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Abstract. The article is aimed at studying the operation of welded I-beams with
corrugated web and technological perforations under static loading. The relevance of
the study is due to the lack of specific instructions on the pitch, diameter and methods
of strengthening technological perforations in the Republic of Kazakhstan and other
countries. In this study the method of computer modeling with the help of the program
complex LIRA-SAPR-2022 was used. The study was carried out for the beam, taking
into account different sizes of perforations in the beam web, distances between the
perforations, with and without perforation. The beam deformability and the beam
stability with and without perforations under static concentrated load was analyzed.
Twenty-nine beam models were analyzed, three circular perforations with diameters
of 0,25h,,, 0,5h,,, 0,75h,, were formed in the webs of the beam models, where h,, is
the height of the corrugated web. The center of the perforations was located in the
middle of the web height. The distance between the centers of the perforations were
taken 2d, 3d and 4d, where d is the diameter of the perforation. Analysis of the per-
formance of beam models with perforations under load showed that the bearing ca-
pacity of the beam decreases with increasing perforation pitch and perforation diam-
eter. The most optimum perforation diameter for design may be perforation diameter
0,25h,, and 0,5h,, with perforation pitch 2d.
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AnpaTna. byn sepmmey cmamukanvlk dcyKkmeme Ke3iHoe 2oghpienzer Kabvipaa-
Jlapvl MeH MeXHONO2UANLIK CAHbIIAYAApbl 0ap OdHeKeplieHeeH eKi maspivl apKa-
JILIKMAapObll HCYMbICLIH 3epmmeyze bavimmanean. 3epmmeyoiy ozexminiei Kazaxc-
maH PecnyOiukacvlHbly aymMazblHOa JHcane 6acka endepoe mexHoN02USNbIK CAHbLIAY-
JapObIH Ka0amul, OUaAMempi JHcaHe Hbl2alimy a0icmepi mypaivl HAKMbl HYCKAY1apOblH
boamayvina baiinanvicmol. 3epmmeyoe LIRA-SAPR-2022 6azoapramanvix naxemin
nanoanansin, KOMRbLIOMEPNIK Mooenvoey a0ici KONOAHuLIObL. 3epmmey apKaiblk
KaOblp2aculHOabl CanblIayiapoObly apMYpPii 61uemMOepin, Caybliayiap apacblHOavl
KAUbIKMbIKMbl ecKkepe OMmblpblh, CAHbLIAYObl KYUlelmy JHCoHe KYuletimyciz icypei-
3i10i. CmamuKkanwlk WORLIPAAHRAH JHCYKMeMe JCepiHeH Caubliaynapvl 6ap icone
CAHBLIAYIApbl HCOK APKATLIKMbIY Komepaiuimici MeH mYpaKmbvliblebl 3epmmenol.
Komnwviomepnix mooenvoey conyavl anemenmmep 20icin Konoany apxviivt LIRA-SAPR
bazoapramanvix KeuwleHiniy Komezimen ucypeizindi. Ocvl 6a20apramanvl KeueHHiy
KoMeziMeH apKanblkmapowly 29 mooeni 3epmmenoi. Apkanvik Mooenboepoiy Kabwip-
eacvinoa ouamempi 0,25hw, 0,5hw, 0,75hw 6oramein yw deneenex campiiay natida
0021061, MyHOQ hw - coghprencen Kabvipeanviy duikmiei. Tecikmepdiy opmacel Kabvip-
ea Ouixmiciniy opmacviHoa opHanackan. Canbliay opmanviKmapsvl apacblHOA&bl
Kawvikmoik 2d, 3d owcone 4d xabwvinoanaovl, mynoazvl d - caywliayovly ouamempi.
Llogvipnanzan scykmeme acmvlHOAbl CAHBLIAYIAPLL OAP APKANLIK MOOeNbOepIiHiy
HCYMBICHIH MAN0Ay CAHbLIAY KAOAMbl MEH CAHbLIAY OUaMempiHiy Ya2arobiMer apKa-
JILIKMbIY Komep2iuimici memeHOeuminin Kkepcemmi, dcobanay Kesinoe ey oymaiiivl
canvinay ouamempi 0,25hw srcane 0,5hw canpuiay xadamwl 2d Kabwvlioanaowl.

Tyiiin ce3aep: cogprencen Kabvipeacvi 6ap apkKanvlk, 0OH2eleK CAanbliay,
apKanvlKmuly 0eopmamuemiiik, HCyK kemepeiwmiel, apKaiblKmolly MYpaKmoliblebl,
ULORBIPIAH2AH HCYKIeMe
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NCCIIEJOBATEJIBCKAS CTATBA

AHAJIN3 PABOTHI JIBYTABPOBOM BAJIKA
C T'O®PUPOBAHHOU CTEHKOUN U TEXHOJIOIT'MYECKUMH
OTBEPCTUSIMU ITPU CTATUUYECKOM HATPY3KE

AA. Bpsinues! @ | L. Ocranenko?” @

! Hayuno-uccnenosarenbcknii nHCTHTYT «RAS Group Expert»
2 MexmynapoHas o6paszopatenbHas koproparus, Amvate, 050028, Kazaxcran

Aunomayusn. Cmamos Hanpasiena Ha usyyeHue pabomsl C8ApHuIX 08YMABPO-
8bIX OANOK C 20QIPUPOBAHHBIMU CINEHKAMU U MEXHOI02UYECKUMU OMBEPCMUIMU NPU
cmamuyeckou Hazpyske. AKmMyanbHOCMb UCCIed08anus 00YCI08IeHA OMCYMCmMaEuem
Ha meppumopuu Pecnyonuxu Kazaxcman u ma meppumopuu Opyeux cmpaH KoH-
KPEmHubIX YKA3aHUll 0 waze, ouamempe u Memooax yCUuieHust mexHoi02u4eckKux om-
gepcmuil. B ucciredosanuu ucnonv3o6an memoo KOMNbIOMEPHO2O MOOEIUPOBAHUS
npu nomowiu npocpammuo2o komniexca JIMPA-CAIIP-2022. Hccnedosanue nposo-
OunoCy 01 OAIKU, C Y4emoM pPA3IUYHbIX PA3MepOo8 Omeepcmull 8 cmeHKe OaiKu,
PACCMOSHULL MeNHCOY OMBEPCMUSIMU, C YCuleHuem u be3 ycunenus omeepcmus. Hc-
C1e006anacy Hecywdas cCnHOCOOHOCMb U YCMOUYUBOCMb OAIKU ¢ omeepcmuem u 6es
omeepcmuil n00 OelcmaeueM CMmamu4eckoll cocpedOmodenHol Hazpy3ku. bulio uc-
cnedosano 29 modeneti 6anox, 8 cmeHKax mooeneu 0aloK 00pa308bl8AIUCH MPU
Kpyenvix omeepcmusi ouamempom 0,25h,,, 0,5h,,, 0,75h,,, 20e h,, — amo evicoma
eogpuposannoll cmenku. Llenmp omeepcmuil pacnonazancs nocepeouHe GblCOmbl
cmenku. Paccmosnue meocoy yeumpamu omseepcmuii npunsmel 2d, 3d u 4d, 2oe d —
amo ouamemp omeepcmus. Ananuz pabomel mooenet OANOK ¢ OMBEPCMUIMU NOO
HAepy3Kol NOKA3AJ, YMO C YEeIUYeHUEM Waza Omeepcmuil u Ouamempa omeepcmuil
Hecywas cnocobHocmy 6anku nouwusxcaemcs. Haubonee onmumanvuvim ouamempom
omeepcmusi npu NPOEKMUPOSAHUU Modcem dvims omeepcmue ouamempom 0,25h,, u
0,5h,, ¢ wazom omsepcmuii 2d.

KuroueBble cioBa: oanxka ¢ 2oghpupoeanuoli cmeHKkou, Kpyailoe omeepcmue,
depopmamusHocmeb OANKU, HeCywas CNOCOOHOCMb, YCMOUYUBOCHb OANKU, COCPEOO-
MOYEHHASI HA2PY3Kd.

* ABTOP—KOPPECIOHACHT
Ocranenko Muna UBanosHa, e-mail: ostapinna@mail.ru

https://doi.org/10.51488/1680-080X/2024.3-05
[Moctymmno 05 despans 2024 r.; [lepecmorpeno 21 mast 2024 r.; [Ipunsaro 30 mas 2024 1.

64


mailto:ostapinna@mail.ru
https://orcid.org/0000-0002-6932-8202
https://orcid.org/0000-0001-7253-7251
https://doi.org/10.51488/1680-080X/2024.3-05

QazBSQA Xao6apwmbicel. Kypeuibic. Ne3 (93), 2024

ACKNOWLEDGEMENTS/SOURCE OF FUNDING
The study was conducted using private sources of funding.
CONFLICT OF INTEREST

The authors state that there is no conflict of interest.

AJIFBIC/KAPXKBIJIAHBIPY KO3I
3epTTey KeKe KapKbUIaHIBIPY KO3/IepiH Mai1aaana OThIPBII KYPTi3iii.
MYJJEJEP KAKTBIFbICHI

ABTOpIIap Myaaenep KaKThIFbICHI HKOK JCT MAJIIMICHII.

BJIATOJAPHOCTU/UCTOYHUK ®UHAHCUPOBAHUSA
HccnenoBanue mpoBOIMIIOCH C UCIIOJIb30BAHUEM YaCTHBIX HCTOYHUKOB (DMHAHCUPOBAHUS
KOH®JIUKT UHTEPECOB

ABTOpBI 3as4BJIAOT, YTO KOH(I)J'II/IKTa HHTCPCCOB HCT.

65



QazBSQA Xao6apwmbicel. Kypeuibic. Ne3 (93), 2024

1 INTRODUCTION

In accordance with Kazakhstani normative documents, it is recommended to use transverse
corrugated web in beams to increase their stability and reduce the mass of the structure. When mak-
ing calculations, it is necessary to check local and overall stability of rectangular compartments of
the corrugated web of the beam. In addition, tangential stresses and deflection of the beam are im-
portant parameters in the calculation of beams with corrugated web. When analyzing in detail the
European and Russian standards for design and calculation of beams with corrugated wall, it is pos-
sible to find similarities and differences in the designations of coefficients and other values.

Factors affecting the bearing capacity of a beam with corrugated web weakened by perfora-
tions:

1. Location of the perforation in the beam in relation to its most dangerous zones of stress
concentration (for example, in sections near the supported ones);

2. The perforations pitch in the web of the beam along its length;

3. Shape of the perforation (for example, a square, rectangular or the most common circular
perforation);

4. Flexibility of the web;

5. The perforation center in relation to the web height.

The need for perforations application in the corrugated webs is due to the fact that laying of
the piping system for various purposes: water supply, heating, ventilation, air conditioning, etc. is
necessary in accordance with Operational Requirements.

The basic forms of stability loss of beams corrugated webs:

- local loss of stability of the web under a concentrated load reflecting the nature of its opera-
tion under the girder, in the case of beams with corrugated webs instead of trusses;

- local loss of stability of a separate panel of corrugations between their peaks. This loss of lo-
cal stability of the corrugated web in appearance and in essence of its operation is similar to the loss
of local stability of a flat web between vertical stiffeners;

- general loss of stability of the corrugated web in the zones of action of the maximum shear-
ing stresses. This loss of general stability of the corrugated web in appearance and in essence of its
operation is similar to the loss of general stability of a flat web supported by vertical stiffeners with
insufficient bending stiffness.

Basically, beams with a cross-corrugated web and triangular-shaped corrugations are used for
construction in Kazakhstan (Figures 1);

Figure 1 — Beams with cross-corrugated web and triangular-shaped corrugations: L, — is the length
of the corrugation half-wave; f,— is the height of the corrugation half-wave (the authors' material).

— beams with a cross-corrugated web and corrugations of a trapezoidal shape are used in
Sweden and the USA (Figures 2 and Figures 3);

fr

Figure 2 — Beams with corrugations of a trapezoidal shape: L, — is the length of the corrugation half-wave;
f— is the height of the corrugation half-wave (the authors' material).

— beams with a cross-corrugated web and corrugations of a rectangular shape are used in
Finland, Japan and the Netherlands;
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fr

Lr

Figure 3 — Beams with corrugations of a rectangular shape: L, — is the length of the corrugation half-wave;
f— is the height of the corrugation half-wave (the authors' material).

— beams with a cross-corrugated web and wavy-shaped corrugations are used in Austria,
Ukraine, Poland and Russia (Figures 4).

- /\T:

] L

Figure 4 — Beams with cross-corrugated web and wavy-shaped corrugations: L, — is the length of the corrugation
half-wave; f,— is the height of the corrugation half-wave (the authors' material).

Corrugation is the process of folds (corrugations) formation by folding a sheet in sheet mate-
rials, in a certain distance necessary for enhancement of the material characteristics: strength and
stability.

2 LITERATURE REVIEW

The corrugated I-beam has the shape of the letter “H” and consists of two belts of arbitrary
metal profile and a corrugated web. The web can be made with different corrugations profiles: tri-
angular, wave-shaped, trapezoidal, rectangular and others. The girders of such a beam are usually
made of rolled metal, bent steel sections, welded pipes or reinforced concrete elements (Bryantsev
2017).

Corrugated structures have become widely used in the shipbuilding industry at the end of the
19th and early 20th centuries, in the 1930s in the aircraft industry.

According to the research of Poltoradnev (2013), the performance of a beam with a pep-
pered-corrugated wall can be divided into four stages:

1) Stage of subcritical operation;

2) Stage of supercritical operation,

3) Stage of elastoplastic behavior of the section in the load zone;

4) Bearing-capacity failure stage.

Field of use of corrugated structures is extensive: they are used as load-bearing structures for
floor beams and coverings in residential, public, administrative and industrial buildings.

In 1928, Tuzi (1928) made a comparative analysis of the stress distribution between the ex-
perimental data on the effect of a circular perforation centered on the neutral axis of a flat beam web
affected by bending moment and the results of stress distribution theory.

Cocker et al. (1936) in his work conduct a research on the distribution of stresses in a tension
plate with one or more perforation. He investigated the effect of unbalanced forces applied to the
contour of perforation in a flat plate.

The issues of the openings effect on the work of the beam web which are performed accord-
ing to the Vierendeel principle or the four-angular bend (Kudryavtsev 2011), are studied in various
works by Chung (2001, 2003), Darwin (1990), Hagen (2009), Shanmugan et al. (2002), Ibrahim
(1999), Ahmed, M.S. (2022).

Also, the problems of placing and stiffening of openings in the corrugated webs of trapezoi-
dal and wavy shape of corrugations were solved in different countries by many scientists. For ex-
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ample, Romeijn) et al. (2009), Kiymaz, et al. (2010), Chittaranjan et al (2019), Amr et al
(2021), Ahmed, et al (2022).

The scientific paper (Bryantsev, 2019) presents tests that was performed on large-scale mod-
els (scale 1:3) of welded I-beams of constant section (flange is 200x10mm, web is 840x1.9mm)
with span of 8,400 mm. The first beam without perforations B-1. Three circular perforations with a
diameter of 380 mm, which edges were reinforced with stiffness elements made of strip steel with a
cross section of 85x3mm, are formed in the web of the second beam B-2. The maximum allowable

deflection of the beam is assumed to be ﬁ or 38.2 mm.

The paper (Bryantsev, 2020) presents experimental studies of welded I-beams with corrugat-
ed web. The main purpose of the study was to conduct laboratory tests of welded I-beams with cor-
rugated webs weakened by two technological circular perforations with different ways of their stiff-
ening in, as well as to determine the most effective way of stiffening the circular perforations. It is
necessary to perform a comparative analysis of experimental and computer data of beam deflec-
tions, to study the peculiarity of limit states and the behavior of models under load, to determine the
maximum bearing capacity and ultimate deflection of the models under consideration. Within the
framework of the conducted research, five variants of corrugated beams were considered, having
the same length, height and web thickness, perforation diameters, as well as height and wavelength
of the corrugation, but differing in the absence and presence of perforations, as well as methods of
their stiffening.

3 MATERIALS AND METHODS

While performing this scientific research the theoretical method of studying the posed scien-
tific questions was used. To write the article, the results obtained were systematized and presented
in an accessible and understandable form.

The theoretical methods of scientific research are presented in the article in the form:

- analysis, used to study in detail the use of beams with cross-corrugated web and triangular-
shaped corrugations weakened by circular perforations;

- modeling, used in the form of numerical parametric study of 29 models of beams, including
beams with triangular corrugation and thin-walled ribbed beams, performed in the LIRA-SAPR
2022 software package.

A numerical parametric study was performed on a welded corrugated beam with the corruga-
tions of triangular shape; the model and testing of such beam is described in paragraph 2.1. Numeri-
cal simulation of the beams was performed using the LIRA-SAPR 2022, general-purpose program
for the finite element analysis, which includes the requirements for constructions in accordance with
Eurocode 3 Part 1.5-Plated Structural Elements. This program can be used to solve various tasks,
from simple linear analysis and on out to complex nonlinear analysis requiring consideration of var-
ious manufacturing deviations and material errors. The parametric study was performed for the
beam taking into account the various sizes of the perforations in the beam web, distances between
the perforations, existence and absents of the perforation stiffening, as well as for the corrugated
beam with no web perforations. The ability of the beam web with and without the perforation to
withstand the load was considered and an assessment of the effect of web flexibility in accordance
with Eurocode 3 Part 1.5-Plated Structural Elements was performed.

The tested beam has three perforations; the perforations’ centers are located in the middle of
the web height. The distance between the centers of the perforations is assumed to be 2d, 3d and 4d.
One of the perforations has a constant location in the center of the beam at a distance of 4.2 m from
the left and right support to the opening center. As for the geometric parameters of the perforation, a
circular shape of the perforation was used. The perforations of three different sizes were used dur-
ing the parametric study.

Also, for comparative analysis, a model of a thin-walled rib girder with similar dimensions
was developed. The web is stiffened only by transverse ribs, the width of their projecting part b, for
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a pair of symmetric ribs is not less than h,/30+40 mm. But, since in practice, more often used ribs,
completely filling the cross-section of the beam, it is assumed by, = b, and the thickness of the rib

ts not less than 2b,, \/122, we take 20mm. The distance between the main cross ribs shall not exceed

2hr when A4,,> 3,2 and 2,5 h, s when 4,, < 3,2. Since 4,, = 15,25 we take the distance between the
stiffening ribs 2h, i.e. 2x840 mm = 1680 mm.

The boundary conditions were applied to both ends of the beam model at the nodes of the
end plate surface by limiting the required degrees of freedom. For the adopted models, the re-
sistance to deformation values was assumed to be 245 MPa, the elastic modulus E = 206,000 MPa
and the Poisson ratio is 0.3, the design buckling resistance Ry=142.1 MPa. For a beam models with
the length of 8,400 mm, the maximum allowable deflection is 1/2201 or 38.2 mm. Loading (Q) of
models is from 50 kN to 350 kN. Loading step is 50 kN.

Numerical parametric study of the beams with cross-corrugated web and triangular-shaped
corrugations includes analysis of basically 29 finite element models. Of these 29 models, 2 beam
model with no web perforations and 27 models with perforations of different sizes in the design, as
indicated above; and they are located at different distances from each other. The thickness of corru-
gated web t,, is 1.9 mm.

When computer simulation the beam with a web height h,, of 840mm and a web thickness t,,
of 1.9mm was used. The wavelength of web corrugations of triangular shape is [, 350 mm and a
wave height f,- is 54 mm (fig.1). The material of the web and flanges is C245 steel (Figures 5).

The corrugation thickness ty is 1.9 mm
The corrugation wavelength L, is 350 mm;
The corrugation height f; is 54 mm.

Figure 5 — Values of length, height and thickness of the triangular-shaped corrugations adopted
in computer modeling (authors' material).

Finite element models adopted for beams with the corrugations of triangular shape with and
without perforations are given in Figures 6.

Figure 6 — Models adopted for the analysis of beams, where (a) flat web beam supported by stiffeners; (b) welded
I-beam with cross-corrugated web and triangular-shaped corrugations weakened by perforations; (c) welded
I-beam with cross-corrugated web and triangular-shaped corrugations without corrugations (authors' material).

Welded I-beam of constant section (flanges are 200x10 mm, webs are 840x1,9 mm) with
span of 8,400 mm. Three circular perforations with the diameter of 0.25h,,, 0.5h,,, 0.75h,, are
formed in the beam web. In the first case, perforations are made without edging with sheet steel. In
the second case, the perforations are stiffened with strip steel in the area equal to the perforations
area with a thickness t = 3 mm and a width of 50 mm for perforation of 0.25h,, in diameter, 110
mm in width for perforation of 0.5h,, in diameter, 180 mm in width for perforation with a diameter
of 0.75h,,. In the third case, the perforations are supported by stiffness elements of strip steel in the
area of the same perforation area, with a thickness t = 3 mm and width, as in the second case, as
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well as paired vertical stiffeners of bar steel with a section of 85x3 mm. Two end plates with a
thickness t = 20 mm at the ends of each model.

The load is applied through a rigid rectangular pipe of length | = 200mm, which is in direct
contact with the surface of the shelf. The load is transmitted at five points from the bottom to the
top. The load is applied in the beam center, as well as at a distance from the center in both direc-
tions of 1.2 m in accordance with the model loading diagrams (Figure 7).

p p p p p

1800 1200 1200 1200 1200 1800
8400

Figure 7 — Model loading diagram for parametric study (authors' material).

In general, all models show reduction in resistance of the elements to loss of stability with
increase of the perforation size. Therefore, to decrease the deflections and increase the stability and
strength of the beam weakened by the perforations it is necessary to stiffen the perforation. Analysis
of operation of the beam models with perforations under a concentrated load showed reduction of
the beam bearing capacity with an increase of the perforations pitch from 2d to 4d and the diameter
of the openings from 0.25h,, to 0.75h,, . The most optimal diameter of the perforation when de-
signing can be the diameter of the opening of 0.25h,, and 0.5h,, with 2d or 3d openings pitch.
Stiffening the perforation by edging with sheet steel, as well as the perforation stiffening with
paired vertical stiffeners is necessary to increase the load-bearing capacity of the corrugated I-beam
weakened by perforations. In the case of an acute need of the perforation with a diameter of 0.75h,,
it is recommended to use steel with higher strength characteristics in order to increase the bearing
capacity and reduce the laboriousness of its manufacture.

4 RESULTS AND DISCUSSIONS

Results of computer modeling of beam with cross-corrugated web and triangular-shaped
corrugations and with perforations in the web

Figure 8 shows the load-deflection dependence of the middle of the M-1 and M-2 beam mod-
els in the elastic stage.

Beams M-1 and M-2
30 without perforation

21 200 . [ 224 Thin-walled beam with
18 21,8 stiffeners M-1
12,0

5
12 O 9
9 Beam with corrugated web
g O ‘3 without perforations M-2
0

_

Applied total loaq, OKN 300 350

Mid - point displacement, mm
[E=Y

Figure 8 — The plot of displacement and applied total load value dependence for the M-1 and
M-2 beam models (authors' material).
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Analyzing the obtained data for the beam models we see that the maximum allowable de-
flection is not reached and for the beam model M-1 it is 25.4 mm, and for the beam model M-2 it
is 28 mm. The deflection of the corrugated girder is 9.3% higher than that of the girder with a flat
web.

The maximum experimental load is usually higher for the corrugated beam model than for the
thin-walled beam model of the same thickness, with their flexibility equal to or greater than 90,
which confirms the economic efficiency of their use in construction in general, and in earthquake-
resistant construction in particular, due to the increased reliability of their performance under load.
In our case, the applied maximum experimental load for the model of a beam with a corrugated wall
and for the model of a thin-walled beam supported by stiffeners of the same thickness have approx-
imately the same values, but the reliability of the model of a beam with a corrugated web and in this
case is much higher than that of the model of a thin-walled beam, which is another factor in justify-
ing their wide application in earthquake-resistant construction.

The Figure 9 shows the load-deflection dependence of the middle of the M-2, M-3 and M-4
beam models with 2d perforation pitch in the elastic stage.
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.'é ﬁ Beam with perforation M-5

= 0 ﬁ perforation diameter 0.75 hw
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Figure 9 — The plot of displacement and applied total load value dependence for the M-3, M-4 and
M-5 with 2d perforation pitch without perforation stiffening (authors' material).

In order to determine the most efficient variant of the corrugated beam model with perfora-
tions, it was decided to start analyzing the corrugated beam models with 2d perforation pitch
without perforation stiffening. The obtained data allow us to conclude that the best result was
shown by the model M-3 with the perforation diameter 0.25h,,, the maximum displacements of
which do not exceed the permissible ones. All the models show decreasing values of resistance of
elements to loss of stability with increasing perforation size. Therefore, to reduce the deflections
and increase the stability and strength of the beam weakened by perforations, perforation stiffen-
ing is necessary.

The Figure 10 shows the load-deflection dependence of the middle of the M-6, M-7 and M-8
beam models with 2d perforation pitch in the elastic stage.
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Figure 10 — The plot of displacement and applied total load value dependence for the M-6, M-7 and M-8 with
2d perforation pitch with perforation border (authors' material).

Analysis of the obtained data of M-6, M-7 and M-8 beam models with 2d perforation pitch
and 3 mm thick strip steel perforation edging generally shows better results than without perforation
stiffening.

The Figure 11 shows the load-deflection dependence of the middle of the M-9, M-10 and M-
11 beam models with 2d perforation pitch in the elastic stage.
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Figure 11 — The plot of displacement and applied total load value dependence for the M-9, M-10 and M-11 with
2d perforation pitch with perforation edging and paired parallel stiffeners (authors' material).

The final step in strengthening the beam models with 2d perforation pitch was the incorpora-
tion of paired parallel stiffeners in the work of the perforation web stiffened with edging. The stiff-
ener thickness was assumed to be 10 mm. For beam model M-9 with perforation diameter 0.25h,,,
strengthening with paired ribs had almost no effect on its bearing capacity, but for beam models M-
10 and M-11 with perforation diameters 0.5h,, and 0. 75h,, showed better results.

The Figure 12 shows the load-deflection dependence of the middle of the M-12, M-13 and
M-14 beam models with 3d perforation pitch in the elastic stage.
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Figure 12 — The plot of displacement and applied total load value dependence for the M-12, M-13 M-14 with
3d perforation pitch without perforation stiffening (authors' material).

Analyzing the obtained data of beam models M-12, M-13 and M-14 it can be concluded that
in general the deflections and deformations of beam models with 3d perforation pitch without perfo-
ration reinforcement are larger than those of similar beam models M-3, M-4, M-5 with the same
perforation diameter but different 2d perforation pitch. The deformations and displacements of
beam models M-12 and M-3 with 3d and 2d perforation pitch and perforation diameter 0.25h,,, are
identical.

The Figure 13 shows the load-deflection dependence of the middle of the M-15, M-16 and
M-17 beam models with 3d perforation pitch in the elastic stage.
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Figure 13 — The plot of displacement and applied total load value dependence for the M-15, M-16 and M-17 with
3d perforation pitch with perforation border (authors' material).

After the performance of beam models M-15, M-16 and M-17 with 3d c perforation pitch was
included with perforation stiffening by edging, the following results were obtained: as in the previ-
ous cases, the behavior of model M-15 with perforation diameter 0.25h,,and 3d perforation pitch
showed little change after the stiffening and also showed almost no change compared to the data
obtained for model M-6 with the same diameter but perforation pitch equal to 2d. But for the other
two models M-16 and M-17, the fringing reinforcement had a positive effect and reduced their de-
flection compared to the beam models M-13 and M-14.

The Figure 14 shows the load-deflection dependence of the middle of the M-18, M-19 and
M-20 beam models with 3d perforation pitch in the elastic stage.
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Figure 14 — The plot of displacement and applied total load value dependence for the M-18, M-19 and M-20 with
3d perforation pitch with perforation border and paired parallel stiffeners (authors' material).

The final step in strengthening the beam models with 3d perforation pitch was the incorpora-
tion of paired parallel stiffeners in the work of the perforation web stiffened with edging. The stiff-
ener thickness was assumed to be 10 mm. For beam model M-18 with perforation diameter
0.25h,,, stiffening with paired parallel ribs had almost no effect on its bearing capacity, but for
beam models M-19 and M-20 with perforation diameters 0.5h,, and 0. 75h,, showed better results.

The Figure 15 shows the load-deflection dependence of the middle of the M-21, M-22 and
M-23 beam models with 4d perforation pitch in the elastic stage.
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Figure 15 — The plot of displacement and applied total load value dependence for the M-21, M-22 and M-23 with
4d perforation pitch without perforation stiffening [authors' material].

Analyzing the obtained data of beam models M-21, M-22 and M-23 it can be concluded that
in general the deflections and deformations of beam models with 4d perforation pitch without perfo-
ration stiffening are larger than those of similar beam models M-12, M-13, M-14 with the same per-
foration diameter but different perforation pitch equal to 3d and similar beam models M-3, M-4, M-
5 with the same perforation diameter but different perforation pitch equal to 2d. The deformations
and displacements of beam models M-21, M-12 and M-3 with perforation pitch of 4d, 3d and 2d
and perforation diameter 0.25h,, are identical.

The Figure 16 shows the load-deflection dependence of the middle of the M-24, M-25 and
M-26 beam models with 4d perforation pitch in the elastic stage.
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Figure 16 — The plot of displacement and applied total load value dependence for the M-24, M-25 and M-26
beam models with 4d perforation pitch with perforation edging [authors’ material].

After the performance of beam models M-24, M-25 and M-26 with 4d perforation pitch with
the inclusion of perforation stiffening by edging, the following results were obtained: as in the pre-
vious cases, the behavior of beam model M-24 with perforation diameter 0.25h,, and perforation
pitch of 4d did not change much after stiffening and also showed almost no change compared to the
data obtained for beam models M-6 and M-15 with the same diameter but perforation pitch of 2d
and 3d, respectively. But for the other two models M-25 and M-26, the reinforcement by the edging
had a positive effect and reduced their deflection compared to the beam models M-22 and M-23.

The Figure 17 shows the load-deflection dependence of the middle of the M-27, M-28 and
M-29 beam models with 4d perforation pitch in the elastic stage.
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Figure 17 — The plot of displacement and applied total load value dependence for the M-27, M-28, and M-29 with
4d perforation pitch with perforation edging and paired parallel stiffeners [authors' material].

The final step in stiffening the beam models with perforation pitch 4d, as well as for perfora-
tions with spacing 2d, 3d was the inclusion of paired parallel stiffeners in the work of the web with
perforations stiffened by edging. The stiffener thickness was assumed to be 10 mm. For beam mod-
el M-27 with a perforation diameter of 0.25h,,, the reinforcement with paired ribs had almost no
effect on its load carrying capacity. For beam models M-28 and M-29 with perforations of diameter
0.5h,, and 0.75h,,, strengthening gave better results.

75



QazBSQA Xaoapmbicsl. Kypbuibic. Ne3 (93), 2024

Table 1 shows the deformation shapes of beam models with different perforation diameters,
with different perforation pitch under load.

Table 1 — Deflection shape of beam models with different diameters of three perforations without stiffening and with
stiffening, with 2d, 3d, 4d perforation pitch.

Grade | Diameter Deformation shape of beam Grade | Diameter
of the of the models with and without per- | of the of the

Deformation shape of beam
models with perforation

Model | perforation forations Model | perforation
M-1 -
M-16 0.5h,,
M-2 -

M-17 | 0.75h,, m
M-18 | 0.25h, “

M-19 | 0.5h, “
M-20 | 0.75h,, -m

M21 | 0.25h, \
M-22 | 05h, %

M-23 | 0.75h, %

M-24 | 0.25h, “

M-26 | 0.75h, m
M-27 | 0.25h, “

M-28 |  05h, N
M-29 | 0.75h, %

M-3 0.25h,,

M-4 0.5h,,

M-5 0.75h,,

M-6 0.25h,,

M-7 0.5h,,

M-8 0.75h,,

M-9 0.25h,,

M-10 0.5h,,

M-11 | 0.75h,

M-12 | 0.25h,

M-13 0.5h,,

M-14 | 0.75h,

M-15 | 0.25h,

Hiitifl il il

According to the analysis of beam models with perforations of various diameters and pitches,
the following main conclusions can be drawn:

- the most effective beam model with perforation diameter 0.25h,, with 2d s perforation pitch
was beam model M-9, with 3d perforation pitch beam model M-18, with 4d perforation pitch beam
model M-27. All the beam models whose perforations were strengthened by sheet steel edging and
paired stiffening ribs located on both sides of the perforation showed the best results. For design
purposes, can recommend the beam model M-9 which has the best performance with perforation
diameter 0.25h,, and perforation pitch 2d,;

- the most effective beam model with perforation diameter 0.5h,, with 2d spacing was the M-
10 beam model, with 3d perforation pitch the M-19 beam model, and with 4d perforation pitch the
M-28 beam model. All the above models, whose perforations were strengthened by sheet steel edg-
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ing and paired stiffening ribs located on both sides of the perforation, showed the best results. For
design purposes, can recommend the M-10 beam model which has the best performance with perfo-
ration diameter 0.5h,, and perforation pitch 2d,;

- the most effective beam model with perforation diameter 0.75h,, with 2d perforation pitch
was beam model M-11, with 3d perforation pitch beam model M-18, with 4d perforation pitch
beam model M-27. All the above models, whose perforations were strengthened by sheet steel edg-
ing and paired stiffening ribs located on both sides of the perforation, showed the best results. For
design purposes, out of the above three beam models, we can recommend beam model M-11 which
has the best performance with perforation diameter 0.75h,, and perforation pitch 2dNe

5 CONCLUSIONS

1. In this paper, was investigated operation of a welded I-beam with cross-corrugated web
and triangular-shaped corrugations weakened by technological circular perforation.

2. A numerical parametric study of a beam wall with triangular corrugation outline and a
thin-walled rib beam was performed, which included the analysis of 29 finite element modeled
models. Out of these 29 models, 2 beam models were without perforations and 27 models had per-
forations in the wall structure with diameters 0.25h,,, 0.5h,, and 0.75h,, at 2d, 3d and 4d perfora-
tion pitch between perforation centers. The parametric study in the finite element analysis software
package was carried out for beam models, considering different sizes of perforations in the beam
web, perforation pitch, with and without perforation stiffening, as well as cross-corrugated web and
triangular-shaped corrugations without perforation and thin-walled beam with stiffeners. The data
obtained showed the effectiveness of placing perforations in the corrugated web with perforation 2d
perforation pitch and with perforation diameters 0.25h,, u 0.5h,, stiffened with ring plates and par-
allel stiffeners. Thus, for the models with perforation diameter 0.5h,,, stiffening with ring plates
and parallel stiffeners increased the load carrying capacity of the beam with corrugated web weak-
ened by technological circular perforations up to 20-25% and another 3-5% after stiffening with
plate bending elements on the ring stiffener.

3. The methods of stiffening the technological circular perforation with ring plates and paired
vertical stiffeners have been investigated, their influence on the operation of beam models with cor-
rugated wall with perforations has been evaluated, as well as the influence of bending the outer
edge of the ring plate on the load-bearing capacity of cross-corrugated web and triangular-shaped
corrugations with perforation. The proposed methods of stiffening of technological circular perfora-
tion weakening the corrugated web of a welded 1-beam have shown their effectiveness.

4. It should be noted the necessity and effectiveness of web stiffening in the areas between
the belts and the element of stiffening of the perforation with paired stiffeners, in order to eliminate
the loss of local stability under the concentrated load in the zone of the ring plate.
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