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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 0,25ℎ𝑤, 0,5ℎ𝑤, 0,75ℎ𝑤 were formed in the webs of the beam models, where ℎ𝑤 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 

0,25ℎ𝑤 and 0,5ℎ𝑤 with perforation pitch 2d.  
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Аңдатпа. Бұл зерттеу статикалық жүктеме кезінде гофрленген қабырға-

лары мен технологиялық саңылаулары бар дәнекерленген екі таврлы арқа-

лықтардың жұмысын зерттеуге бағытталған. Зерттеудің өзектілігі Қазақс-

тан Республикасының аумағында және басқа елдерде технологиялық саңылау-

лардың қадамы, диаметрі және нығайту әдістері туралы нақты нұсқаулардың 

болмауына байланысты. Зерттеуде LIRA-SAPR-2022 бағдарламалық пакетін 

пайдаланып, компьютерлік модельдеу әдісі қолданылды. Зерттеу арқалық 

қабырғасындағы саңылаулардың әртүрлі өлшемдерін, саңылаулар арасындағы 

қашықтықты ескере отырып, саңылауды күшейту және күшейтусіз жүргі-

зілді. Статикалық шоғырланған жүктеме әсерінен саңылаулары бар және 

саңылаулары жоқ арқалықтың көтергіштігі мен тұрақтылығы зерттелді. 

Компьютерлік модельдеу соңғы элементтер әдісін қолдану арқылы LIRA-SAPR 

бағдарламалық кешенінің көмегімен жүргізілді. Осы бағдарламалық кешеннің 

көмегімен арқалықтардың 29 моделі зерттелді. Арқалық модельдердің қабыр-

ғасында диаметрі 0,25hw, 0,5hw, 0,75hw болатын үш дөңгелек саңылау пайда 

болды, мұнда hw - гофрленген қабырғаның биіктігі. Тесіктердің ортасы қабыр-

ға биіктігінің ортасында орналасқан. Саңылау орталықтары арасындағы 

қашықтық 2d, 3d және 4d қабылданады, мұндағы d - саңылаудың диаметрі. 

Шоғырланған жүктеме астындағы саңылаулары бар арқалық модельдерінің 

жұмысын талдау саңылау қадамы мен саңылау диаметрінің ұлғаюымен арқа-

лықтың көтергіштігі төмендейтінін көрсетті, жобалау кезінде ең оңтайлы 

саңылау диаметрі 0,25hw және 0,5hw саңылау қадамы 2d қабылданады.  

Түйін сөздер: гофрленген қабырғасы бар арқалық, дөңгелек саңылау, 

арқалықтың деформативтілік, жүк көтергіштігі, арқалықтың тұрақтылығы, 

шоғырланған жүктеме 
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Аннотация. Статья направлена на изучение работы сварных двутавро-

вых балок с гофрированными стенками и технологическими отверстиями при 

статической нагрузке. Актуальность исследования обусловлена отсутствием 

на территории Республики Казахстан и на территории других стран кон-

кретных указаний о шаге, диаметре и методах усиления технологических от-

верстий. В исследовании использован метод компьютерного моделирования 

при помощи программного комплекса ЛИРА-САПР-2022. Исследование прово-

дилось для балки, с учетом различных размеров отверстий в стенке балки, 

расстояний между отверстиями, с усилением и без усиления отверстия. Ис-

следовалась несущая способность и устойчивость балки с отверстием и без 

отверстий под действием статической сосредоточенной нагрузки. Было ис-

следовано 29 моделей балок, в стенках моделей балок образовывались три 

круглых отверстия диаметром 0,25ℎ𝑤 , 0,5ℎ𝑤 , 0,75ℎ𝑤 , где ℎ𝑤  – это высота 

гофрированной стенки. Центр отверстий располагался посередине высоты 

стенки. Расстояние между центрами отверстий приняты 2d, 3d и 4d, где d – 

это диаметр отверстия. Анализ работы моделей балок с отверстиями под 

нагрузкой показал, что с увеличением шага отверстий и диаметра отверстий 

несущая способность балки понижается. Наиболее оптимальным диаметром 

отверстия при проектировании может быть отверстие диаметром 0,25ℎ𝑤 и 

0,5ℎ𝑤 с шагом отверстий 2d. 

Ключевые слова: балка с гофрированной стенкой, круглое отверстие, 

деформативность балки, несущая способность, устойчивость балки, сосредо-

точенная нагрузка. 
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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: 𝐿𝑟 – is the length

of the corrugation half-wave; 𝑓𝑟– 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); 

Figure 2 – Beams with corrugations of a trapezoidal shape: 𝐿𝑟 – is the length of the corrugation half-wave;

𝑓𝑟– 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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Figure 3 – Beams with corrugations of a rectangular shape: 𝐿𝑟 – is the length of the corrugation half-wave;

𝑓𝑟– 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). 

Figure 4 –– Beams with cross-corrugated web and wavy-shaped corrugations: 𝐿𝑟 – is the length of the corrugation

half-wave; 𝑓𝑟– 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 200×10mm, web is 840×1.9mm) 

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 85×3mm, are formed in the web of the second beam B-2. The maximum allowable 

deflection of the beam is assumed to be 
1

220𝐿
 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 𝑏ℎ for 

https://www.researchgate.net/profile/Amr-Saddek?_sg=CGzoGl4TIUxIeZGiPMk2JC7bt3qqbttPfoLI2PGVGXTVDm4xjmWP5RuAFRuF9tfEjoS5FNI.etlYAP-U49hRGP7EG2ZFn-OS69qdwHvZ6AMHZdQE_yp2SE7K0e3xxB4QPv-TfPqYGBWD_Q1_ko2QworA2yoyjA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
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a pair of symmetric ribs is not less than ℎ𝑒𝑓/30+40 mm. But, since in practice, more often used ribs, 

completely filling the cross-section of the beam, it is assumed 𝑏ℎ = 𝑏𝑒𝑓, and the thickness of the rib 

𝑡𝑠 not less than 2𝑏ℎ √
𝑅𝑦

𝐸
, we take 20mm. The distance between the main cross ribs shall not exceed 

2ℎ𝑒𝑓 when λ�̅�𝑤> 3,2 and 2,5 ℎ𝑒𝑓 when �̅�𝑤  3,2. Since �̅�𝑤 = 15,25 we take the distance between the 

stiffening ribs 2ℎ𝑒𝑓 i.e. 2×840 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 𝑅𝑠=142.1 MPa. For a beam models with 

the length of 8,400 mm, the maximum allowable deflection is 1/220l 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 𝑡𝑤 is 1.9 mm. 

When computer simulation the beam with a web height ℎ𝑤 of 840mm and a web thickness 𝑡𝑤

of 1.9mm was used. The wavelength of web corrugations of triangular shape is 𝑙𝑟 350 mm and a

wave height 𝑓𝑟 is 54 mm (fig.1). The material of the web and flanges is C245 steel (Figures 5).

The corrugation thickness tw is 1.9 mm  

The corrugation wavelength Lr is 350 mm; 

The corrugation height fr 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. 

a) b) c) 

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 200×10 mm, webs are 840×1,9 mm) with 

span of 8,400 mm. Three circular perforations with the diameter of 0.25ℎ𝑤 , 0.5ℎ𝑤 , 0.75ℎ𝑤  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 0.25ℎ𝑤 in diameter, 110 

mm in width for perforation of 0.5ℎ𝑤 in diameter, 180 mm in width for perforation with a diameter 

of 0.75ℎ𝑤. 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 85×3 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 l = 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).  

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 0.25ℎ𝑤 to 0.75ℎ𝑤 . The most optimal diameter of the perforation when de-

signing can be the diameter of the opening of 0.25ℎ𝑤  and 0.5ℎ𝑤  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 0.75ℎ𝑤 

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. 

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. 

Figure 9 – The plot of displacement and applied total load value dependence for the М-3, М-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 0.25ℎ𝑤, 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 М-6, М-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. 

Figure 11 – The plot of displacement and applied total load value dependence for the М-9, М-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. 𝟐𝟓𝒉𝒘, 

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. 𝟓𝒉𝒘 and 𝟎. 𝟕𝟓𝒉𝒘 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 М-12, М-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. 𝟐𝟓𝒉𝒘, 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.

 Figure 13 – The plot of displacement and applied total load value dependence for the М-15, М-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 0.25ℎ𝑤and 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 М-18, М-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. 𝟐𝟓𝒉𝒘, 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. 𝟓𝒉𝒘 and 𝟎. 𝟕𝟓𝒉𝒘 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.

Figure 15 – The plot of displacement and applied total load value dependence for the М-21, М-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. 𝟐𝟓𝒉𝒘 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 0.25ℎ𝑤 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.

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 0.25ℎ𝑤, 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 

0.5ℎ𝑤 and 0.75ℎ𝑤, strengthening gave better results.   
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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 

of the 

Model 

Diameter 

of the 

perforation 

Deformation shape of beam 

models with and without per-

forations 

Grade 

of the 

Model 

Diameter 

of the 

perforation 

Deformation shape of beam 

models with perforation 

М-1 - 
М-16 0.5ℎ𝑤

М-2 - 
М-17 0.75ℎ𝑤

М-3 0.25ℎ𝑤 М-18 0.25ℎ𝑤

М-4 0.5ℎ𝑤 М-19 0.5ℎ𝑤

М-5 0.75ℎ𝑤 М-20 0.75ℎ𝑤

М-6 0.25ℎ𝑤 М-21 0.25ℎ𝑤

М-7 0.5ℎ𝑤 М-22 0.5ℎ𝑤

М-8 0.75ℎ𝑤 М-23 0.75ℎ𝑤

М-9 0.25ℎ𝑤 М-24 0.25ℎ𝑤

М-10 0.5ℎ𝑤 М-25 0.5ℎ𝑤

М-11 0.75ℎ𝑤 М-26 0.75ℎ𝑤

М-12 0.25ℎ𝑤 М-27 0.25ℎ𝑤

М-13 0.5ℎ𝑤 М-28 0.5ℎ𝑤

М-14 0.75ℎ𝑤 М-29 0.75ℎ𝑤

М-15 0.25ℎ𝑤

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 0.25ℎ𝑤 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 0.25ℎ𝑤 and perforation pitch 2d; 

- the most effective beam model with perforation diameter 0.5ℎ𝑤 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 0.5ℎ𝑤 and perforation pitch 2d;  

- the most effective beam model with perforation diameter 0.75ℎ𝑤 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 0.75ℎ𝑤 and perforation pitch 2d№ 

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 0.25ℎ𝑤, 0.5ℎ𝑤 and 0.75ℎ𝑤 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 0.25ℎ𝑤 и 0.5ℎ𝑤 stiffened with ring plates and par-

allel stiffeners. Thus, for the models with perforation diameter 0.5ℎ𝑤, 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 I-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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