENT ORGANIZATION

The methodological basis of this study is the
approach developed and substantiated in the
previous work [1], where the general principles
of experimental research of reinforced concrete
elements were formed, the main test parameters
were determined and a scheme of the
experiment organization was developed. Unlike
the previous stage, in this work the specified
methodology is specified and adapted taking
into account the changed experimental
program.

For experimental research, single-span
reinforced concrete beams with a span of 1.9 m
were used, which were divided into two series:
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The first series of beams are beams made
without reinforcement, but divided into 2
beams:

v/ B-1.1 beam is manufactured without
anchor and ropes.

v’ B-1.2 beam is manufactured with pre-
installed anchor and rope for
reinforcement.

The second series consisted of beams that,
after testing the first series, were reinforced by
post-tensioning. Depending on the technology
of installing the reinforcing elements, the
following samples were distinguished:

v B-2.1 post-tensioned beam (B-1.1)
reinforced using elements pre-
installed at the manufacturing stage
(ropes and anchors).

v/ B-2.2 post-tensioned beam (B-1.2)
reinforced using elements installed at
the stage of conducting the
experiment.

All samples had the same geometric
parameters and internal reinforcement scheme,
which ensured the correctness of further
comparative analysis. The volumes and
characteristics of the test samples are given in
Table 1.

The beams were manufactured under
controlled conditions using concrete of strength
class C20/25. After molding, the samples were
aged in a controlled environment until the
design strength was achieved. Additionally,
tests were carried out on control concrete
samples, namely three cubes measuring
100x100x100 mm, to determine the actual
physical and mechanical characteristics of the
material, which made it possible to specify the
parameters of further analysis. In addition, tests
were carried out on reinforcing steel to
determine its actual strength and deformation
characteristics, the results of which were taken
into account during data processing.

Before the start of the tests, each beam
underwent a visual inspection to identify
possible defects that could affect the results of
the study (see Fig. 1 and 2).

45



ISSN 2522-4182

Table 1 Volumes and characteristics of the samples studied

Tabu. 1 OOGcsru Ta XxapakTepUCTHUKa TOCTITHUX 3pa3KiB

Series I\gz;l;r;g Amount Test scheme Notes
& 5 The beam is manufactured without pre-
1 B-1.1 1 J reinforcement and post-tensioning
(without = - technology see Fig. 1
post- ; . The beam is manufactured with pre-
tensioni B-12 1 X X installed anchor and rope for
ng) ' B2 23 reinforcement withqut post-tensioning
see Fig. 2
. Post-tensioning beam reinforced after
5 B-21 1 — X & testing the first series using elements pre-
(with ' | oA arranged at the manufacturing stage see
Fig. 4
te?:;isé}]i ) Post-tensioning beam reinforced after
ng) B-22 1 = X testing the first series using elements pre-
9 : | L. AL arranged directly at the experimental
stage see Fig. 7

Fig. 1 Beam of the first series B-1.1.
Photo by: Vynokur V.

Puc. 1 banka nepruoi cepii b-1.1.
AsTop ¢oro: Bunokyp B.

Fig. 2 Beam of the second series B-2.2.
Photo by: Vynokur V.

Puc. 2 banka npyrofi cepii b-2.2.
Atop ¢oro: Bunoxyp B.

After that, the beams were installed on a
stationary test stand with hinged-fixed and
hinged-movable supports that simulate the

operation of the structure in real operating
conditions.

For each series of tests, separate test stands
were organized, which are shown in Figures 3
and 4.
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Fig. 3 First series test stand.
Photo by Vynokur V.

Puc. 3 Crenz BunpoOyBaHHs nepuioi cepii.
Agstop ¢oto: Bunokyp B.

The loading system was implemented using
a hydraulic jack connected to an oil station,
which provided smooth adjustment of the
applied force. The loading scheme provided for
the application of a concentrated force, which
allowed reproducing the operating conditions
of the beam during bending. The loading
geometry and the location of the force
application points are shown in Fig. 8 and 9.
Before the start of the tests, the hydraulic
jack and pressure gauge were calibrated to
ensure the accuracy of the applied forces and
the reliability of the measurements (see Fig. 5).
The calibration was carried out using
reference loading devices, which allowed us to
establish the correspondence of the pressure
gauge readings to the actual pressure values.
The displacements were measured using
high-precision deflection indicators installed in
the middle of the span. The measurement

Fig. 5 Calibrating the hydraulic jack and pressure gauge.
Photo by: Vynokur V.

Puc.
MaHoMeTpy. ABTOop doTo: BuHOKYp B.
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5 KaniOpyBaHHsl TiIpaBIiYHOrO JIOMKpaTy Ta

Fig. 4 Second series test stand.
Photo by Vynokur V.

Puc. 4 Crenp BunpoOyBaHHs Ipyroi cepii.
Astop ¢oro: Bunoxyp B.

accuracy was up to 0.1 mm. In addition,
deformations were monitored in characteristic
zones (see Fig. 8 and 9), as well as the moments
of crack formation and development were
recorded.

The load was applied stepwise with a given
step, which allowed to monitor in detail the
change in the stress-strain state at each stage.
The initial load levels were used to check the
correct operation of the measuring system and
to record the initial deformations. Further
increase in the load was carried out until the
limit state of the structure was reached or the
bearing capacity was lost.

For beams of the second series, reinforced
with post-tensioned ropes, it was assumed that
tension would be created using hydraulic
equipment, a photo of the implementation of
which is shown in Fig. 6.

Fig. 6 Creating tension using a jack.
Photo by: Vynokur V.

Puc. 6 CTBOpeHHS HaTAry 3a JOIOMOIOIO JOMKpATYy.
Astop ¢oro: Bunoxyp B.
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In the second series of tests, individual
beams were reinforced by installing anchor

relationships, and determination of character-
ristic stages of the structure’s operation

nodes and post-tensioned cables. The holes for
the anchors and cables were made directly by
the author of the study in the body of the beams
in compliance with technological requirements
(see Fig. 7), after which the anchors were fixed
in concrete using a high-strength mixture.
This approach allowed us to recreate the real
conditions of reconstruction and restoration of
emergency structures, when reinforcement is
performed on existing elements that are in
operation.

During the tests, all controlled parameters
were continuously recorded in real time. These

Fig. 7 Fragment of a beam of the second series with
installed anchors. Photo by: Vynokur V.

included deflections, deformations, the level of Puc. 7 Oparment Oankm gpyroi  cepii 3
applied load, and crack formation parameters. BBﬂaH;T"Bag“MH aHKepaMH. ABTOp  Qoto:
- HMHOK .
The obtained data were stored for further P
processing, construction of experimental
-
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Fig. 8 Test scheme for beams B-1.1 and B-2.1 without post-tensioning technology
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Fig. 9 Scheme of testing reinforced beams B-1.2 and B-2.2 using post-tensioning technology

Puc. 9 Cxema BunpoOyBanHs migcuiieHnx 6anok b-1.2 Ta b-2.2 3a 1omomororo TexHOJIOTl HOCTHANPY)KEHHS
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The proposed experimental research
methodology  provides high  accuracy,
repeatability and reliability of the results. This
creates an opportunity for their further use in
the development of computational models, as
well as for comparison with the results of other
studies in this field.

CONCLUSIONS

As a result of the research, a scientifically
sound approach to the experimental study of
reinforced concrete beams using post-tensioned
ropes as a means of reinforcement was formed.
The proposed methodology is based on the
principle of comparative analysis of control and
reinforced samples, which allows for objective
assessment of the influence of post-tensioning
on the stress-strain state of structures.

The developed experimental methodology
provides a comprehensive approach to studying
the behavior of beams under load, including
stepwise loading, fixation of deformation
parameters, crack formation control, and the
possibility of implementing repeated loading
cycles. This approach creates conditions for
obtaining representative data and allows
analyzing the operation of structures not only at
the limit stages, but also in the range of
operational loads.

A feature of the proposed methodology is the
consideration of various scenarios for the
application of post-tensioning technology, in
particular for elements in which reinforcement
is envisaged at the manufacturing stage, as well
as for structures that are reinforced after
commissioning. This expands the scope of the
study and ensures its practical orientation.

Special attention is paid to the possibility of
using post-tensioned ropes as an effective tool
for strengthening structures that are in a pre-
accident or emergency state. In the context of
modern challenges, in particular, damage to
buildings as a result of military actions, it is
relevant to develop technologies that allow for
rapid stabilization of the state of elements and
ensure their further operation without the need
for complete dismantling. The proposed
approach meets these requirements due to the
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possibility of rapid implementation and
minimal intervention in the existing structure.

The experimental data obtained within the
framework of this work form an information
basis for their further analytical processing,
generalization and interpretation. On their
basis, it is planned to perform an in-depth
analysis of the patterns of deformation, crack
formation and changes in the stiffness
characteristics of reinforced elements, as well
as to develop refined approaches to assessing
the effectiveness of post-stressing.

The contribution of the work to the scientific
sector of the construction industry consists in
the development of methodological principles
of experimental research of reinforced concrete
elements and the formation of a basis for further
analysis of the effectiveness of the use of post-
tensioning. The practical value lies in creating
prerequisites  for improving engineering
methods of reinforcement, adapting modern
technologies to the conditions of domestic
construction and harmonizing the regulatory
framework with international standards.

In further research, it is advisable to expand
the experimental base, generalize the obtained
data, and develop calculation models that will
allow a more complete assessment of the
influence of post-stressing parameters on the
operation of reinforced concrete structures.
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EKCIIEPUMEHTAJIBHI
JOCJIHIKEHHA 3AJIIBOBETOHHUX
BAJIOK 3 IOCTHAINIPY KEHUMU

KAHATAMU

JImumpo CMOPKAJIOB
Bonooumup BUHOKYP

Adotanisi. CydyacHUi CTaH 3HA4YHOI YaCTUHU
OyniBeIBHOTO doHay XapaKTepU3YEThCS
MOCTYNOBUM 3HMYKCHHSIM eKCIUTyaTalinHo
HQJIIMHOCTI 3a1i300€TOHHUX KOHCTPYKIIH, 10
00yMOBIIEHO CYKYIHOIO Ji€t0 (hi3MKO-MEXaHIYHHX,
cepeoBHITHUX (DAaKTOPIB a TAaKOXK B HACHIJOK
BiiCbKOBUX Ail. TpuBama ekcruryaTarlisi, BIUTAB
arpecuBHUX CepeIoBHIL, TIEPEBUILICHHS
PO3paxXyHKOBUX HABAHTKEHb, & TAKOX MOMMUIKH
MPOEKTYBaHHS Ta BOEHHI [ii TNPU3BOAATH JIO
pPO3BUTKY ne(EeKTiB 1 TOMKOKCHb, SKi y Pl
BUMAJKIB MEPEXOISTh Y CTAIiI0 aBapiiHOTO CTaHy.
Oco0MMBO KPUTUYHHM € TIOPYIICHHS pOoOOTH
0aTKOBUX EIIEMEHTIB, OCKUIBKH CcaMe BOHH
BHU3HAYAIOTh JKOPCTKIiCH1 Ta Hecyui
XapaKTePUCTUKH KOHCTPYKTHBHOI CHUCTEMH B
mitomy. 3a TakhX yMOB TIIOCTae HEOOXiIHICTH
BIIPOBA/KCHHSI €()DEKTHBHHUX TEXHIYHHX pIllIeHb,
CIPSIMOBaHKX Ha BIIHOBJICHHS HECY4Ol 31aTHOCTI.

Y po0oTi PO3TISAHYTO MiAXiM OO MiJCHIICHHS
3a7i300€TOHHUX ~ OalloK i3 3aCTOCYBaHHSM
MMOCTHANIPY)KCHUX  KaHaTiB. Ha Bigminy Bix
TpaiuIiHUX  METOJIB, IO 0a3ylThCcs Ha
30inpmIeHH] Tepepidy abo BBeIEHHI AOJATKOBHX
CJIEMEHTIB, 3alPOIIOHOBAaHA TEXHOJIOTISI J03BOJISE
peamizyBaTd e(EKT TOMEePeaHhOTO CTUCKY Y
PO3TATHYTIM 30HI 0€3 CYTTEBOTO 301JIBIIICHHS MacH
Ta TabapuTiB KOHCTPYKIIi, M0 € TPHHIIAIIOBO
Ba)KJIMBHUM IIPH POOOTI 3 ICHYIOUHMH Ta aBapiHHUMH
00’ exTamu.
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ExcriepuMenTanpHa  9acTWHA — JOCHIKEHHS
noOyZoBaHa Ha MOPIBHUILHOMY aHaJi3i IBOX cepiid
OHOTIPOJIITHUX OaJIOK:

v/ KOHTPOJIbHUX 3pa3KiB 0e3 MiJCHIICHHS, aje 3

IHIIIMM METOJOM BUTOTOBIICHHS
v/ OCHAIIIEHUX CHCTEMOIO IOCTHAMPYKEHHSL, K
MICHTIOIOTHCS PI3HUMHA METOIAMH.

[Mpu npomy miacuieHi OanKu BKIIOYAIOTH SIK
3pa3kd, Yy SAKUX KOHCTPYKTHBHI  DIIICHHS
nependavyaniM MOXIHUBICTH HATATY HA  CTafil
BUTOTOBJICHHSI, TaK 1 €JIEMEHTH, IiJICUICHHS SKHUX
BUKOHYBaJIOCsl Iicisi Habopy MinHOCTI OeToHy
IULIXOM ~ YJAIITYBaHHS ~ OTBOPIB,  MOHTaXy
aHKEPHUX MIPUCTPOIB i MO IaJTBIIIOTO
3aMOHOJIIUyBaHHS. Takui MiJXi/] JO3BOJISE OLIHUTH
e(eKTUBHICTh  TEXHOJIOTHi K NI  HOBHUX
KOHCTPYKIIif, Tak 1 B YyMOBax pPEKOHCTPYKIIii
ICHYIOUHX €IEMEHTIB.

Y  mpomeci  BUNpoOyBaHb  JOCTIIKECHO
3aJIEKHOCTI MiX piBHEM MIPHUKIIAACHOTO
HABaHTOKEHHA Ta BEJIMYMHAMHU IE€pPEeMillleHb, a
TaKOXX TIPOAHATI30BaHO OCOOIMBOCTI PO3BUTKY
TPIMH 1 3MIHM J>KOPCTKOCTI Ha PIi3HUX CTalisxX
pobotu. Opranizariisi eKCIIEpUMEHTY Tepeadadana
MOETalHe  HABaHTaXEHHS 13  Oe3lepepBHOIO
¢ikcamiero  mapameTpiB, 10  3a0e3Meymnio
MOXJIMBICTh ~ JIETAIbHOTO  aHANi3y IOBEHIHKH
KOHCTPYKITii.

[TpakT4Ha 3HAYYLIICTH JOCHIIKEHHS TOJISITAE Y

BI/IKOpI/ICTaHHi OTpUMAaHUX JaHUX JISL
BIOCKOHAJEHHS PO3PAaXyHKOBHX Mojeneil Ta
pexoMeHaiit 10710 3aCTOCYBaHHS

MOCTHAIPY>KEHUX CUCTEM Y PEKOHCTPYKII.

KarouoBi cioBa: miICHIICHHS, TIONEPEIHE
HaAIPYKCHHS, MOCTHANIPY>KECHHSI, KaHaTH,
EKCIICPUMEHT.
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