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Summary. The advantages and disadvantages of perforated beams are analyzed, the areas of their
application during construction and reconstruction of buildings and structures are given. A comparative
assessment of the stress-strain state of cellular beams using a modified mesh of elements was carried out using
the finite element method in the specialized software packages ANSYS, SolidWorks, LIRA.
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Problem statement. Perforated steel beams are a type of lightweight metal structure
with through-thickness holes in the web. The holes are located along the entire beam and can
have various shapes: circular, square, polygonal, oval, sinusoidal, and others [1, 3].

Steel beams with perforated web are an important structural element in construction and
building renovation. These structures are primarily used in the construction of shopping centers,
multi-story parking garages, stadiums, and spacious industrial premises [4]. They can also be
used as crane beams in manufacturing facilities.

Perforated beams allow for spanning significant spans of 36—42 meters, which is several
times larger than modern rolled I-beams. While having the same load-bearing capacity,
perforated web beams provide 20—-30% metal savings compared to rolled beams. Additionally,
they are 10-18% cheaper. Another advantage of perforated beams is their better aesthetic
appearance compared to other metal beams. These holes can be given a unique appearance for
each individual structure, enhancing interior design [4].

Analysis of the available investigation outcomes. An overview of the structural
solutions for perforated beams used in construction indicates a wide variety of shapes and
locations of openings in the beam web [1-3, 5]. To choose the most rational perforation options
for beams, it is necessary to conduct a study of their stress-strain state. In the construction
industry, beams with hexagonal perforations are the most commonly used. The calculation of
the stress-strain state and stability of such beams is regulated by normative documents [1, 6, 7];
for beams with circular holes [1, 6]. For selecting optimal structural solutions for other types of
perforated beams (with oval, elliptical, sinusoidal, and other types of holes), any clear
requirements are not available, so it is necessary to conduct research on the stress-strain state
and stability for each type of hole.

Obtaining precise analytical relationships for assessing the stress-strain state of
perforated beams is complicated by the peculiarities of how the web with openings behaves. In
particular, some complex methods have been developed to predict the deflection of perforated
beams [8, 9]. However, for most cases of calculating the deflections of perforated beams, some
approximate formulas are used, which take into account the additional deflection of the beams
caused by the deformation around the holes. In particular, in [1], the deflection (f) for beams

126 .ot ee s een ... CorTESPONding aUthor: Mykola Pidgurskyi; e-mail: pidhurskyy@gmail.com


https://doi.org/10.33108/visnyk_tntu
https://doi.org/10.33108/visnyk_tntu2023.0
https://doi.org/10.33108/visnyk_tntu2023.03.126

Mykola Pidgurskyi, lvan Pidgurskyi, Mykola Stashkiv,
Viktoriia lhnatieva, Svitlana Danylchynko, Denys Bykiv, Oleh Pidluzhnyi

with hexagonal or circular holes is recommended to be determined using 90% of the net-section
moment of inertia Ix-net, CONSidering it as a prismatic section:
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 384El,_ e - (0.90)°

f

where q — uniformly distributed load;
| — span.

In analogy with the BS5950 standard [6], the influence of additional deflection due to
the flexibility of the perforated web beams is assessed using a coefficient Ks = 1.25, which
increases the deflection by 25%.

Additionally, for modeling such types of problems, numerical methods are used,
including the finite element method (FEM), which allows for accurate prediction of the stress-
strain state of perforated beams with various types of openings using modern specialized
software packages such as ANSYS, ABAQUS, MSC/NASTRAN, and others [9-11].

For example, in the article [10], the influence of the size of finite elements in models of
beams with circular openings was investigated and compared with experimental
data [12]. Perforated beams with a length of 8.2 meters were examined under a concentrated force
of 60 kN applied at the center of the beam. The beams had a height of 463.2 mm, a hole diameter
of 325 mm, and the total number of holes was 20. Models with different finite element mesh sizes
were studied: 200 mm, 50 mm, 25 mm, and 10 mm. It was demonstrated that the FE mesh size
significantly affects the deflection magnitude. It is suggested to create models with a FE mesh size
within the range of 25 mm to 10 mm, which shows good convergence with experimental data [12].
The finite element size in the models in the studies [9-11, 13] ranged from 25 mm to 30 mm.

Reducing the size of finite elements (FE) from 6 mm to 2 mm [14] allowed for a
refinement of stress by 31.2%. However, this reduction in finite elements size had little effect
on the deflection values of the beam.

It is worth noting that modeling the stress-strain state of perforated beams is most
commonly performed in the ANSYS program. For instance, in [15], a comparison was made
between the deflection calculations of a perforated beam with circular openings, according to
the BS 5950 standard [6] and those performed in the ANSYS program. The calculation was
conducted for a perforated beam with a length of 10 meters under the influence of a uniformly
distributed load of 12.39 kN/m. The additional deflection due to the flexibility of the perforated
web beams in [6] is assessed using a coefficient Ks = 1.25, which increases the deflection by
25%. The results obtained by the two methods differed by 5.2%. The size of the finite element
in these studies ranged from 20 to 30 mm.

Modeling of perforated beams and the study of their stress-strain state were also carried
out using the LIRA software package [13]. The size of the finite element was 25 mm in these
mentioned studies.

The issue of creating a high-quality and, at the same time, rational finite element mesh
is crucial when solving problems related to the strength and stiffness of perforated beams. The
challenges in creating such a mesh are influenced by two factors: the large dimensions of the
beams and the presence of a significant number of structural stress concentrators such as holes
in the beam web, which have different shapes. On one hand, the FE mesh size for large-sized
beams should be maximized to reduce the computational time of the model. On the other hand,
it should be minimized to evaluate stress concentration factors in the regions of the holes.
Specifically, these sizes should be significantly smaller than the technological radii of fillets,
for example, at the vertices of hexagonal or octagonal holes. The impact of the finite element
size on stress values, deflections, and the resulting errors is discussed in the article [14].
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Therefore, the size reducing of finite elements when modeling beams with large spans
is limited by the computer hardware's available memory. One approach to assess the stress
concentration factors around openings is to create a local mesh with small elements around
these openings and combine it with the global finite element mesh [5]. Reliable results can be
obtained with a well-developed methodology for modeling experiments. It is also important to
compare the research results obtained using different specialized software packages.

Hence, the aim of this work is to develop a methodology for assessing the stress-strain
state of perforated beams using the finite element method and to verify the research results
obtained using various specialized software programs.

Main body. To solve the set tasks, it is necessary to develop a research methodology.
The most common method for investigating the stress-strain state of perforated beams is the
finite element method. At the initial stage, a finite element model was created. To calculate the
stress-strain state, the software packages LIRA-SAPR [18], SolidWorks [16], and ANSY'S [17]
were used.

Another important task is to determine the minimum size of the finite element to obtain
reliable results while minimizing the calculation time.

The study of the stress-strain state was carried out on a steel perforated beam with
circular holes. The length of the beam was taken as 4 meters to save time on modeling and
calculation. The beam is hinge-supported with a point load in the middle, P = 2 kN (Fig. 1).

P=2ckH

2000 | 2000
4000

Figure 1. Calculation model of a freely supported perforated beam

The height of the cross-section of the finished perforated beam is 400 mm, the width is
100 mm, and the thickness of the flanges and web are 3 mm and 4 mm, respectively. The
perforation diameter is 266.8 mm, and the hole spacing is 400.2 mm (Fig. 2).
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Figure 2. Geometric characteristics of the researched cellular beam
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For the modeling, low-alloy steel of grade 091'2C with a strength class of C345 was
selected, with the following characteristics: elastic modulus E = 210 GPa; Poisson's ratio
v =0.3; yield strength o, = 345 MPa; ultimate strength o, = 480 MPa.

In each software package, two calculation models were chosen: in the first one, the
average size of finite elements is 20 mm without densification at the edges of the perforation
holes; in the second one, the average size of finite elements is 20 mm with densification at the
edges of the perforation holes up to 2 mm.

The deflection of the beam was determined as its displacement along the vertical axis
Z. Equivalent stresses were obtained using the energy theory of von Mises.

The study of the stress-strain state of the steel perforated beam was conducted
using the LIRA software package. We have created a calculation model in LIRA based
on the drawings 1 and 2. We have defined the relevant characteristics of steel and the
boundary conditions as mentioned earlier. We have performed a complete calculation of the
finite element models and obtained results for deflection (Figure 3) and equivalent stresses
in the beam (Figure 4). Additionally, we have labeled the holes (see Figure 4) and
determined the stresses for the outermost hole (No. 1) (Figure 5) and the one in the middle
of the beam (No. 5) (Fig. 6).

Figure 3. Assessment of the deflection of a perforated beam without mesh thickening
of finite elements, mm (LIRA)
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Figure 4. Values of equivalent stresses in a perforated beam without thickening
of the finite mesh, kPa (LIRA)
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The obtained results are shown in Table 1.
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Figure 5. Equivalent stresses around holes No. 5 (a) and No. 1 (b)
in a perforated beam (LIRA, model without finite elements mesh refinement)

Let's reduce the mesh size of finite elements at the edges of the perforation holes
to 2 mm (see Figure 6) and determine how it will affect the stress-strain state of the
beam.

]
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Figure 6. Finite elements mesh refinement on the contour of perforation holes (LIRA)

It should be noted that such selective mesh refinement allows for time-saving
calculations and, in many cases, is the only feasible method considering the technical
capabilities of personal computers.

We perform the calculation and obtain the values of the maximum deflection (Figure 7), as
well as the equivalent stresses around the 5th and 1st holes (Figure 8 and 9, respectively) for the
model with mesh refinement around the holes.
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Figure 7. Assessment of the perforated beam deflection, mm
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Figure 8. Equivalent stresses around holes No. 5 (a) and No. 1 (b) in a cellular beam, MPa (LIRA, model
with mesh refinement around selected holes)

It should be noted that the results obtained with mesh refinement differ from the
previous ones. We record them in Table 1 for further comparison.

The study of the stress-strain state of the steel perforated beam in the SolidWorks
software package. Similar to the previous case, in the SolidWorks calculation package, we
create the same beam with perforated web. In the first variant, we use a finite element mesh
with 20 mm elements, and in the second variant, we use mesh refinement at the hole edges to
2 mm. We set the boundary conditions and repeat the calculation algorithm.

We obtain the deflection values (Figure 9) and equivalent stresses on the edges of the
perforation holes (Figure 10).

| M 050

Figure 9. Estimated deflection of a perforated beam, mm (SolidWorks, model without finite elements mesh
refinement)
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Figure 10. Equivalent stresses around holes No. 5 (a) and No. 1 (b) in a celluar beam, MPa (SolidWorks,
beam model without mesh refinement)

Similarly, we create a beam with mesh refinement down to 2 mm around the contour of the
perforation holes. The refinement is selectively applied around holes No. 1, No. 5, No. 6, and No.
10 (see Figure 11). We perform the calculation and obtain deflection values (Figure 12) and
equivalent stresses (Figure 13).

Figure 11. Calculation model of a beam with mesh refinement near
the edge of selected holes (SolidWorks)

Figure 12. Estimated deflection of a cellular beam, mm (SolidWorks, beam model with finite elements mesh
refinement near the edge of the selected holes)
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Figure 13. Equivalent stresses around holes No. 5 (a) and No. 1 (b) in the cellular beam, MPa (SolidWorks,
model with finite elements mesh refinement around selected holes)
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The study of the stress-strain state of the steel perforated beam in the ANSYS
software package. Similarly, we create a calculation model of the perforated beam in the
ANSYS software package. We define the material properties in the Workbench environment,
create the beam's geometry in the SpaceClaim subsystem, set boundary conditions, and perform
the structural analysis in the Mechanical module [17].

We create the first model with a finite element size of 20 mm. We perform the
analysis and obtain deflection values (Figure 14) and equivalent stresses around the 5th and
1st holes (Figure 15).

X
0,00 500,00 1000,00 (mm) '
e
250,00 750,00

Figure 14. Estimated deflection of a cellular beam, mm (ANSY'S, beam model without
finite elements mesh refinement)
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Figure 15. Equivalent stresses around holes No. 5 (a) No. 1 (b) in the cellular beam, MPa (ANSYS, model
without mesh refinement)

Following the same approach as in the previous cases, we refine the finite element mesh
at the edges of the perforation holes to 2 mm (see Figure 16). We perform the calculation and
obtain deflection values (Figure 17) and equivalent stresses (Figure 18).

Figure 16. Calculation model of a beam with mesh refinement near the edge of selected holes (ANSYS)
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Figure 17. Estimated deflection of a cellular beam, mm (ANSYS, beam model with finite elements mesh
refinement near the edge of the selected holes)
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Figure 18. Equivalent stresses around holes No. 5 (a) and No. 1 (b) in the cellular beam, MPa (ANSYS,
model with finite elements mesh refinement around selected holes)

The results obtained using the mentioned computational packages have been included
into the comprehensive Table 1 and are presented in Figure 19 and Figure 20.

Table 1

The results of the SSS study of a steel beam with a perforated web in various software calculation complexes

Software LIRA SolidWorks ANSYS

complex

FE size, 20 (on the 20 (on the 20 (on the
mm 20 edge 2) 20 edge 2) 20 edge 2)

19,344 20,687 20,760 20,860 20,627 20,904
18,170 19,466 19,570 19,650 19,316 19,670
19,249 19,883 19,790 20,460 20,605 20,454

4 18,753 19,857 19,250 19,890 19,620 19,875
*Note: the points at which the equivalent stresses are determined correspond to those depicted in Figure 5.

Equivalent
stress at
points*,

MPa
WIN| -
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Figure 19. Maximum equivalent stresses around the perforation holes for different software complexes and
variable finite elements mesh
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Figure 20. Maximum beam deflections for various software complexes and variable finite elements mesh

Analyzing the maximum equivalent stresses obtained at the investigated points on the
contour of the holes, the following conclusions can be made:
- mesh refinement around the holes leads to significant refinement of stresses, with
values obtained using the LIRA software (by 6.5%); in other software packages (SolidWorks,
ANSYS), the change in these values does not exceed 1.3%);
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- when using a fine mesh, the stress values obtained on the hole contour in all three
investigated programs are close and differ by no more than 1.04%;

- when calculating the deflections of beam models with a 20 mm finite element mesh
(Model 1) and the same finite element mesh with simultaneous refinement to 2 mm near the
hole edges (Model 2), identical results were obtained in ANSY'S and SolidWorks (i.e., the mesh
refinement did not affect their values). In contrast, in LIRA, when refining the mesh, the
deflection values increased by 1.78%;

- in the beam model with a 20 mm finite element mesh (Model 1) and the same finite
element mesh with simultaneous refinement to 2 mm at the edges of the perforation holes
(Model 2), the deviations in deflection values in LIRA are 1.27%, in SolidWorks — 4.45%,
compared to the data obtained in the ANSYS program.

Conclusions. Taking into account the results of the comparative analysis of the stress-
strain state investigation of beams with circular openings in the web, it can be concluded that
these analyses can be performed in any of the presented software packages: ANSYS, LIRA,
SolidWorks, provided that a well-developed research methodology is employed. The error in
the results of the finite element method analysis in the mentioned software programs does not
exceed 5%.
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OCOBJJUBOCTI 1OCIIKEHHA HAITIPY XEHO-AE®OPMIBHOI'O
CTAHY BYAIBEJIBHUX CTAJIEBUX IEP®OPOBAHUX BAJIOK
METOAOM CKIHYEHUX EJIEMEHTIB

MuxoJia Iliarypebkmii; IBan Ilinrypeskmii; Mukosa Cramkis;
Bikropis IrnarbeBa; CeiTiiana lanniabuenko; /lennc bukis;
Ouer Ilipnyxuuni

TepHoninbcokuu HAYIOHANILHUL MeXHIYHUL YHigepcumem imeni leana Ilynios,
Tepnonins, Ykpaina

Peztome. Ilpoananizosano nepeeazu ma HeOONKU Nnephoposanux OaioK, HagedeHo obracmi ix
3acmocysants 6 OYOi6HUYMSI Npu 36e0eHHi ma peKoHcmpyKkyii Oyodieenv [ cnopyd. Hasedeno oens0
KOHCTPYKMUBHUX piuteHb nepghoposanux 0anox, wjo 3acmocogyromocs ¢ 0y0iGHUYmMGI, AKUll 6KA3VE HA GeaUKe
pisHOMaHimms ix popm ma posmautysants ix eupizis. Bxazarno, wo natilonmumansHiui eapianmu nepghoposanux
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Peculiarities of studying the stress-strain state of structural steel perforated beams using the finite element method

0anoOK MOJNCIUBT TUULe NICTSA AHANI3Y GNIUGY DISHUX eleMEHMI8 KOHCMPYKIMUBHOZ0 OQOPMIEHHS HA HANPYICEHO-
Odegpopmisnuti cman ma cmivikicme 6anox. Cioou eioneceHo 6ud nepgopayii — 00HO- yu 08OPAOHY; Popmy
BUPI3I6 — WECUKYMHY, KDYy, 08ANbHY, CUHYCOIOANbHY MA iH., 83AEMHE PO3MAULYBAHHS BUDI3I6, a MAKOIC ix
gionocny eucomy. Koowcna 3 popm eupizie mac ceoi nepesazu ma nedoniku. 3asnayveno, wo 0as ONMUMAaibHO20
BUKOPUCMAHHS NePPOPOBAHUX OANOK, AKI MAIOMb PI3HY KOH@I2ypayiro 8upizie y cminyi, npo8ooams 00CHIOHNCEHH S
ix Hanpyoceno-0egpopmisnozco cmany ma cmitikocmi. OOHuM 3 HallepeKmueHiuux Mmemooie pO3PAXYHKY
nepgoposanux 0AIOK 3 HOBUMU BUOAMU BUPI3IE € MemoO CKinyeHux eremenmis. IIpoeedeHo nopieHANbHI
00CNiOAHCEHHS. NPO2UHIE OANOK MA OYIHIOBAHHS HANPYICEHb ) 30HAX KPY2IUX OMEOPIE 3a 00NOMO2010 CYUACHUX
cneyianizoseanux npozpam ANSYS, SolidWorks, JIIPA-CAIIP. Ha ochogi nimepamypHoz2o 02110y 6CIMAHO6IEHO,
WO BANCTUBUM YUHHUKOM 051 OMPUMAHHS MOYHUX Pe3YIbMAMi8 00CTIOACYSAHUX NAPAMEMPIE MAE POIMIP CImKU
CKIHUEHUX elleMenmi6. 3acmocosano 068i MOOeli CMEOPEHHS CIMKU CKIHYEHUX eleMeHmiG: pe2yispHy 3 PO3MIPOM
ckinuenoeo eremenma 20 mMm ma moougikosany — 3 2100aIbHOIO CIMKOIO CKiHUeHuX enemenmis 20 mm ma 0ns
Oemanizayii 30H KOHYEHMPAayii HanpysiceHb OLIsi KPOMOK OMEOPI6 3i 32YWEHHIM €leMeHmMi8 PO3MIPOM 2 MM.
3acmocysanna moougpikosanoi cimku CKiHUeHUX eNeMeHmie 00380UN0 YMOUHUMU GeIUUUHY NPOUNIE ma
HAnpYyIcensb y O0CIIONCYBAHUX NPOSPAMHUX KOMNIEKCax npu payionanizayii yacy o6uuciets.

Knrwuosi cnosa: nepgpoposani 6anku, nanpysxceno-oepopmieHuil cmarn, mMemoo CKiHUeHUX eleMeHmis,
MOOughikoeana cimka CKiHUeHUxX eleMeHmis.
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