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Abstract. Due to the simplicity of design and manufacture, as well as reliability during
operation, beams are one of the most common elements used in industrial, civil and public
construction. The most rational cross-section of metal beams are rolled I-beams with inclined or
parallel inner faces of the shelves, the predominant use of which is due to the value of the core
distance, which is twice as much the same value for a rectangular section and almost three times for
a round section. This figure is even higher for perforated profiles obtained from conventional rolling
beams, which allow you to compose sections with increased values of moments of inertia and
moments of resistance without increasing material consumptions. For inseparable beams, an
additional significant factor influencing on their bearing capacity, is the structural design of the
intermediate support part.

The aim of these researches is to study the stress-strain state of inseparable perforated beams
of I-beam profile of different heights in areas near the intermediate support, the design of which is
made without a transverse stiffening rib placed on the axis of the support, and with unwelded holes
to the left and right of the support under the action of evenly distributed load in the software complex
"Lira". The objectives of the study are to establish the actual values of stresses and strains in the
characteristic cross sections of the inseparable perforated I-beam, which occur on the intermediate
support, and perform a comparative analysis of numerical studies obtained in the software complex
"Lira" for intermediate support node beams of different heights for actions of different magnitudes
of loads. The analysis of the obtained diagrams of normal stresses was carried out, which showed that
for the proposed design of the support part of the beam, the cross-sections with holes directly to the
left and right of the support are calculated. The conclusion about necessity of carrying out further
experimental-theoretical researches of various types of support parts of beams for the purpose of
development of a complex technique of their calculation and recommendations on definition of
rational scope of application of each of them is formulated.

Key words: inseparable beam, intermediate support, section, perforation, stress, deformation,
bearing capacity, software complex.

Introduction. Due to the simplicity of design and manufacture, as well as reliability during
operation, beams are one of the most common elements used in industrial, civil and public
construction to cover spans up to 18...20 m and even more. Their work on transverse bending, as a
result of which the bending moment and transverse force occur along the length of the element, and
normal and tangential stresses develop in the cross section, is possible due to the presence in their
design of horizontal elements (shelves or belts), which give the beam the necessary rigidity, and a
vertical wall connecting the belts, and provides shear resistance to the action of transverse forces.
Beams are statically significant (single-span split and cantilever) and statically indeterminate (multi-
span inseparable, multi-span with consoles and clamped). Inseparable beams have lower metal
consumptions and they have smaller deflections in the span under the action of any type of load.
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The most rational cross-section of metal beams, given the ease of manufacture, cost and
compliance with the resulting stress are rolled I-beams with inclined or parallel inner faces of the
shelves. The predominant use of such a profile is due to the value of the core distance p = W /A,
which is twice as much the same value for a rectangular section and almost three times for a round
section. This figure is even higher for perforated profiles obtained from conventional rolling beams,
which allow you to compose sections with increased values of moments of inertia and moments of
resistance without increasing material consumptions. The cross-section in which the material is
concentrated at a certain distance from the horizontal axis, ie in the shelves, best corresponds to the
nature of the distribution of normal and tangential stresses arising from the bending of the beams. For
inseparable beams, a significant factor influencing on their bearing capacity, in addition to the
magnitude, nature of action (static or dynamic), type (concentrated, evenly distributed, combined),
load action patterns; strength of the material (steel of normal strength or high strength); span values
of a beam; geometrical parameters of cross section, there is a construction of an intermediate support
part of a beam.

Analysis of existing researches. The current design standards for steel structures [1] briefly
present the general principles of design of perforated beams, the formulas for calculating normal
stresses at characteristic points of cross section with a hole are given in them and they emphasize the
need to strengthen the cross section on the support by transverse stiffeners. In other matters,
perforated beams are subject to the same requirements as conventional rolling beams according to [2,
3]. This refers only to single-span beams, and the design features of multi-span inseparable perforated
beams are not considered at all. European design standard for steel structures [4] do not currently
regulate the calculation of perforated elements.

There are numerous experimental and theoretical studies of bending perforated elements,
performed by both domestic and foreign scientists, but they do not answer all the questions related to
the features of the calculation and design of multi-span inseparable beams.

During the studies of the bearing capacity of the prestressed arch, the results of which are
presented in [5, 7, 8], were clarified certain features of the work and the stress-strain state of the upper
belt of the arch made of perforated I-beam, which worked on an inseparable scheme, because it had
an intermediate support in the form of a pre-stressed stud. The obtained information prompted the
authors to consider the need for additional comprehensive experimental and theoretical studies of the
area of the bending element near the intermediate support. At the first stage, it is advisable to use the
software complex "Lira", which is widely used in the practice of designing various building structures
and which has confirmed its high efficiency and accuracy in the study of perforated beams Z-shaped
profile [6].

The purpose of researches. The aim of this work is to study the stress-strain state of
inseparable perforated beams of I-beam profile of different heights obtained from the original I-beams
NeNe 20, 30, 40, 50 and 60 (GOST 8239-89) of steel class C235 with the coefficient of development
of cross section k = 1,5 in areas near the intermediate support, the design of which is made without
a transverse stiffener placed on the axis of the support, and with unwelded holes to the left and right
of the support under the action of evenly distributed load in the software complex "Lira". The
objectives of the study are to establish the actual values of stresses and strains in the characteristic
cross sections of the inseparable perforated I-beam, which occur on the intermediate support, and
perform a comparative analysis of numerical studies obtained in the software complex "Lira" for
intermediate support node beams of different heights and different in value loads for the specified
variant of its constructive design.

Research methods. Analysis of literature sources devoted to theoretical and experimental
studies of perforated structures, as well as the use of the finite element method, implemented in the
software complex "Lira".

Presenting main material. Modeling of perforated inseparable beam (Fig. 1) of I-beam section
(Fig. 2) was performed in the software complex "Lira" based on the finite element method, the
essence of which is that any continuous quantity can be approximated by a piecewise continuous
function under construction in real sizes with all design features, in a finite number of points.

-131-



Cyuachi 6ydisenvhi KoHcmpykyii 3 memany ma oepeguru, 2021. — Bun. Ne 25 (ctop. 130-138)

i,

12000

Fig. 1. Model of inseparable perforated beam in the SC "Lira"

To build a discrete model of a continuous value of perforated beams with hexagonal holes, the
following conditions are accepted:

1) the region of the quantity under study is divided into a finite number of elements that have
common nodal points that generally approximate the shape of the region;

2) nodes in the area under consideration are fixed;

3) the values in the middle of the region are determined at the nodal points, which approximate
the function, using the values of the continuous quantity under study.

From the point of view of construction of an inseparable perforated beam it is considered as set
of constructive elements (walls and shelves) which are connected among themselves in nodal points.
If you know the relationship between forces and displacements for each element, you can describe
the properties and investigate the behavior of the structure as a whole.

The beam was divided by a grid of finite elements, based on the following conditions a > 2t
and b > 2t, where a and b — are the length and width of the finite elements; 7 — is the thickness of the
elements (shelves, walls) under consideration. Finite elements of the shelf and the wall are square in
shape with the dimensions presented in table 1. Finite elements near hexagonal holes are formed by
three- and four-node plates. The angle of inclination of the inclined face of the hole @ = 45°. The
accepted sizes and the form of finite elements allow to receive high accuracy of calculation.

Fastening of the ends of the perforated two-span beam with the same spans [ = 6 m is accepted:
the extreme support on the left is articulated; the extreme support on the right is hinged; intermediate
support — hinged. To fasten the beam from the plane of action of the load used transverse elements,
which are placed on the upper belts of the profile with a step of 1 m (see Fig. 1). This made it possible
to eliminate transverse deformations of the modeled structure and bring its operation as close as
possible to the work of the real structure.

The following variants of a design of an intermediate support part of an inseparable perforated
beam are possible:

1) without a stiffening rib placed on the axis of the intermediate support, and with unwelded
holes to the left and right of the support (Fig. 3) (type 1);

2) with a stiffening rib placed on the axis of the intermediate support, and with unwelded holes
to the left and right of the support (type 2);

3) without a stiffening rib placed on the axis of the intermediate support, and with welded holes
to the left and right of the support (type 3);

4) with a stiffening rib placed on the axis of the intermediate support, and with welded holes to
the left and right of the support (type 4).

In this article, we consider the stress-strain state of only the support type 1 (see Fig. 3).

The composition of the intermediate support part of the beam includes two sections with a
length of [; = 700 ... 1800 mm to the left and right of the axis of the support. Thus, the length of the
support part depending on the height of the perforated beam h = 300...900 mm and is 2l; =
1400 ...3600 mm (see Fig. 3). The size [; — is the distance from the point of intersection of the
diagram of the bending moment M of the neutral line, ie the zero point, to the axis of the intermediate
support.
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Fig. 2. Cross section of the perforated Fig. 3. Support section without stiffeners and with
beam unwelded holes (type 1)

Using the known formulas for determining the values of transverse forces and bending moments
at characteristic points and cross sections along the length of a two-span continuous beam under the
action of a certain uniformly distributed load, we can determine the amount of load for which the
beam will have a limit state, belonging to the limit states of the 1st group, namely the loss of bearing
capacity because of achieving in the cross section of the beam of the limit normal stresses. Based on
these considerations, the limit values of the calculated uniformly distributed load ¢ for beams of
different heights are calculated. And these loads are calculated for the original I-beams NeNe 20, 30,
40, 50, 60 and are respectively q = 16,45; 45,22; 85,24; 142,1; 229,0 kN/m. The notation of the
geometric parameters of the beams is presented in Fig. 4, and their numerical values are given in
table 1.

C b.a_ b S a cep
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\
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Fig. 4. Symbols of geometrical parameters of inseparable perforated beams

Research results. Analysis of the diagrams of the stresses given in table 2, indicates a

significant change in the stress-strain state of the calculated cross sections as you approach from the
middle of the span of the beam to the axis of the intermediate support. In the middle part of the beam,
the stress distribution in the section with the hole is traditional — stresses at the points of the upper
brand of cross section have a sign "minus", and at the points of the lower brand — sign "plus" in full
accordance with the diagrams of bending moment.
In the calculated cross-sections of the support part of the beam 1-1 and 2-2 (see Fig. 3) the stress
distribution is completely different and it differs not only from the stresses in the span, but also has
significant differences in these sections, although the distance between them is quite insignificant and
is depending on the height of the beam a = 100 ...300 mm.
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At first glance, this distribution of stresses in sections with holes is illogical, because at the
calculation points located in the stretched zone of the beam (points 2 and 6) the sign of stresses
changes from "plus" to "minus ", and points of the compressed zone of the beam (point 3 and 7) from
"minus" to "plus" (see Table 2). Moreover, this pattern is preserved for beams of any height under
the action of any magnitude of the load.

Why this happens becomes clear after careful study and analysis of the isofields of normal
stresses in the supporting part of the beam (Fig. 5). Due to the presence of perforation holes along the
length of the support part and the local influence of the reaction of the intermediate support in the
wall of the beam there are local stress zones, the sign of which does not coincide with the general
sign of stresses. Thus, in the upper part of the beam, which is generally stretched, around point 6 of
section 2-2 in the beams of all heights there is a local area of compression stresses of different
magnitudes. Its presence, in our opinion, can be explained by the local influence of the reaction of
the intermediate support. Conversely, around point 7, which is located in the compressed zone of the
beam, there is a local area of tensile stresses, the presence of which can be explained by a significant
uneven deformation around the hole, ie the presence of these holes themselves.

Fig. 5. Isofields of normal stresses in an inseparable two-span perforated beam

For all beams, regardless of their height and the magnitude of the applied load, the greatest
tensile or compressive stresses occur at the calculation points 2 and 3 in section 1-1 and at points 6
and 7 in section 2-2. For beams of all heights presented in table 2, the stresses at these calculation
points do not exceed the calculated resistance of steel class C235 R,, = 230 MPa, which is accepted
to be the same in the calculation of all beams. Therefore, there is no need to weld holes to the left and
right of the intermediate support. The stresses in the continuous section 3-3 along the axis of the
intermediate support are much smaller. To ensure the local stability of the wall, you can use a pair of
transverse stiffeners placed on the axis of the support. Then in the calculation of the supporting part
of the beam, these ribs are included in its composition and due to the increase of the geometric
parameters of the cross section stresses decrease.

Summary. The stress distribution at the calculated points of the characteristic sections with
holes of the iseparable perforated beam near the intermediate support differs significantly from the
stress distribution in the calculated sections of the span part, because the sign of the diagram of the
bending moment in the support part changes from positive to negative and this completely changes
the nature of the stress-strain state. This change indicates the impossibility of using the formulas of
current design standards [1] to calculate stresses at calculation points, which confirms the need for
further experimental-theoretical studies of different types of support parts of beams to develop a
comprehensive method for their calculation and recommendations for determining the rational scope
of each of them.
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PO3PAXYHOK IMPOMI’KHUX OITOPHUX YACTHUH HEPO3PIZHUX
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AHoTanis. 3aBIgKN TPOCTOTI KOHCTPYKTUBHOT ()OPMHU Ta BUTOTOBJICHHS, @ TAKOXK HAIHHOCTI
mig 4vac ekcruryaTauii Oajku € OJHUMH 3 HaWOUIbII PO3MOBCIOKEHHUX EJIEMEHTIB, SKi
3aCTOCOBYIOTBCSI Yy IPOMHCIOBOMY, NHBIIBHOMY 1 TpoMmajacbkoMy OymiBHMITBI. HaiOinbm
palioHaJIbHUM Hepepi3oM MeTalieBUX OaloK € MPOKaTHI JBOTABPU 3 MOXMIMMH a00 mapanelbHUMU
BHYTPIIIHIMU TPaHSIMH IOJHIb, [IEPEeBa)KHE BUKOPHCTAHHS SIKMX 3YMOBJICHE 3HAUYEHHSIM SIPOBOi
BIJICTaHI, SIKE y/IBiUi IEPEBHILY€ aHAJOT1UHE 3HAYCHHSI JUIs IPSMOKYTHOTO TIepepisy 1 Maibke yTpuyi
JUTst Kpyraoro. L{eli moka3HHUK € 11e O1bIiM 18 TepdhopoBaHuX MpodiIiB, OTPUMAHUX 31 3BUYANHUX
MPOKAaTHHUX OaJOK, SKi JO3BOJSIOTH KOMIIOHYBATH MEPEpPi3u 31 301IbIIICHUMH 3HAUEHHSIMH MOMEHTIB
iHepIii 1 MOMeHTIB omopy Oe3 30uUIblIeHHS BUTpaT Martepiamy. [inst Hepo3pizHHX Oanok
JIOIaTKOBUM CYTTEBUM (AKTOpPOM, L0 BIUIMBAE HA iX HECydy 3JaTHICTh, € KOHCTPYKTHUBHE
0o(hOpMIICHHS MMPOMIKHOT OITOPHOT YaCTHHH.

MeTo10 poBeACHUX JOCIIPKEHb € BUBYCHHS HAIIPYKEHO-Ae(POPMOBAHOTO CTaHy HEPO3PI3HUX
nephopoBaHUX OAJOK TBOTABPOBOTO NPOQLII0 pi3HOI BUCOTH Ha AUISTHKAX OIS MPOMIXHOI OTOPH,
KOHCTPYKIIiA SKOT BUKOHaHa 0e3 MomepeuyHoro pedpa sKOpCTKOCTI, pO3MIIIEHOTr0 1O OCi OMOopH, 1 3
He3aBapeHUMH OTBOPAMHU 3J1iBa 1 CIIpaBa BiJl OTIOPH 3a JIii pIBHOMIPHO PO3IOAIICHOT0 HABAaHTAKEHHS
y IporpaMHoMy KoMIuiekci «Jlipay». 3aBIaHHAMM TOCTiIKEHHS € BCTAHOBJICHHS (DAKTUYHUX 3HAYEHb
HampyXeHb 1 jJedopmarlii y XapaKTepHHX Iepepizax Hepo3pi3Hoi mnephopoBaHoi Oamku
JBOTAaBPOBOTO MPO(DIIIIO, sIKI BUHUKAIOTh Ha POMIXKHIH O1opi, Ta BAKOHAHHS IIOPIBHSIIBHOTO aHAITI3Y
pe3yabTaTiB  YHUCIOBUX JOCIHIKEHb, OTPHUMAHUX Yy TPOrpaMHOMY KoMmIulekci ,Jlipa”, st
MPOMDKHOTO OTIOPHOTO BY3Jia 0alOK Pi3HOI BUCOTH 1 3a il PI3HUX 32 BEIMYMHOK HABAHTAKCHb.
[lpoBeneHo aHami3 OTPUMAHMX €MIOP HOPMAIBHUX HANpPYXEHb, SKWAN 3acBiA4YMB, MO IS
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3alpOMOHOBAHOT KOHCTPYKIII OMOPHOT YacTUHU OalIku PO3pPaxyHKOBHUMH € IEPepi3u 3 OTBOpPAMHU
Oe3rocepeIHbO 3711Ba 1 clpaBa BiJl OMOPH. 3pOOJICHO BHCHOBOK MPO HEOOXITHICTH MPOBEICHHS
MOJAIBIINX €KCIIEPUMEHTAIbHO—TEOPETHYHUX JOCIIIKEHb PI3HUX TUIIIB OMIOPHUX YaCTHH OaloK 3
METOI0 PO3POOKHM KOMIUICKCHOI METOIMKH iX PO3paxyHKYy Ta PEKOMEHIAlid MI0J0 BU3HAYCHHS
pamioHanbHOi 001aCTi 3aCTOCYBAaHHS KOYKHOTO 3 HUX.

KurouoBi cjioBa: Hepo3pizHa Oaiika, TpOMIKHA OIOpa, mepepi3, nepdoparlisi, HampyXeHHS,
nedopmartis, Hecyya 34aTHICTh, TPOTPAMHUN KOMILJIEKC.

PACYET MPOMEXYTOUYHBIX OITOPHBIX YACTEN HEPA3PE3HBIX
MHNEP®OPUPOBAHHBIX BAJIOK B ITPOI'PAMMHOM KOMIIJIEKCE «JIUPA»
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Hayuonanvholil ynusepcumem 800H020 X033UCMBA U NPUPOOONONIb308aHus (2. Posno)

AnHoTanus. bmaromaps mpocToTe KOHCTPYKTHUBHON (DOPMBI M HM3TOTOBJICHHUSA, a TaKXKE
HAJEKHOCTH BO BpeMs eKCIUTyaTalluu Oaliku SIBJISIOTCS OJHUMH U3 HauOojee pacipoCTpaHEHHBIX
AJIEMEHTOB, MCIOJb3YEMBIX B MPOMBIILIICHHOM, TPAXKIAHCKOM H OOIIECTBEHHOM CTPOUTEIILCTBE.
Haubonee panroHanbHBIM CEUYEHHEM METALUTMYECKUX OallOK SIBISIOTCS MPOKATHBIC JBYTaBPHI 3
HAaKJIOHHBIMH WJIM TapauleIbHBIMA BHYTPEHHUMH TpaHSMHU TIOJOK, MPEUMYIIECTBEHHOE
NPUMEHEHHE KOTOPHIX OOYCJOBJICHO 3HAUYEHUEM SPOBOIO PACCTOSHUS, KOTOpOE B JBa pasza
MPEBBIIIAECT AHAIOTMYHOE 3HAYEHHE JJIsl MPSAMOYTOJIBHOTO CEYEHUS U MOYTH B TPHU AJI KPYIJIOTO.
OTOT moOKa3zarenb emie Ooibiue A Nep(OpUpOBaHHBIX MPOQMIIEH, MOIYUYEHHBIX M3 OOBIYHBIX
MIPOKATHBIX 0aJI0K, KOTOPHIE MO3BOJISIFOT KOMIIOHOBAThH CEYSHHUS C OONBIIIMMHE 3HAYCHUSIMI MOMEHTOB
WHEPIIMH 1 MOMEHTOB COMTPOTUBIICHHsI 0€3 yBETMUYCHHS 3aTpaT Marepuaia. J{s Hepa3pe3HbIX Oallok
JIOTIOJTHUTEIHHBIM CYIIECTBEHHBIM (DaKTOPOM, BIHSIFOIIMM Ha UX HECYIIYIO CIIOCOOHOCTD, SIBIISIETCS
KOHCTPYKTUBHOE 0(OPMIICHHE POMEKYTOYHON ONOPHOI YacTu. L{esb mpoBeIeHHBIX HCCeT0BaHUH
COCTOWT B U3YYCHHH HAMPSHKEHHO-ACPOPMUPOBAHHOTO COCTOSHUS HEPa3pe3HbIX EpHOpHUpOBAHHBIX
0aJIOK JIBYTaBpOBOTO MPOQMIS pa3HOW BBICOTHI Ha ydacTKaxX BOJW3M TPOMEKYTOYHOM OIOPHI,
KOHCTPYKLHS KOTOPOI BBINOJHEHA 03 MonepeyHoro pedpa »KEeCTKOCTH, PACIOIIOKEHHOTO MO0 OCH
OTIOpPBI, U C HE3aBAPEHHBIMU OTBEPCTHUSIMU CJIEBA U CIPaBa OT OMOPHI, MPH JIEHCTBUU PaBHOMEPHO
pacrpeieiecHHOM Harpy3kd B MpOrpaMMHOM KoMiuiekce «JIupay. 3amauaMu HCClieI0BaHUN
SBIIAIOTCS OlpeneseHre (aKTUYeCKUX 3HAUCHUN HampspkeHHd U nedopmanuil B XapaKTEpHbBIX
CEUYCHHIX Hepa3pe3Hol nepGopupoBaHHON OANKU JBYTAaBPOBOTO MPO(HIISL, KOTOPhIE BO3HUKAIOT Ha
MPOMEXYTOUYHON Omope, U TMPOBEIECHHUE CPaBHUTEIBHOTO aHajih3a pe3yJbTaTOB YHCIOBBIX
MCCIIEIOBaHUM, MOJyYEHHBIX B IPOrpaMMHOM KOMILIeKce «JIupay, 11 MpOMexXyTOUHOTO OITIOPHOTO
y31a 0aJoK pa3HOW BBICOTHI MpPU JNEHCTBUHM Pa3HBIX 1O BEJIMYMHE HArpy3ok. BhIMoiHeH aHamu3
MOJIYYEHHBIX S0P HOPMAJbHBIX HANPSXKEHUH, KOTOPBIM MOKa3al, 4YTO A MIPeIIoKEHHON
KOHCTPYKIIMM OMOPHOW 4YacTh Oallkh pAcCUYCTHBIMHU SBJISIFOTCS CEUEHUsS C OTBEPCTUSMU
HETOCPEJICTBEHHO cjieBa M crpaBa OT omnopbl. CrenaH BbIBOJ O HEOOXOIMMOCTH IPOBEICHHUS
JNANbHEHIINX SKCIEPUMEHTAIbHO-TEOPETUYECKUX HCCIIEIOBAHUM Pa3HBIX THIIOB OMOPHBIX YacTen
0aJI0K C LIeNbI0 Pa3pabOTKU KOMIUIEKCHOM METOAMKH UX pacdyeTa U peKOMEH AL 110 ONpeIeNICHHIO
paIMoHaIbHON 00JIACTH UCIIOJIB30BAHUS KKOTO U3 HUX.

KuaroueBble ciaoBa: Hepa3pe3Has Oayka; MpOMEXYyTOYHas Omopa, ceueHue, nepdopanus,
HampspKkeHue, nedopmaius, Hecymas CliocOOHOCTh, MPOTPAMMHBIN KOMILIEKC.
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