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The article exanunes the features of determining the beanng capacity of the steel profile cross-section, rolled or composed
from three sheets with arbitrary thickness, considenng the development of plastic defornations in a complex combination
of di fferent power factors that may occur dunng spatial loss of stability. Based onanewapproach to the percephion character
of internal forces, the goal 15 to investigate their ability to redistnbute between separate linear elements, on which cross-
section ofthe beamis broken It is proposed to increase the savings ofthe matenal by detailing the calclation
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Posrnsry?c ocoGieBOCT] EMSHA4eHER HECYMOl 37AaTHOCTI NICITCPEMEOID IIepepisy CTameBors npogimmo, NPOKATHOIGC 4
CITaREEOr 0 13 TPLOX JHCTIB {OBUGLEOL TOBIMEHR, 3 YPAXYBaHEEAM PO SBETKY ILJIA CTHMHEX fed 0 praliif IpE CIUm FE oMY 10 -
EHAHH] PI3HEX CHAOBEZ Qaxtopis. Ha ocHom HOBOTC MAXORY RO aHAMI3Y XAPEKTepy CHpHEMATTS BEYTPUNMZ 3YCHIb
Oymo MoCTARMERD 3a MeTy JOCMIKHTH X 3AATH CT EPEPOITORLISTHCS M OKpeMIMGE MK BEHME eIeMeRT aME, Ha $d po-
30EBAcTLCA NONCpeYHNE nepepis Oamat 3anpONOROBaHO I01MBIMTE KOEOMIO MAT epiafy LUISXONM fAeTamsatyi poipaxy:
HKY. JI0 pospaxyHids, Y npoled BHKOHARHS SKHX NepefiadacrhCs NO4BA | 10Tpela BpaXyBaHHy JOfATKOERY HEYT PINHIX
SYCHIB 00Me#eEDT0 KPYHeHERS, MORHA BifHecT | ~ 3pHvaiRui 1a QnbT epHATHBHER (38 TEOPICH APYTOr 0 IOpPAAKY) po3-
PaXyEOK DANOK Ha Jaransy cCTHcTs, 2 - pOIpaXyHOK eNeMEHTIB Ha CYMICEY 10 IO ep eHOT 0 STHEY (B ofMi ado gpox
DNOMEHAX) 1 KPYHeHHES B PesyNLTaTl eXCUeHTPHMHOCT] NP HItafe HEY HAaBAaHT Ak eHES, 3 ~ pospaxyrox 0anok 13 BRI EBNeH -
HEME Y IUTOIHE HEaEMeRIND] XOp cTxocn. Y po3IpaxyHiaX 3a Te0piclo ApyTOoro NOpS/AKY, D IbT PHATEBHD BPAXOBYIOTh
BTpary criffKocT 1o a0l QOpME STREY eleMeHTa, BBOHTLCH ehBIBANCHTHE N0MATKOBe STHHANLEE Bl X NeHHS B IO IHH]
HAEMeRIND] X opcTKocti npodumo. Tof Dama nOMEHAE NPA0OBATH BA e K IPOCTOPOBEE eeMerT, 1 NOPAR 3 IBHHARHING
HAIIpY® CHESME ITREY B Hiff BHERKAIOTH [0ATKOBL HAIPYA eHHES KOCOTO 3T HEY 73 KpyreHrs [[n8 50UMLINCHER TOMHOCT]
PO3paXYHIAB 13 3aCT OCYBAEHAM MOMATKOEHZ He[0CKOHaNocTeH 1 Hal/moxenns 1% A0 MECEEX YMOB podoTi KOoHCT gyl
BHYTPIIIHE IYCHIUE, B T0MY SRC i Bif SAKpYHYBaHEY, IT0TPi0H0 BRINAGYATH 33 1) €0 HemEifR 0w Teopico . Boka BpaxoBye
reoder puty HeMEIERICTS 1 ABN4E c00010 IO CYT1 POIPAXYHOK 3a Ae(OPMOBHOK CZEMOI0, B SKOMY PIBHANEA DIBHOBArH
JAMHCYI0 ThCs B4 fedOpMOBANOr0 cramy cHcreast KpiM nsoro, Heo0XiHo BpazyBaTH X 0P CTKICTS KOHCTPYIIRHE, 110 fac-
KpeTHD i KOETHHYAILED POIKPIIIIOITE CTHCEYTRE nofc famk B O1MBIND CT1 DPAKTHHERX BRIRAB 1 IMEHITYIOTE fedo-
pMamyi Eor o OIS,

Kimo4oBi coBa: O1donteny, BTpara criffKocTi, KpYHeHHS, MET0 [ YA CTKOBHX BRYTPUNEIX 3y Gb, DO IKPIINCHERS.

gieee

36 pHrK HayKoRiE patk. Cepla: Namyzese Manmmoby ayeans4, Oy perureo — 2 (53) 2019 73




Introduc tion

The calculations, in the process when the appearance
and need of restrained torsion additional intemal forces
consideration are foreseen, may include: 1 — conven-
tional and alternative (according to the second order
theory) calculation of beams for overall stability, 2 —
the calculation of elements for the compatible action of
the transverse bend (in one or two planes) and torsion
asaresult of load eccentric application; 3 — the calcu-
lation of beams wath curvatures in the plane of the
srallest ngdity. Equivalent imtial bending deviation
in the plane of the most mmmal nigidity 15 introduced
in the calculations by the second order theory, wiich
alternatively considers the element bending flat shape
stability loss Then the beam starts to work as a spahal
element, and along with the usual stresses of the bend
there are additional stresses of oblique bending and tor-
sion In order to increase the accuracy of calculations
by applying the mnitial irmperfections and approaching
them to the actual worlang conditions of the structure,
internal forces, including from twishng, should be de-
termined by this nonlinear theory It considers geomet-
nic nonlineanty and represents essentially the calcula-
tion by a deformed scheme, in which the equlibrinm
equations are recorded for the system deformed state
In addition, it 15 necessary to consider the ngidity of
structures that discretely or contimally restrain the
compressed beam flange in most practical cases and re-
duce the deformation of its displacement. It s proposed
to determane sectorial geometric properties by rigid re-
straint not relafive to the shear centre, but relative to the
pant of lateral restraint, wiiuch 15 located on the beam
rotationaxzis This point can move up or down depend-
ing on the degree of restraining, 1. e stiffhess and place-
ment of attached structures

Review of research sources and publications

The worlks of representatives of the German classical
tectmical school [1, 2, 3] can be atiributed to the main
sources, where there are the position of bearing capac-
ity calculation of the rolled and composite beams ina
plastic stage in a random combination of eight intemal
forces (longitudinal force, two transverse forces, two
bending moments, two torque moments of primary and
secondary torsion, flexural-torsioral bimoment) by the
partial infernal forces method. Theoretical foundations
ofthe theory of thin-walled rods are laid and presented
n the books of the Soviet classical saence school [4,
5], The worlk of [-beams under the achon of bending
moment and bimoment 15 considered in the article [6],
however, in these studies, 1n contrast to the second or-
dertheory, there1s a ssgmficant drawbacl, thus they do
not consider the influence the rotation angle influence
the value of bending moments 1n two planes Experi-
mental research of steel I-beams by a compatible bend
and torsion operation was conducted under the direc-
tion of Tusmin A R [7]. Theapprobation of the second
order theoryin the works [8 — 10] demonstrates that in-
sufficent restrained structure in an elastic stage 1s very
sensitive to the load and cwvature change, therefore,
by determuning the bearing capacity consideration

of braces ngidity and plastic worle of steel possibly can
be effective, but a greater curvature 1s accepted
(25-50%)

Definition of unsolved aspects of the problem

The problem of rigid restrained beams calculation for
bulding model compliance with real worlk of beams at
complex resistance had not been solved before Asare-
search task, 1t has been deaided to analyse the method
of plastic bearing capacity determmnation and malke in
it adjustments that relate to the restraining and type of
rolled profile

Problem statement

Based on the acquired experience in the analysis of
the distnbution of internal forces in cross-section, con-
sidenng the degree of restraining, 1t was decided to find
and describe the differences in the rod work by the
combination of forces from the transverse bend 1n two
planes and restrained torsion

Basic material and results

To calculate the limiting beanng capacity of the steel
beam (non) symmetrical cross-section (Fig 1) in the
plastic stage in an arbitrary combination of intemal
forces it should use a separate case of the parhal inter-
nal forces method (PIFM) [3] In the case of cross-sec-
tion, which can be decomposed into three rectangular
elements with arbitrary thicknesses (two flanges and
one web), the method 1s to put the orign not in the cen-
tre of gravity of the general cross-section, but in the
centre of web grawity, further definition of geometnc
properties of general cross-section (position of the cen-
tre of gravity, angle of rotation of main axzes, sectonal
coordinates 1n case of longitudinal force, posifion of
shear centre or by beam restraint of the centre of rota-
tion) relative to the centre of web gravity, moving the
interral forces into the coordinate system with the be-
ginming at this point, decomposition of common inter-
nal forces into partial for each element in relation to its
centre of gravity wath the use of equulibrium conditions
between them, checking of certain conditions of calcu-
lation for flanges bending from bending moment in a
plane of smaller ngidity and bimoment; determination
and comparison of resichal bearing capacity of not in-
cluded in the work part of the general cross-section for
the bending moment with the active bending moment
in the plane of greater ngidity wath consideration of
longitudinal force 1f it 15 necessary and reduction of
beanng capacaty from possible presence in place of in-
spection of the intermal forces, leading to the appear-
ance of tangential stresses, namely the transverse forces
and toa lesser extent torque moments, but for the beams
influence of the latter can be neglected wthout appre-
ciable loss of accuracy.

By the example of a light slope roof purlin, it 15 con-
sidered in detail each ofthe stages of calculation, adapt-
ing 1t to the restrained by profiled floonng beam of the
channel cross-section, hinge supported on the ends and
loaded evenly distributed load (design sketch of purhin).
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Figure 1 - Types of cross-sections that canbe calculated with PIFM

It 15 lmown that wath sufficent shear stiffness S 1t1s
suggested that the compressed beam flange 15 com-
pletely fized from the transverse displacement and ro-
tation axis, which in this case 1s called restrained,
passes on the beam top. Due to the lngh convergence of
the calculation results and modelling it was discovered
that for the channel wath sufficient shffness the azs of
rotation1slocated above the shear centre at thelevel of
the upper flange, where the slope component ofloadis
applied that almost does not havean eccentneity mn re-
lation to that point

B ending moments in the system wath initial point 1n
the web centre of the web in the absence of turning the
main axs relative to central axis do not change (
M, =M, , M_w»M_) Theformula for bimoment deter-

mimng by the transihon fom the centre of rotation D
for restrained cross-section (the shear centre S for unre-
strained cross-sechion) to the centre of web gravity O1s
going to look (the equation in brackets is far for
enough restramned channel cross-section —Fig 2)

Ma=Ma+Ml' |:.‘.0".)'0}+M:|.:r_‘":.7-"- (l)

(My=M,+Me+M.(-05h)) (1%

Designbending moments M,, M. regardingy -axusand
= can be determuned according to the second order the-
ory, since the consideration of lateral-torsional buck-
ling 1n the partial internal forces method does not 1n-
volve the use of the stability coefficient. It 1snecessary
to consider the angle of the rod rotation and the equiv-
alent load influence, which can be considered close due
to the adoption of the bending moment diagram i the
plane of smaller ngidity from the extemal and the sta-
bilizing equivalent load in the form of sine wave (or
parabola) with the mazmum value, equal to the pro-
duction of shear stiffness 5 and beam displacement, 1n
the nuddle of the span.
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Figure 2 — Determination of the bimoment
for the restrained channel beam

The actual work of the channel purhn in the inclined
roofing, despite 1ts prevalence, 15 often interpreted 1n-
correctly due to the complexty of the desenption,
which leads to amalytical errors in the course ofits cal-
culation. It 15 especially proper for the defimtion of the
bimoment, which depends on the funchion of the angle
of rod rotation. The distibution of these deformations
by element length 15 analyzed. It 15 umportant to note
that 1n reality, the calculated bimoment depends not
only on the load, its eccentnaty, elastic flexural-tor-
sional constant of cross-section and beam span, but also
on the stiffness of attached to the beam structures.

Even when it 1s fastened the profiled floonng through
the wave, its shear stffness often reaches a sufficent
value to tale the restrained azs of beam rotaton by the
criterion of reduced necessary shear shiffness Model-
ling by the finite elements analysis has shown that in
this case the bending moment in the plane ofthe slight-
est ngudity decreases considerably (at the average an-
gles of roof slope 10 —30° more than 10 times) and 1ts
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influence over the total stressed-strained stateis practi-
cally levelled The angle of rod rotation function1s of-
ten described in the literature via a single-member ex-
pression using half of the sine wave, which usually
leads to more or less accurate results Because the ap-
plication boundanesare rarely defined clearly, negative
dewiations can occur. Thus the presence of profiled
floonng with considerable torsional stiffnessand slope
comrponent of loading can cause tangible distortion of
the rotation angle distribution curve and especially its
denvatives by beam length It, in turn, causes notcea-
ble changes in the magnitude of the bimoment.
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1400
1200
1000
s00
600
100
200

0

0.000 0.083 0.167

=== | parameter [1, 10] =83 parameters [9]

oy pAIALICICTS

The deformed state of the beam by torsion 15 better
described using an expression for the angle of rotation
with seven parameters, chosen for convenience of dif-
ferentiation and integration, three of which are zero
A smaller number of parameters leads to too lugh error
in bimoment determimng at the beam span middle 1n
comparison wath the FEA modelling in software mod-
ule FE-LTB of complex Dlubal RSTAB 8 13 (Fig 3),
although 1t gives the satisfactory result in the determ-
nation of deformations and equivalent stabilizing load
(the possibility of applying an expression with three pa-
rameters, one of which is zero, to describe the defor-
mation of the beam 1n torsion with sufficently hnghac-
curacy proved in the worl [9])

Bimoment distribution by beam length

e odelling FEA

Figure 3 — Distribution of thebimoment by beam length

The partial bending moments 1n the bending of the
upper and lower flanges wath the action line at the cen-
tre of web gravity (pomt O in Fig: 4) are equal (the
equatons in brackets are valid for the rolled cross-sec-
tions)

M, -2 ©
M. M

(M, T'h—:’) (2%

a, - it ©)

(M, -2,y (3%
2 I

Formmulae for determination of beanng capacity for
longitudinal force and bending moment for upper and
lower flanges wath different sizes (in brackets — with
the same sizes) in a plastic stage of worl by the absence
in the cross-section of tangential stresses are

Nn‘u - borofr ’ Nu.‘u " butufl ’ (4>
(B]_.\‘u - N,m- b b,'f,'./: )’ (..4*)
M, =0,25N,.5, , M, =025N5, | (5)

(M, =0,25Nb, =M, =015N,5.) (5*)
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Figure 4 — Idealzation of cross-section
with arbitrary dimensions of elements
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The equation (2) and (3) can be converted into the
partial bending moments when bending the upper and
lower beam flanges with the action line at the centre of
the flange gravity

M, =M .+ N, (6)

M «M, +NJ,, (7)

where N, N, — partial longifudinal forces in the
flanges,
¥, . 7, — coordinates of gravity centres for flanges 1n
relation to the centre of web gravity

These relationships are used in the equation of inter-
ral forces interaction for the rectangular cross-sections
(for 1=o,u):

A [ )
N, M, N,

o o

M N,

Ildl+'-}‘sl !

M

<1,(8)

[ ol

where § = 2-‘;; — condihonal relative coefficient
Marginal partial longitudinal forces in the flangesare
found as roots as a result of equation (8) soluton:

N
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3 M Mm: “
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»| M, M,,

(an
Nepoa = Ny | =6 + <5f+1--j’£2"- for -—‘Vﬂ-cé,
’ \ M.h"" M,-’-"
(12)

From the sub root expressions contained 1n equations
(9) = (12), the conditions for calculating of sufficient
beanng capaaty of flanges are recewed:

Bal g, ol

Mo Au

(13)

The active bending moment in the plane of greater n1-
gdity at zero longitudinal force is compared with the
mimmum and mamum bearing capacity of not in-
cluded in the worlc part of the general cross-section for
the bending moment (for rolled cross-sections

where N, — beanng capacity of a web for the longitu-

dinal force; constdenng the radius rounding R1n place
of the flange connection with the web for the channel

cross-section N, = it f, +0,43 £, for [-rolled cross-
SCCUDHM, = )Lt"'ﬁ +D'86r:.fr ]
i, —height of the beam web

Developed on the basis of partial internal forces,
method technique of determination of the liniting bear-
ing capacity of steel element cross-section with the
compatible action of transverse bending and torsion for
rolled and composite beams (I-beams or channels
cross-section) differs from the ongnal technique and
from the pnnciples described in the worle [11], the pro-
posal consideration the full degree of profile restraining
15 by replacing the shear centre on the centre ofrotation,
as well as radius rounding at the flange connection wath
the web. The techmque was implemented 1n the soft-
ware environment MathCAD and tested on ezamples.
Venficaton of the method under the same conditions
of calculation (internal forces, geometric dimensions of
cross-section and strength) in a file waith macros QST-
TSV-3Blech study program RUBSTAHL -Programme
implemented by author of the partial intemal forces
method J Frickel and C Wolf showed almost identical
sinulanity It reflects the comrect understanding and ap-
plication of the partial intemal forces method, which
enables for the light slope roof purlins to rationally in-
crease the coefficient of cross-section use on average
by about 25 % compared to the elastic work due to
available strength reserves.

Conclusions

Consideration the factors specified in the article de-
scnbing the peculiarifies of the steel element operation
at the complex resistance enables to determane the val-
ues of intemal forces that affect the overall stressed-
strained state ofthe structure andregulate calculated ra-
tio more precisely and accurately. Determmnation of ex-
1sting reserves ofthe plastic work of steel can be carmned
out by calculating the beanng capaaty of beams in a
plashc stage by the parhal internal forces method 1n the
achon of bending moments and bimoment and malang
more the maznmal imtial curvature: The verification of
mathematical apparatus for determnation of beanng
capacity of wmperfect elements that are affected by
bending wath torsion as a result of presence of geomet-
ricnonlineanty 1s conducted.

T w050, T = -0,50,)
Ml:mSMT SJ"{umx- (14)
M man ™ Nt- nr.nzn +N £ |m:-a o
[ A (15)
= .Nu - |‘N,o|uu *N,nn:m b ’-4%‘1\,?
Mlu'cx -Mlnu:a?u + Mou.m:) +
(art _{ 1\ _h, (16)
N, - |N N, ——
+|l u |‘ 0|un+ (ulm, b"}\’u
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