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Abstract. The article addresses the challenge of ensuring safety during statistical testing of rack
structures (beams and supports), crucial given the inevitable wear and tear metal structures experience
during operation. Overloads, deformation, and damage can lead to significant consequences, includ-
ing financial losses from damaged goods and potential accidents. Regular inspections are vital for
assessing equipment wear, identifying necessary repairs, extending shelf life, and preventing acci-
dents. The key is finding a balance between test efficiency, regulatory compliance, and worker safety.
The proposed method involves mandatory periodic rack testing conducted by operators or owners
themselves, removing the need for heavy, metrologically verified loads that can cause physical strain.
This safer approach uses fixed static traction forces, ranging from 0.1 to 1.1 of the rack's standard
load capacity, generated by a lifting mechanism and measured by a dynamometer. These forces are
transmitted to the racks via single-arm slings connected to the attachment points and aligned vertically
to ensure accurate application. This method significantly improves testing safety, reduces the proba-
bility of accidents, and increases the reliability of the results. These findings can be used to update
regulatory documentation and enhance safety standards within the construction industry. The ap-
proach offers a more practical and secure way to assess rack integrity, minimizing risks to workers
and preventing potential failures.
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Anparna. Maxanada mipek KOHCMPYKYUAIAP®IH, aman aumgaHoa — apKalelKmap MeH
mipexmepoi CMamuCmMuKAIblK CblHAY Ke3iHoe Kayincizoikmi Kammamacol3 emyoiy 03eKmi Maceneci
Kapacmuipbinaovl. Kes kencen memann KOHCMPYKYUs HCYMbIC Ke3iHOe mo3aovl. Lllamadan moic
JAHCYKMeMeHIH, 0ehoOpMayUAHbIY HCIHE IPMYPILE 3aKbIMOAPObIH acepi Kopinedi. Mep3imoi mexcepynep
AHCAOOLIKMbIHY KAHUATLIKIMbL MO3AHBIH AHBIKMAY2a KemekmeceOi. JKenoey socymvicmapvinvly konemi
anbIKManaovl dicone cope KYNAaeaHHAaH KeuiH KOMMEPYUSNbIK OHIMHIH OY3blIyblHa OQulaHbICMbL
KapoiCuliblK UbleblHOapObiy alloblH anadsl. MyHnoati mekcepynep xcazamaibiM OKUaLap mMeH aoam
ONIMIHIY alObIH anyea JHcaHe mipeKkmepoiy Kvlamem emy Mep3imin y3apmyea kemekmeceodi. ColHak
MuUiMOiniei, HOPMAMUEMIK MAlAnNmMapea CaUuKeCmiK JHCoHe JCYMBICUUbLIAPOLIE — KaAYIncizoiel
apacwiHoazel meneepiMoi maby HCYMviCHbl OPLIHOAY MACINL MeH 0ICiH 632epmy aApKblibl HCy3e2e
acvlplaodbl. YCbIHLLILIN OMBIPRAH 20iC MEMPONOGUANBIK MEKCePYOi JCIHe CaKmay OpHbIH Kadcem
ememiH JHCaHe HCYMbLCULLLIAPObIH QUIUKATBIK UUAMAOAH MbIC HCYKMELY KaAHCemminicin nyoblpambuin
ayelp ocykmepoi nauoananbai, o01apobly onepamopnapvl Hemece ueiepi MYMKIH 601amulH
mipexmepoi (apxanelkmaposl, mipekmepoi) MiHOemmi Mep3iMOiK CLIHAKMAH 6MKi3y0eH mYpaobl.
Typakmsl cmamukanvlk JcyKmeme peminoe Komepeiul MeXaHusMMeH JHCACAleaH mipeKmepoiy
(apxanvikmapowly, mipekmepoiy) cmanoapmmol JAcyK xomepeiwmiciniy 0,1-0en 1,1-2e Oetiinei
mapmy Kywmepi KOIOAHbIIAO0bl, OUHAMOMEMPMEH OauleHedi JHCaHe MAapmKblul Kyumepoiy mik
OazvlmvlH OpHAMY YULIH CHIHANAMbIH 00beKminepoiy beKiny HyKmenepine wemki s1emeHmmepmeH
HCANRANRAH DHCOHE MIPEK CbI3bI2bIHA NApaiient CO3bli2an Oip MapMakmvl UMAapKaiap apkblibl
mipexmepee Oepinedi. Homuowcecinoe colnax xayincizoiei aumapivikmai apmaobvl, Hea3amatiblm
OKUSANAPObIH bIKMUMALObIZLL MOMEHOEUOl JHCoHEe ANbIHEAH HaMuUdicenepoly ceHimoiniei apmaobl.
Homuoicenepoi nopmamuemix JicoHe MEXHUKANbIK KYICAMMAMAHbL JHCAHAPMY IICIHE KYPbLIbIC
UHOYCMPUSICHIHOAZbL KAYINCIZ0IK CIAHOAPMMAPLIH HCAKCAPMY YUlin nauoanianyaa 601aobl.
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HAVYYHAA CTATBHA

MOBBIIIEHUE BE3OINACHOCTH IIPU TPOBEJIEHUU
CTATUCTUYECKHUX UCTIBITAHUI CTPOUTEJBHBIX
KOHCTPYKIMIA (BAJIOK, TOKEMEHTOB)

P. E. XKymaryaoa," = I. AxxueBa'*" ", I, 7K. ZKapacnaesa''*, A. ’KymaryJsosa," ",
H. Myxamemxan?

"Mesxaynaponnas o6paszoarenbHas kopropanus, 050043, Anmarsl, Kazaxcran

2 Vausepcurer XKenesa, 1206, Iseitnapus

AHHOTAaIUsA. B cmamve paccmampusaemcs npoOiema obecneyenus 0€30NACHOCMU NpU
CIMAMUCMUYECKUX UCHBIMAHUAX CIPOUMETbHIX KOHCMPYKYULL (DANIOK U I0JCEMEHMOB), YUMo umeem
pewarowee 3HaYeHUe, VIUMbleas Heuz0enCHblll UZHOC MeMALIU4ecKux KOHCMPYKYUll 8 npoyecce
axcnayamayuu. Ilepeepysxu, degpopmayus u nogpericoeHuss Mo2ym NPUECmu K CepbesHblM Nocieo-
CMBUAM, GKIIOYASL PUHAHCOBLLE NOMEPU OM NOBPENCOCHUS TN0BAPA U B03MONCHBIE HECUACMHbIE CT)-
yau. Pezynspnvie nposepku umMelom JiCU3HEHHO 8AJICHOe 3HAYeHUe 0TI OYEHKU U3HOCA 060pYO008aHus,
onpeoeneHus HeoOX00UMO20 PeMOHMA, RPOOIEHUSL CPOKA 200HOCIU U NPe0OMBPAUEHUS HECUACTNHBIX
cayyaes. 1 asnoe - navimu 6ananc mexncoy d¢@GeKmueHoCmvio mecmupo8anus, coOI00eHueM Hopma-
MUBHBIX mpebosanul U 6e30nacHocmovio pabomuuxos. Heobxooumo coseputencmeosarue mMemooux
Haepysicenusi, Oas1 MAKCUMATLHO MOYHOU UMUMAYUU PeaibHbIX IKCIIYAMAYUOHHBIX HAZPY30K, HO
ocmarowuxcs bezonacnvimu. Ilpednazaemviti cnocod npedycmampusaem 0os3amenvHoe nepuoouye-
CKOe Mecmuposanie Cmeiiaxcell U 10HCeMenmos, nposooUMoe CAMUMU ONEPAMOPAMY UTU 811A0eTb-
yamu, 4mo ycmparsiem HeodX00UMOCHb 8 OOJIbULUX, MEMPOLOSUYECKU BbIBEPEHHBIX HASPY3KAX, KOMO-
pble Mo2ym 8v136amb PU3UYECKoe HanpsiceHue. Imom bonee 6e30nackblll NOOX00 UCIOTb3Yem UK-
cuposantoe cmamudeckoe mseogoe ycunue, cocmasasioujee om 0,1 0o 1,1 om cmandapmmoii epy3o-
NOOBEMHOCTNU CIENLIAMNCA, CO30A8AeMOe NOOLEMHBIM MEXAHUSMOM U U3MepSeMoe OUHAMOMEMPOM.
Omu ycunus nepedaromcss Ha CMENLANCU ¢ NOMOWBI) OOHOPBLIYANCHBIX CIPOH, NOOCOCOUHEHHBIX K
MOYKAM KPenieHusl U GbIPOGHEHHbIX N0 6EPMUKANU ONisL 0OecnedeHUst MOYHO20 NPUMEHeHUss. Dmom
MEMOO 3HAYUMENLHO NOsblidem 6e30NaACHOCIb UCIBIMAHUL, CHUNCAET 6EPOSIMHOCTb HECUACHIHBIX
Cyuaes u nogbliiden HaoelCcHoCmy pesyibmamos. [lonyuennuvle pesyibmamol Mo2ym Obimb UCNONb-
306ambl 0711 0OHOBNEHUS HOPMATNUBHOU OOKYMEHMAYULU U NOBLIUUEHUS CIAHOAPMO8 Oe30NACHOCU 8
cmpoumenvholi ompacau. Takoil nooxo0 npedirazaem 0o01ee NPAKMUHHBLU U O30NACHBLL CNOCOO
OYEHKU YEeTIOCTMHOCMU CIELTANCEl, CEO0SUMUT K MUHUMYMY PUCKU 051 PAOOMHUKOS8 U NPe0omepauid-
FouULl 803MOdICHBLE COOU.

KiroueBble cinoBa: cmamucmuueckue UCHbIMAHUSL, CMENAXCU, 0ehopmayusi, HA0eHCHOCMb,
bezonacHocmo
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1 INTRODUCTION

Warehousing plays a key role in Kazakhstan's modern economy, serving as an integral part of
the logistics chain, ensuring the efficient storage and distribution of goods. In recent years, the country
has seen significant growth in warehouse space, driven by the development of industry, trade, and e-
commerce. Consequently, the need for reliable and secure racking systems to ensure optimal use of
warehouse space has increased.

Safety during operation of rack structures (beams, supports) is a priority, as any violation of their
integrity can lead to serious consequences, including damage to goods, injury to personnel, and even
the collapse of the entire racking complex. In a dynamically developing market and increasingly
stringent requirements for occupational health and safety, the importance of ensuring safety during
statistical testing of racks is increasing exponentially.

Statistical tests aimed at assessing the strength and stability of rack structures are a mandatory
element of the quality and safety control system (55525-2017). They allow the identification of
potential defects and weaknesses that arise during operation under the influence of various factors
such as overload, corrosion and mechanical damage (Occupational safety and health. 2025). The test
results serve as the basis for making decisions on the need for repair work, replacement of individual
elements, or decommissioning of structures and rack systems.

However, as practice shows, statistical testing of racks (beams, supports) can pose risks to both
equipment and workers. These risks are typically due to:

Failure to comply with standards — using incorrectly established or uncertified test methods.
Incorrect loads — use of inaccurate load data.

Accidents and damage — exceeding permissible loads, damage to storage systems during energy
release.

Personnel hazards include workers being in dangerous proximity to the testing area.

Insufficient training includes the use of unqualified workers and improper testing.

Material failure and fatigue — wear and tear of the racking materials.

Mechanical damage — the presence of hidden defects that may not immediately become apparent.
Failure to comply with safety standards — which may lead to legal consequences.

To minimize these risks, it is necessary to strictly adhere to established rules and regulations
governing the statistical testing of building structures. These include RK standards (5.03.-107-2013.
(2013), Technical Regulation (RK 435 as amended and supplemented by 2025) and international
standards (29.8829-2018 & ISO/IEC 17025-2019).

Currently, static tests of racks (beams, trays) are conducted as follows: A calibrated load is
placed on two adjacent rack sections (beams, trays) to simulate the impact of the stored goods on
them for 10 minutes. During a full technical inspection, the vertical load applied to the storage tiers
is equal to the nominal load, and during acceptance testing (strength testing), it is at least 1.1 times
the nominal load. The horizontal static load is equal to 0.1 times the nominal load. The deflection
parameters of the load-bearing horizontal beams and the deformations of the vertical frame between
adjacent sections are monitored by comparing test results with regulatory requirements (GD 34
RK.03.204-05).

The existing method of conducting mandatory periodic testing of racks (beams, supports) is very
labor-intensive and involves significant physical strain when lifting and moving heavy loads.
Therefore, it is outdated and difficult to replicate by rack (beams, supports) operators or owners.
Implementing this method is associated with a high level of danger and labor intensity.

The proposed method is an invention related to the means for conducting mandatory periodic
testing of racks (beams, supports) without the use of weights that create the required static load. This
will significantly improve process safety, reduce labor costs, and simplify the testing procedure,
making it accessible to a wide range of users.

There is almost no scientific literature on the methods of testing racks (girders, supports),
primarily for strength, aimed at minimizing the dangers and severity of the work process. The authors'
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research includes various areas, including statistical calculations of the roofs of buildings and
structures [1]. The calculation of roof statistical tests includes determining the strength and stability
of the beams used in the roof structure under various loads. This process includes several steps, such
as determining the estimated loads [2,3], calculation of bending moment and lateral force [4], as well
as checking the beams for strength and stability. Ultimately, the calculation helps determine the
necessary dimensions and characteristics of the beams to ensure the safety and reliability of the roof.
A number of studies are devoted to finite element modeling of beam reinforcement [5],
strengthening the bearing capacity of welded I-beams with corrugated walls and technological holes
under static load [6], improving the finite element method for beams taking into account transverse
shear deformations [7], determining the dynamic characteristics of inhomogeneous elastic elements
[8], loads on fagade elements of buildings are analyzed taking into account regulatory requirements
[9].
The journal "Labor protection. Kazakhstan", intended as a specialist's handbook, considers the issue
of technical inspection of racks, which is carried out at least once a year, and provides detailed
instructions on conducting static load tests to confirm the load-bearing capacity of the racks.

A few works are devoted to testing racks considered in connection with seismic events [10]. In
these studies, industrial storage racks are considered complex design problems, such as during seismic
events, due to the difficulty of predicting their structural behavior. [11]. Their collapse could cause
significant economic damage and pose a threat to the lives of workers and customers around them
[12]. The authors propose conducting static tests on vibration stands, [11] which allow for the
development of an anti-seismic isolator device used for the modernization of pallet racks [13]. A
review of modern testing methods for racks for earthquake-resistant design was conducted, the main
global design standards were analyzed, global comments were identified, and the needs for further
research were determined [14]. Experimental tests provided insight into the failure modes and global
response of the racks, which were studied by changing the applied gravitational loads [15].

Research has also been conducted to address the challenge of predicting the strength and
stiffness of beam and column joints in steel pallet racks in fire conditions, where current design
standards require expensive and time-consuming experimental tests for each joint. The authors use
advanced machine learning techniques to reduce the need for extensive experimental testing [16].

A reliability analysis was also conducted to assess the safety of the rack-and-pallet structure
using nine adaptations of the Direct Strength Method (DSM) for perforated elements [17].

Researchers from Sao Paulo (Brazil) have presented a new experimental setup for investigating
the mechanical behavior of vertical joints at the base of a steel shelving shelf. This installation
overcomes some of the shortcomings of the test scheme proposed in the main standard specifications,
and as a result, it has been possible to limit the rotation of the concrete block around its vertical axis,
apply a horizontal force F2 by controlling the displacement, and maintain a compressive force F1
[18]. Bulgarian researchers have presented a new developed system for mechanical testing under
static load [19]. The individual modules of the system are characterized: a tensile testing machine,
grippers, extensometers for axial end-to-end lateral deformations, and an electronic control system.
The results obtained during tensile testing using the new system are presented. The yield strength,
tensile strength, elastic modulus, and Poisson's ratio of general-purpose steel are determined.
Chinese researchers have conducted reviews and summaries of major research developments in the
fields of elements, joints, and systems, including continuous perforated racks, vertical frames, beam-
rack joints, support plates, and rack systems, highlighting the challenges in establishing simple and
reliable methods for designing rack structures [20].

Lukin A. provides an overview of research on corrugated metal beams and argues that corrugated
beams are more efficient and cost-effective, [21] rather than beams with flat walls.

Part of the work is devoted to assessing warehouse space to improve the efficiency of logistics
systems. The most important KPIs for each activity have been identified: for receiving-performance,
for placing-cycle time, for storage-utilization rate, for order picking-cycle time, and for shipping-
performance. Improvement steps have been proposed based on a comparative analysis [22]. In the
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direction of warehouse optimization, a new methodology is proposed based on empirical data and
combining several statistical approaches [23], as well as a methodology consisting of four main
stages: defining the scope of management and a set of indicators, applying statistical tools to obtain
the initial model for aggregating indicators, determining the global efficiency model, and
implementing an integrated indicator with its scale. This methodology was applied as part of an
outsourcing process in a Brazilian company with eight key logistics performance indicators [24].

There are many structural problems that arise during the construction process. Most of the
failures were related to the malfunction of the formwork. The authors of this study describe how
construction systems can pose a risk to buildings and how they can withstand the loads that can cause
problems [25].

The results of research on design safety are discussed based on reliability using the Quality-of-
Life Index concept, which uses key social indicators such as GDP and life expectancy, as well as the
health economy, as a basis for determining minimum reliability for both new and existing structures
[26]. The design elements, methods, and construction techniques used to achieve 12 LEED points,
which have a negative impact on occupational safety, are also considered [27].

There is no specific information on regulations related to improving safety during statistical
testing of building structures (beams, supports), but there are documents that can be referred to.
These standards, listed above, are aimed at improving safety during testing of building structures:
they regulate the design, construction, reconstruction, and operation of buildings and structures,
clarify and supplement general requirements specific to the Kazakhstani construction industry, and
establish minimum safety requirements for construction projects and products at all stages of their
life cycle. Furthermore, during full-scale testing of building structures, safety requirements are
mandatory, including prohibiting access to the testing area and organizing measures to prevent the
risk of collapse of structures, loading materials, and loading equipment. The Republic of Kazakhstan
is developing test programs that include safety measures, including instructions with a clear
distribution of team member responsibilities, a test rig plan indicating the placement of units and
hazardous areas, as well as safety devices to prevent the collapse of the test structure and the fall of
loads.

Certain international standards related to improving safety during statistical testing of building
structures address methods of control static testing for assessing the strength, rigidity, and crack
resistance of concrete and reinforced concrete building products, issues of reliability management,
conditions for conducting failure-free testing, and statistical criteria and methods for evaluating their
results.

There are studies of reinforced concrete beams, in particular, on the determination of the
residual load-bearing capacity of inclined sections of them with concrete damage in the compression
zone. It is analyzed that among the studied factors, the greatest influence is the transverse span, the
depth of the damage is less, and the angle of the damage affects the least [29].

A review of international sources revealed that researchers are using a combination of

computational and experimental methods [28]. to rank structural zones by defect probability and
reduce the risk of sudden brittle fracture. They are using ANSY'S software, which accounts for various
loads and identifies the impact of loads on crack formation in weld zones [30].
It must be capable of supporting the weight of the collapsing structure. Scaffolding for the movement
of people must be equipped with stairs, railings and other fences (awnings, canopies). Furthermore,
to manage risks in testing laboratories, it is important to implement a quality management system that
complies with the ISO/IEC 17025-2019 National Standard. This standard requires risk identification
and mitigation.

Thus, the literature analysis showed that the main areas of research on testing building
structures and storage facilities are related to ensuring the safety of workers during operation,
earthquakes, improving the efficiency of their work, and improving the design of construction and
structures. Research in the field of searching for ways to conduct statistical tests of such building
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structures as racks (girders and racks) in order to ensure the safety of maintenance personnel, the
search did not yield any results. This explains the choice of the direction of this research.

2 MATERIALS AND METHODS

Shelving systems vary in their intended purpose. Some configurations include shelving, front-
mounted, deep-deck, cantilever, mezzanine, special, gravity, and other types (Fig. 1). They are pri-
marily made of metal and designed for short- and long-term storage of materials and products in
warehouses or production facilities. They can be integrated into a building or stand-alone. All racks
must withstand heavy loads and comply with regulations, particularly those governing load-bearing
capacity and seismic requirements.

deep shelving shelving racks

Figure 1 - Rack Configurations

To measure deformations, you can use a caliper and a ruler.

To measure external dimensions (diameter, thickness, and width of parts) using a caliper, make sure
that the caliper is zeroed, then spread the jaws and place them on the part to be measured, close the
jaws until they touch the surface, make sure that they are aligned and not over-pressing, and take the
measurement. To measure the inner diameter of holes and grooves, the jaws are inserted into the hole,
holding the caliper at a strict perpendicular angle. The jaws are spread until they touch the opposite
walls, and the tool is gently rocked to ensure proper positioning before taking the measurement. To
measure the depth of holes and grooves, the base of the caliper is placed on the edge of the hole, the
retractable depth gauge is lowered to the bottom of the hole, and the reading is taken. The accuracy
of measurements using a caliper can be up to = 0.05 mm.

Measurements using a ruler. Align the zero mark of the ruler with the edge of the object being
measured and align the ruler parallel to it. Read the last number on the ruler, which is located next to
the right edge of the object, and it represents the length of the object in whole units, such as 10 cm. It
is also necessary to consider the number of fractional units.

The tests are carried out in accordance with the requirements of State standard R 55525-2017 "Ware-
house equipment. Prefabricated racks. General technical conditions".

In our case, the test object is a prefabricated rack that includes beams and supports. Control loads
in the form of standardized loads with a known mass, corresponding to the design load on the rack.
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The test was conducted at the following industrial facilities: Karagandatsvetmet, Zhezkazgantsvet-
met, EFKA ALMATY LLP, Zhayykmunay LLP, and Fine Hotel Tourism Ishletmedzhilik JSC.

The following equipment was used during the test. The lifting mechanism was a jack that was suf-
ficient to create the required traction force. The lift provided a smooth and controlled application of
the load. A dynamometer with an accuracy class of 1.0, which had been metrologically verified for
accurate measurement of the applied traction force, allowing for real-time monitoring of the load
value. Single-shoulder slings: Single-shoulder slings made of high-strength steel with a safety margin
that meets the requirements of regulatory documentation were used to transfer the lifting force from
the lifting mechanism to the structure under test. End elements: End elements such as hooks were
used to securely connect the slings to the attachment points on the structure under test. Device for
ensuring verticality: a special device was used to ensure that the pulling force is parallel to the vertical
line, allowing for adjustment of the lifting mechanism and slings. Measuring devices - deflection
indicators. Supports.

When conducting static tests of beams and racks, it is necessary to determine a set of parameters
that characterize their strength, rigidity, and reliability, as well as to follow the established test proce-
dure.

Load parameters: applied load value F, kN, loading pattern (uniform, concentrated), loading rate,
maximum test load (usually 1.0—1.5 of the nominal load).

Geometric parameters: beam span length 1, cross-sectional dimensions, distance between supports,
and position of load application points.

Deformation parameters: beam deflection f, relative deflection f/l, residual deformations after load
removal, and movement of nodes and connections.

Strength parameters: bending moment M, normal stresses o, ultimate load (failure load), and safety
factor.

Stability and damage parameters: the onset of plastic deformation, the formation of cracks or local
deformations, and the loss of stability of elements (bending, torsion). The nature of structural failure.

The test procedure is as follows. Visual inspection of samples (beams and lodgements). Measure-
ment of geometric parameters. Installation of the structure on the test bench. Installation of measuring
instruments (indicators, sensors). Then comes the loading stage, which is carried out by applying the
load stepwise (usually 10-20% of the nominal) and holding at each load level (2-5 minutes). Next,
loads, deflections, and deformations are recorded. During the test, the load-deformation relationship
is recorded, defects are observed, and the symmetry of deformations is monitored. The test continues
until the required load is reached, the allowable deflection is exceeded, or signs of failure appear.
During the unloading stage, the load is gradually removed, residual deformations are measured, and
elastic and plastic changes are evaluated. The structure is considered to have passed the test if: the
actual stresses do not exceed the permissible values, the deflection does not exceed the standard value,
there are no fractures or critical deformations, and the residual deformations are within the permissi-
ble limits.

The reliability of the results obtained during the study is largely determined by the accuracy of the
measuring instruments used, which is why special attention was paid to their preliminary calibration
and verification of their metrological characteristics. Based on the test methodology used (traction
loading with recording of load-deformation parameters), the following types of equipment were cal-
ibrated. The dynamometer used to measure the applied load during traction testing was a key element
of the measurement system and was calibrated. The calibration was performed using reference
weights. The accuracy of force measurement was monitored over the entire range of loads (0—22 kN),
as well as the linearity of the force-signal relationship and the absence of hysteresis during loading
and unloading. The error in force measurement did not exceed +1-2%, which provided sufficient
accuracy for engineering testing.

The calibration was also performed with indicators that were used to measure deflections of beams
and deformations of supports. The accuracy of displacement readings, the sensitivity of the instrument
(the price of division), and the repeatability of readings were monitored. Calibration was performed
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using reference length measures (sets of feelers and micrometric devices). The measurement error of
displacements was no more than +£0.01-0.02 mm. Calibration of the measuring equipment ensured
high reliability of the experimental data presented in the tables and load-deflection graphs. The con-
sistency of the results obtained during traction loading and during tests using self-weight (the differ-
ence was no more than 3—7%) confirms the correct operation of the measuring system.

Thus, the force sensors, displacement measuring devices, and data recording system were calibrated
as part of the study. The verification procedures ensured the necessary accuracy of the measurements
and minimized the impact of instrumental errors on the test results, which is crucial for improving
the reliability of conclusions about the strength and durability of the rack structures.

The method of measuring the deformation of racks and supports is based on the registration of the
movements of characteristic points of the structure during step-by-step static loading. During the
tests, the deflections of the beams, the displacements of the posts, the local deformations of the sup-
ports, and the residual deformations after unloading were measured. The measurements were per-
formed using clock-type indicators, linear displacement sensors, and strain gauges. The obtained data
allowed for the construction of load-deformation curves and the assessment of the stiffness, strength,
and operational reliability of the studied elements.

To assess the performance of the rack structure under static load, calculations were performed to
determine the deflection and resulting stresses. The maximum deflection of the beam depended on
the support scheme, the nature of the loading, the modulus of elasticity of the material, and the geo-
metric characteristics of the cross-section. The stresses in the elements were determined using the
bending moment and the moment of resistance of the cross-section. The condition for the structural
integrity was met if the calculated stresses did not exceed the allowable values and the deflection was
within the regulatory limits.

3 RESULTS AND DISCUSSION

To assess the stress-strain state of racks and supports under static loading, an indicator-ten-

sometric method of measuring deformations was used, based on the registration of vertical and hori-
zontal movements of the controlled points of the structure under external load.
The essence of the method is the step-by-step loading of the studied structure with simultaneous fix-
ation of changes in its geometric position. The main measured parameters were the deflection of the
beams, the displacement of the posts, the deformation of the supports, and the residual deformations
after the load was removed. Measurements were performed in characteristic sections corresponding
to the areas of the greatest bending moments and probable stress concentrations. Before the tests, the
rack and supports were installed in the working position on the test bench. Then, the structure was
visually inspected, and the geometric dimensions, condition of the connections, and accuracy of the
installation of the measuring equipment were checked. As measuring tools, hour-type indicators, lin-
ear displacement sensors and, if necessary, strain-gauge sensors were used, fixed in the most loaded
sections of the structure. Measuring devices were placed in such a way as to ensure control of the
deflection of the beam in the middle of the span, displacements of the support zones and local defor-
mations of the cradles.

The load was applied in stages using a lifting mechanism through a distribution device that ensured
uniform force transmission to the test element. At each stage of loading, after the required time for
stabilization, the values of the applied force and the corresponding deformations were recorded (Table
1). The maximum deflection of the beam was determined as the difference between the initial and
current readings of the measuring device in the middle part of the span. For the support, the local
bending and possible residual shape changes after unloading were additionally recorded (Table 2).
The absolute deformation of the element was determined by the expression (1):

A=l -1 (1)
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where, A - absolute deformation, mm; [ - initial value of the controlled parameter, mm; [; - value of
the controlled parameter at the i-th stage of loading, mm.

The relative deformation was calculated by the formula (2):
e=1 )
lp
were, € - relative deformation; AA - absolute deformation, mm; [ - the initial measurement base,
MM.
The deflection of a beam or support was determined as the vertical displacement of the point farthest

from the supports (3):
f=yi=¥o 3)

where, f- deflection of the element, mm; y, - the initial position of the reference point, MmM; y; -
position of the point at the itch stage of loading, mm.

After reaching the specified load, the structure was unloaded into stages, and the instrument read-
ings were re-recorded. This allowed for the determination of the residual deformation (4):

Dost = lres — o 4)

where, A, - residual deformation, Mm; L., - the value of the parameter after removing the load, Mmm;
[ - the initial value of the parameter, Mmm.

Based on the experimental data obtained, the load-deflection and load-strain relationships were
constructed, which were used to evaluate the stiffness of the structure, its elastic behavior, and the
degree of residual changes. The proposed method allows for accurate determination of the defor-
mation characteristics of racks and supports under conditions similar to those in use and can be used
to assess their load-bearing capacity and suitability for further use.

During static tests of racks and beams, the main design parameters are the structural deflection and
the normal stresses that occur in the elements under external load.

Calculation of beam deflection. For a beam hinged at the ends and loaded with a concentrated force
F in the middle of the span, the maximum deflection is determined by the formula (5):

F13

fmax = )

48EI

where: f,,4, - 1s the maximum deflection, m; F- applied force, H; l -beam span, m; E - modulus of
elasticity of the material, I1a; I —cm?.
If a beam is loaded with a uniformly distributed load g, then the maximum deflection is calculated

using the following formula (6):

5ql*
fmax = 384E] (6)

where: g - the intensity of evenly distributed load, H/m.
Calculation of the bending moment. When a concentrated force acts at the center of the span,
the maximum bending moment is equal to:

Fl
Mpax = 7 (7)

With evenly distributed load (8):

®)
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where: Mmax— maximum bending moment, N-m.
Calculation of normal stresses in bending. Normal stresses are determined by the formula (9):

_ Mmax
= max )

where: normal stress, Pa; M,,,,, - maximum bending moment, H-wm;

W - sectional resistance moment, cm3.

The strength of the element 1is checked according to the condition: o < |[o]
where: [o] - permissible stress of the material, Pa.

If the actual stress does not exceed allowable stress, structural strength is considered to be ensured.
Relative deflection is often used to assess structural stiffness (10):

e 10
The obtained value is compared with the permissible value. The lower the relative deflection, the
higher the rigidity of the structure.

The nominal (design) load on the beams is determined based on the storage capacity and distri-

bution of the load. Calculation formula (11).
g=1 (11)

where: q - is the uniformly distributed load on the beam, H/m; Q — is the nominal load on the rack level,
H; 1 -is the length of the beam, m.

In testing practice, the following approximate values are accepted: light racks: Q = 5-10 kN (500—
1000 kg); medium: Q = 10-25 kN (1-2.5 t); heavy (pallet): Q =20-50 kN (2-5 t).

During testing, the load is usually increased to 1.25-1.5 Q for strength testing; 1.0 Q for stiffness
testing.

The supports (supporting elements for placing the load) absorb some of the load transferred from the
beams (12).

Q=2 (12)

where: Q, -load per bed, Q - total load on the level, H; n - the number of lodgments.
Typical values for 2 beds: Q, = 0,5Q with 3 seats: Q, = 0,33Q; with 4 seats: Q, = 0,25Q
Taking into account the uneven distribution, the coefficient is introduced: k = 1,1-1,3

Taking into account the uneven load (13).
* Q

where: k is the unevenness coefficient (1.1-1.3).

In accordance with the adopted test methodology and the previously specified nominal load of the
rack structure level Q = 20k H, the values of vertical and horizontal loads corresponding to fractions
of the nominal load were determined. The vertical load was applied to beams and supports and was
determined as a fraction of the nominal load capacity (Table 1).

Load corresponding to 1.1 of the rated loads: F,,(l'l) =110 =1,1-20 = 22 kN

Load corresponding to 1.1 of the rated loads: F,,(O'l) =0,10 =0,1-20 =2 kN
Thus, the maximum control vertical load was 22 kN, and the initial loading level was 2 kN.
A horizontal load was applied to the structure to assess its stability and rigidity in the lateral
direction.
Load 0.1 of the nominal (14):

F,=0,1Q =2 xH (14)
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In most cases, the horizontal load is taken at the level of 0,1Q, as it models operational impacts (dis-
placement of loads, dynamic effects, and uneven loading).
If an increased stability assessment is required, the following level can be considered (15):

FY = 22 xH (15)
However, this study focused on load. 0,1Q.
The application of a vertical load at a level of 1.1Q (22 kN) allowed for the assessment of the struc-
tural safety margin, while a load of 0.1Q (2 kN) was used to fix the initial deformations and construct

a linear section of the load-deformation relationship. A horizontal load of 2 kN enabled the analysis
of the structural stability under operational conditions.

Input data: rated load: Q=20 kN, beam length: 1=2.7 m, moment of resistance: W=5-10-6 m* (steel
beam).

Table 1 - Beam test results

load, kH deflection, MM The bending moment, kH*M voltage, MIla
20,1Q) 0,9 1,35 270
4 1,8 2,70 540
8 3,7 5,40 1080
12 5,9 8,10 1620
16 8.4 10,80 2160
20 (Q) 11,6 13,50 2700
22 (1,1) 13,0 14,85 2970

Calculated dependencies used: bending moment (16):

M :F:l (16)
Voltage (17):
M
o= W (17)

The stress state of the beam was calculated based on the experimentally recorded load values using
classical material resistance equations (Table 2). The maximum bending moment was determined
based on the beam's loading pattern with a concentrated force in the middle of the span. The ob-
tained values show that when the load is increased to the nominal value (Q=20 kN), the stress in-
creases to 2700 MPa (in the calculation model), while the load-deflection relationship remains close
to linear up to a level of 1.0Q. When the load is increased to 1.1Q(22 kN), the deflection increases
to 13 mm and the corresponding increase in stress is observed, which is consistent with the previ-
ously established transition to the elastic-plastic stage. It should be noted that the absolute values of
stress in the table are calculated and used to analyze the trend of the stress state of the structure dur-

ing loading.

Table 2 - Test results of the cradles

load, kH deflection, Mmm voltag, MIla

2 0,3 60

4 0,6 120
8 0,9 240
12 1,3 360
16 1,8 480
20 2,2 600
22 2,6 660
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Analysis of experimental and calculated data shows that with increasing load; there is a regular
increase in deflections and stresses. In the range up to the nominal load, the dependence is linear,
which indicates the elastic operation of the structure. At loads exceeding 1.0Q, there is an accelerated
increase in deformations, which indicates a decrease in rigidity and approach to the limit state.

To evaluate the effectiveness of the proposed test method, a comparative analysis was performed
of the results obtained during the loading of the rack structure using the pull method and the results
obtained using the traditional loading scheme with the use of the cargo's own weight (Tables 3, 4, and
5). The comparison was carried out using the same controlled parameters: the magnitude of the ap-
plied load, the deflections of the beams, the deformations of the supports, the residual deformations
after unloading, and the nature of the deformation process. In the first stage of the tests, the vertical
load on the beams and supports was created using a lifting mechanism and a traction device through
a dynamometer, which allowed for step-by-step application of the force and precise control of its
magnitude. In the second stage, a traditional test was performed for the same elements, in which the
load was generated by a set of weights that exerted force due to their own weight. In both cases,
deflections and local strains were measured at the same control points, and the loading step was kept
the same, ensuring comparable results. At the beginning, the nominal load on the studied rack level
was determined, which was Q=20kN. Then, for both loading schemes, the same steps were formed:
0.1Q, 0.4Q, 0.8Q, 1.0Q, and 1.1Q, which corresponds to 2, 8, 16, 20, and 22 kN. After stabilizing the
readings at each step, the deflection of the beam in the middle of the span, the local deformation of
the support, and the residual changes in shape after unloading were recorded. Next, the absolute and
relative deviations of the results obtained by the two methods were calculated.

To quantify the differences, the following expression was used (18):

§ = F2 100% (18)

w

were

4 - relative deviation of the results, %;

Xt - parameter value obtained during traction loading;

Xw - parameter value obtained during traditional self-weight loading.

This approach allowed us to establish the degree of convergence of the results and evaluate whether
the traction method can be used as an equivalent or more technologically advanced method of load-
ing during testing.

Table 3 - Comparison of beam test results under two loading schemes

Load stage Load, kH Beam'deﬂectif)n under Beam dpﬂectioq under self- Deviation, %
traction loading, Mm weight loading, MM
0,1Q 2 0,9 1,0 10,0
0,4Q 8 3,7 3,9 5,1
0,8Q 16 8.4 8,7 3.4
1,0Q 20 11,6 12,0 33
1,1Q 22 13,0 13,4 3,0

Table 4 - Comparison of test results for the cradle under two loading schemes

Load stage Load a, kH Beam.deﬂectign under Beam d.eﬂection. under self- Deviation, %
traction loading, Mm weight loading, MM
0,1Q 2 0,3 0,3 0,0
0,4Q 8 0,6 0,7 14,3
0,8Q 16 1,3 1.4 7.1
1,0Q 20 1.8 1.9 5,3
1,1Q 22 2,6 2.7 3.7
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Table 5 - Residual deformations after unloading

Residual deformation during traction Residual deformation during loading, by own
Element . .
loading, MM weight, MM
the beam 0,5 0,6
lodgement 0,2 0.2

The analysis of the results shows that the deflection values obtained during traction loading are
close to the values recorded during the traditional test using the self-weight of the loads. For the beam,
the discrepancy was between 3.0 and 3.4% at the main operational loading stages (0.8Q, 1.0Q, 1.1Q),
while for the support, it was between 3.7 and 7.1%. The most noticeable deviation was observed at
low loads, which may be due to the sensitivity of the measuring system and the influence of initial
joint play.

At a nominal load of 20 kN, the deflection of the beam under traction loading was 11.6 mm,
and under traditional self-weight loading it was 12.0 mm. For the cradle, the corresponding values
were 1.8 and 1.9 mm, respectively. Thus, the discrepancy between the results did not exceed 5.3%,
which indicates good convergence between the two methods.

After unloading, the residual deflection of the beam was 0.5 mm in the traction scheme and 0.6
mm in the self-weight loading scheme. For the support, the residual deformation was 0.2 mm in both
cases. This indicates that the nature of the elastic-plastic behavior of the structure, as determined by
the two methods, is almost identical. The data obtained allowed us to conclude that the traction load-
ing method provides results comparable to those obtained using the traditional test scheme based on
the use of the cargo's own weight. At the same time, the traction method has a number of practical
advantages: more accurate dosing of the load, less labor-intensive, the convenience of step-by-step
application of force and the possibility of prompt termination of the test when the limit state is
reached. At the facility, this is especially important, as it allows testing without the need to use a large
number of massive loads and without a significant disruption of the technological regime of the ware-
house operation, which increases the safety of workers.

Comparative tests have shown that the proposed traction loading scheme provides deflection and
residual deformation values that are close to the results of traditional tests using self-weight (Fig. 2).
The deviation of the results in the range of working loads did not exceed 3-7%, which confirms the
correctness and practical applicability of the proposed method. This allows us to consider traction
loading as an effective alternative to traditional tests when assessing the strength, rigidity, and relia-
bility of rack structures.

14 =
e traction beam
; beam weight
12 11— traction lodgment
— - lodgment weight
10 A
:
~ 8
o
o
<_3§
S
4 4
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20.0 ?2'5|

deflection, kH

Figure 2 - Comparison of load-deflection curves for traction loading and self-weight loading
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An analysis of the comparative data presented in Table 6 and Figure 2 shows that the load-deflec-
tion relationships obtained during traction loading and using the self-weight of the loads are similar
throughout the entire range of loads studied.

Table 6 - Comparison of results under different loading schemes

Load, H Beam (traction)m Beam (net weight),  lodgement (traction), lodggment (net
MM MM weight), MM
2 0.9 1,0 0,3 0,3
8 3.7 3,9 0,6 0,7
16 8,4 8,7 1.3 1,4
20 11,6 12,0 1,8 1,9
22 13,0 13,4 2,6 2,7

In the area of small loads (up to 0.4Q), there are somewhat larger relative deviations, reaching 10—
14%, which is due to the influence of initial gaps in the joints, measurement errors and instability of
contacts at the initial moment of loading. However, already at loads close to operational (0.8Q—1.0Q),
the divergence of the results is significantly reduced and does not exceed 3—5% for beams and 5-7%
for beds.

At the rated load (Q=20 kN), the deflection of the beam under traction loading was 11.6 mm, while
it was 12.0 mm under the traditional method. For the supports, the corresponding values were 1.8 and
1.9 mm, respectively. At the maximum load (1.1Q=22 kN), the differences remained insignificant,
confirming the stability of the results.

The shape of the experimental curves for both loading schemes is the same: in the initial stage,
there is a linear dependence corresponding to the elastic behavior of the structure, and as the load
increases, there is a gradual deviation from linearity, indicating the development of elastic-plastic
deformations. Moreover, the transition between the stages of deformation is almost identical for both
methods.

It is particularly significant that the residual deformations after unloading also have comparable val-
ues, indicating that the degree of irreversible changes in the structure is the same regardless of the
loading method.

The results obtained indicate that the traction loading method provides a reliable reproduction of the
stress-strain state of the structure, which is equivalent to traditional tests using self-weight. However,
it has several advantages, including more precise load dosing, the ability to load smoothly and con-
trolably, and a reduction in the complexity of testing at an industrial facility.

Thus, the conducted comparison confirms that the traction loading method can be considered as an
effective and technologically more convenient alternative to traditional testing methods. The conver-
gence of results within 3-7% in the range of operational loads ensures its application for assessing the
strength, rigidity, and reliability of rack structures under real operating conditions.

During the conducted static tests, experimental data was obtained that characterizes the defor-
mation behavior of the beams and supports of the rack structure under step-by-step loading.

The results of measuring the deflections of the beams. When the load was increased, a linear rela-
tionship between the load and the deflection was observed at the initial stage of loading, which indi-
cates the elastic behavior of the structure. The maximum deflection was recorded in the middle of the
beam span. When the nominal load Q was reached, the deflection was (19):

f = (1/200 + 1/250)! (19)

When the load was increased to 1.25Q, the deflection increased by 20-30%, and the relationship
remained close to linear. When the load was increased to 1.5Q, there was a deviation from linearity,
and the onset of plastic deformation was observed. After the load was removed, the residual deflection
was no more than 5-10% of the maximum deflection, indicating a predominantly elastic deformation.
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The results of measuring the deformations of the supports. The support showed stiffer behavior
compared to the beams, which is due to their shorter length and greater local stiffness. Under the
nominal load, the local deflection of the supports was 0.5-1.5 mm, and the deformations were elastic
(Figure 3).

Under increased load (1.25Q), the deflection increased to 1.5-2.5 mm, and local stress concentra-
tions were observed in certain areas. Under a load of 1.5Q, signs of local plastic deformation ap-
peared, and there was a slight residual change in shape. Residual deformations after unloading did
not exceed 3-7% of the maximum values. Analysis of the nature of the distribution of deformations
showed that the maximum deformations of the beams are concentrated in the middle of the span in
the supports, the deformations are localized in the area of contact with the load, and the distribution
of deformations is symmetrical under uniform load. No stability violations (loss of shape or torsion)
were detected within the range of operational loads.

The analysis of the results of the "load-deformation" dependence has the following character: lin-
ear section at 0"-" 1.0Q; quasi-linear at 1.0"-" 1.25Q); nonlinear at >1.25Q.

This indicates the transition of the structure from the elastic stage to the elastic-plastic stage.

1LT7.S -

15.0 A

12.5

10.0 -

load, Mm

6 é l'Cl 1‘5 2b 2‘5 3:)
deflection. kH

Figure 3 - Load-deflection relationship

According to the results of the beam's static tests, as the load increased from 0 to 24 kN, the
deflection increased from 0 to 15.8 mm (Table 7). At the initial stages of loading, the load-deflection
relationship was almost linear, indicating the elastic behavior of the element. Under loads exceeding
16 kN, a more intense increase in deflection was observed, which indicates a decrease in the struc-
ture's rigidity and the onset of elastic-plastic deformations. After the load was removed, the residual
deflection was 0.5 mm, which does not exceed 3.2% of the maximum value and indicates that the
beam remains functional.

Table 7 - Influence of load on beam deflection

Degree of load Load, xH deflection of the beam, Mm Residual deflection after unloading
0 0 0,0 0,0
1 4 1,8 0,0
2 8 3,7 01
3 12 5,9 0,1
4 16 8,4 0,2
5 20 11,6 0,3
6 24 15,8 0,5

The test results of the base showed that with an increase in the load to 24 kN, the deflection of
the element increased to 2.6 mm (Table. 8) Compared with the beam, the base was characterized by
higher rigidity and lower absolute deformations.
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Table 8 - Influence of load on the deflection of the support

Degree of load Load, kH deflection of the beam residual deformation after unloading
0 0 0,0 0,0
1 4 0,3 0,0
2 8 0,6 0,0
3 12 0,9 0,1
4 16 1,3 0,1
5 20 1,8 0,1
6 24 2,6 0,2

Before the load of 16 kN, the deformation was almost completely elastic. As the load in-
creased further, there was a slight increase in the residual deformation, which was 0.2 mm after un-
loading. These results indicate that the support is sufficiently rigid and can withstand operational
loads without compromising its load-bearing capacity.

When comparing the obtained data with the regulatory requirements, the deflection values
did not exceed the permissible values: for beams, f < /200, and for supports within the permissible
local deformations.

The test results showed that the rack structures have sufficient load-bearing capacity and rigid-
ity, and within the nominal loads, the structure operates in the elastic region, while at higher loads, it
transitions to the elastic-plastic state. The residual deformations are insignificant, which indicates that
the design's performance characteristics have been preserved.

A comparison of the proposed method of static testing of rack structures based on traction
loading using a dynamometer with the traditional method of creating a load using the own weight of
the cargo resulted in the following findings. In the range of operational loads (0.8Q"-" 1.0Q), the
difference between the methods does not exceed 3-5% for beams and 5-7% for supports, which indi-
cates a high degree of convergence of the results. At the maximum load (1.1Q), the deviations remain
within the same limits, confirming the stability of the obtained data. Higher discrepancies (up to 10-
14%) are observed only in the initial stages of loading (0.1Q"-"0.4Q) and are caused by the initial
play of the joints, the characteristics of contact interaction, and the sensitivity of the measurement
system. The analysis of the load-deflection relationships showed that both methods have an identical
deformation pattern: a linear section in the elastic region of the structure, followed by a deviation
from linearity as the load increases due to the development of elastic-plastic deformations. The coin-
cidence of the curves indicates that both methods adequately reflect the physical nature of the struc-
ture's behavior under load. A comparison of the residual deformations after unloading also revealed
similar values: 0.5 mm for the beam under traction loading and 0.6 mm under the traditional method,
and 0.2 mm for the support in both cases. This confirms the consistency of the results in terms of
assessing irreversible deformations and the durability of the elements. In terms of the reliability of
the results and safety, the proposed method has a number of advantages. It provides more precise load
dosing by using a dynamometer, which reduces the likelihood of errors when setting the force. It also
allows for smooth and controlled loading, which enables the detection of transition stages of defor-
mation and the timely identification of critical structural conditions. The traditional method using
self-weight is characterized by discrete loading and higher labor intensity, which can lead to increased
errors. The high accuracy of the measuring instruments (displacement indicators and force sensors),
which have been pre-calibrated, ensures the reproducibility of the experimental data. The agreement
between the results of the two methods within 3-7% in the working range of loads confirms the cor-
rectness of the proposed approach and its metrological validity.

Thus, the comparison showed that the proposed traction loading method provides results compa-
rable to those of the traditional self-weight testing method, while also offering higher processability
and load accuracy. The convergence of the results within 3—7 % in the range of operational loads
indicates the high reliability of the obtained data and allows us to recommend the proposed method
for practical application in testing rack structures.
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Figure 4 - Schematic diagram of static testing of a rack using a lifting mechanism and a dynamometer
1 - lifting mechanism (jack or hoist); 2 - dynamometer; 3 - distribution beam (crossbeam); 4 - rack under test; 5 - meas-
uring devices (deflection indicators); 6 - supports

Figure 4 shows a diagram of static testing of a rack structure. The load on the structure is created
using a lifting mechanism (1), which is transmitted through a dynamometer (2) that controls the force,
and a distribution beam (3) that evenly distributes the load across the rack element (4).

To control the deformations, measuring devices (5) are used to record the deflections of the
structure (Ay). The rack is installed on supports (6) that provide boundary conditions corresponding
to the operational conditions.

The tests are conducted by gradually increasing the load and recording the load-deformation
relationship until the limit state or the specified load value is reached.

4 CONCLUSIONS

As a result of the research conducted, a method for static testing of rack structures based on the
use of traction loading using a dynamometer and a deformation measurement system has been devel-
oped and tested.

1. The proposed approach allows for controlled step-by-step loading with high accuracy of force
setting and registration of load-deformation parameters.

2. Experimental studies of beams and supports have shown that in the range of operational loads
("up to" 1.0Q), the structure operates in the elastic region, which is confirmed by the linear nature of
the load-deflection relationships and the absence of significant residual deformations.

3. When the load is increased to 1.1Q, a deviation from linearity is observed, indicating a tran-
sition to an elastic-plastic state, which allows for the determination of the safe operating limits of the
structure.

4. Comparison of the proposed method with traditional tests based on the use of the own weight
of the loads showed a high degree of convergence of the results. The difference in the magnitude of
deflections in the range of operational loads does not exceed 3-7%, which confirms the correctness
and reliability of the obtained experimental data.
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5. The coincidence of the nature of the deformation dependencies and the close values of the
residual deformations indicate the equivalence of the methods in terms of assessing the stress-strain
state of the structure.

6. The calibration of the measuring equipment (force and displacement sensors) ensured the
necessary accuracy and reproducibility of the results, which increased the reliability of the experi-
mental data and the validity of the conclusions drawn.

7. It has been established that the use of the proposed method reduces operational risks by early
detection of the design's limit states and increasing the accuracy of deformation parameters control.
At the same time, reliability is increased by experimentally confirming the load-bearing capacity and
rigidity of the elements under conditions close to real operation.

The practical significance of the work lies in the possibility of using the traction loading method
during testing at existing industrial facilities without the need for massive loads, which reduces labor
intensity, increases safety, and simplifies the organization of testing.

Thus, the proposed method can be recommended for implementation in the testing of rack struc-
tures as an effective, technologically advanced, and reliable alternative to traditional methods, ensur-
ing an increase in the level of industrial safety and the quality of engineering assessment of structures.
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