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The article is devoted to the study of the limit state of steel I-beams under buckling with operational geometric imperfections
revealed during inspections of damaged elements of reconstructed buildings. The influence of damage in the form of initial
curvature in the horizontal plane on the stability and bearing capacity of structures is analyzed. The possibility of using bearing
capacity resources, namely lateral bracing restraint with the help of structures attached to a steel beam, is considered. The
proposed approaches are aimed at optimizing the use of materials and increasing savings by detailing the verification calcula-
tions of damaged steel beams.
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JlocizKeHHsI TPAHUYHOTO CTAHY CTaJeBHX 0aJI0K
MOIIKOIKEHUX eJIEMEeHTIB OyiBeJib

I'yase C.A.'*, Tapkyma B.C. %, Ceprienxo F0.B. 3, Toxyn T.M.*

1,2.3,4 JlepsxaBHUI BUIIWH HaBYAIbHUMN 3aKal «[IpHa3oBChKUI Aep:KaBHUN TEXHIYHMI YHIBEPCHTET»
*Anpeca mis muctyBauHs E-mail: goods_s_a@pstu.edu

VY OymiBisx, siKi €KCIUTYaTyHThCS TPUBAIKI Yac 1 3a3HaIM TOIIKOKEHB, TPOKATHI OANKU € OTHUMH 13 HAHOLIBIIT TOMIUPEHUX
€JIEMEHTIB, 1110 NOTPEeOYIOTh 0OCTEKEHHS Il TOYHOTO BU3HAYEHHS X TEXHIYHOTO CTaHy Ta MOXKJIMBOCTI BifiHOBIeHHs. OCHO-
BHHMM CIIOCOOOM OI[IHKM TEXHIYHOI'O CTaHy KOHCTPYKIIl € NepeBipouHHN PO3paxyHOK, y SKOMY 3AiHCHIOETHCS BpaxyBaHHS
nedexTiB i momkomkeHs. I1ig yac 1oro BUKOHAHHS BUKOPUCTOBYIOTHCS JIaHi, OTPUMaHi B XOAi HATYPHUX OTJISAIB, KOHTPOJIIO
XapaKTEPUCTHK MIIHOCTI MaTepialliB, yTOYHEHHSI HaBaHTaKEHb 1 BIUTMBIB. CTAaTTs MPHUCBSY€HA BUBYCHHIO TPAHUYHOTO CTaHy
CTaJIeBUX OAJIOK MPH BTPATi CTIHKOCTI 3 eKCILTyaTallitHUMI T€OMETPUYHIMHU HETOCKOHAJIOCTSIMH, BUSBICHHMH ITiJT 9ac o0cTe-
JKeHb TIOIIKO/KEHIX €JIEMEHTIB BiTHOBIIOBaHUX OyZiBelb. [IpoBeeHO aHali3 BIUIMBY MOMIKOKEHD Y BHTJISAL IIOYATKOBHUX
BUKPHBJICHb Y TOPU3OHTANBHIH IUIOMINHI HA CTIHKICTh Ta HECy4y 3[aTHICTh KOHCTPYKIid. OCHOBHHUI aKIEHT poOUThCS Ha
BU3HAYEHHI 0COOIMBOCTEN eKCILTyaTallii 6ajgok. 30KpemMa, po3riIsJacThCsi MOXKIIMBICTD 3aCTOCYBAHHS pecypciB Hecydoi 31art-
HOCTI, @ caMe OOKOBOTO PO3KPIIUICHHS 3a JIOMOMOT'0I0 KOHCTPYKIIiH, MpUeTHAaHUX 0 cTaneBol Oanku. [Ipu notpumanHi HOp-
MaTHUBHUX BUMOT I[0/10 3a0e3Me4YeHHs] HalilfHOTO 3’€THAHHS CYLIIFHOTO )KOPCTKOTO HACTHITY 31 CTHCHYTHM IOSICOM CTiHKICTh
Oanku He mepeBipseThCs. Y IOCKOHAJIeHa TEOPETHYHA MOJENb BPaXxoBY€ 1 yCyBa€ MPUCYTHI y MONepeHiii MOeNi HelOTiKy.
3ampomnoHOBaHi MiIXOAH CIPSAMOBAHI Ha ONTHMI3allil0 BAKOPUCTAHHS MaTepialliB Ta 30UIbIIEHHS €KOHOMIT IUITXOM JieTai3a-
il epeBipOYHIX PO3PaXyHKIB CTaeBUX OAJIOK i3 MMOIIKOHKEHHAMHU. BHCBITIICHI Ta pO3MIIHYTI MiIXOAN MO0 BU3HAYCHHS
JIOITy CTUMUX BUKPHUBJICHD CTAJICBUX JIBOTABPOBHX OAJIOK y TOPH3OHTANIbHIH MUIOIIMHI MOXKYTh OYTH BUKOPHCTAHI 3 JOCTATHBOIO
TOYHICTIO ITPH BiTHOBJICHHI ITOIIIKO/KEHHX eIEMEHTIB Oy niBenb. He 3Bakaroun Ha MeBHI HEOTIKH, SKHMH HaIUTEH] I METOTH,
BOHHM JIOCTaTHBO MPOCTI Ta BiIMOBIJal0Th HOPMaM IPOEKTYBAHHS CTAJIEBUX OYAiBEIbHUX KOHCTPYKIIiil.

Kiio4oBi ci1oBa: BTpaTa CTIHKOCTI, JBOTaBpOBa Oayka, MOYaTKOBE BUKPHUBJICHHS, SKCILUTyaTalliifHI TeOMEeTpUYHI HE0CKOHA-
JIOCTI, PO3KPIIICHHS.

Introduction files were predominantly used for roof purlins in indus-
Frame buildings in general, and one-story buildings  trial buildings. Although solid section purlins are heav-
in particular, are the most common use of steel struc-  ier than lattice girders, they are much easier to manu-
tures in the world. Until recently, hot-rolled beam pro-  facture and install. This type of purlin was often used
in combination with steel trusses with a spacing of 6

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023 23


http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2023.61.3849
https://doi.org/10.26906/znp.2024.XX.ХХХХ
https://orcid.org/0000-0002-4764-8635
https://orcid.org/0000-0002-5016-0737
https://orcid.org/0000-0002-3295-6280
https://orcid.org/0000-0003-1710-9099
mailto:goods_s_a@pstu.edu
mailto:goods_s_a@pstu.edu

meters. Steel beams made from hot-rolled sections can
still be used instead of cold-formed thin-walled sec-
tions for roof purlins. With large roof slopes, the chan-
nel section of the purlin works well for oblique bend-
ing. Under heavy loads, which are typical for flat roofs
of large shopping malls, the cross-section of the purlins
can be taken from rolled I-beams (Fig. 1). Hot-rolled
purlins can be used in large-scale panel solutions,
where they are particularly useful for providing inter-
mediate support for decking that is not capable of span-
ning large spans on its own. However, with the advent
of cold-formed purlins, which are significantly lighter
and less expensive, the use of hot-rolled purlins has be-
come unusual.
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Figure 1 - View of the flat roof structures on I-beams
in the transverse and longitudinal directions
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Review of the latest research sources and publica-
tions

The effect of geometric imperfections (in particular,
the initial curvature of the beam axis in the plane of
least stiffness) is partially taken into account in the
standards by introducing a working conditions factor.
In compliance with the regulatory requirements for en-
suring a reliable connection of a continuous rigid deck
with a compressed flange, the stability of the beam is
not checked. At the same time, the bracing should be
designed to withstand the fictional load. In other cases,
if the compression flange is insufficiently restrained,
the stability of the beam should be calculated using the
formula with a buckling factor. The fictional (condi-
tional, equivalent, stabilizing) load is understood as the
forces arising from geometric imperfections and defor-
mations of the beam and acting between the structural
elements. They create an dominate action on the brac-
ing structures and a supporting action on the beam.
Their determination in construction practice is often
performed using approximate methods that consider the
compressed beam flange separately from the rest of the

section as a continuously supported compressed rod
with a longitudinal force.

In recent years, much attention has been paid to the
study of the stress-strain state of damaged steel beams.
Numerous theoretical and experimental studies in this
area consider both thin-walled steel beams without
bracing and those with bracing [1, 2]. The multifactor
spatial model for describing the fictional load, which is
presented in the works of German scientists [3 — 5], is
used under the condition of sufficient stiffness of brac-
ing structures in the calculation of bracings and stiffen-
ing diaphragms. These papers reveal aspects of torsion
and stability of beams, providing valuable theoretical
conclusions. In particular, it is argued that for unbraced
beams, the compressed rod model underestimates the
maximum fictional load, which reduces the reliability
of the structure, and in the case of sufficiently braced
beams, it is shown by example that such a model leads
to significant material overruns and is not economically
feasible. In [6], the problems of developing a spatial
model to describe the fictional loads on steel beams of
asymmetric cross-section under the combined action of
transverse bending and forced torsion were formulated
and solved. In solving stability problems, the energy
method is widely used, which is of interest and involves
the automatic execution of cumbersome computer op-
erations [7, 8]. These sources provide a snapshot and
show the state of modern research on the stress-strain
state of damaged steel beams, taking into account vari-
ous aspects of stability and buckling.

Definition of unsolved aspects of the problem

An unresolved part of the general problem of analyz-
ing and studying the condition of steel elements is to
determine the permissible values of curvature of steel
beams in the horizontal plane when restoring damaged
parts of buildings. Attention should be focused on en-
suring the stability and efficiency of further operation
of the beams.

Problem statement

The aim of the study is to determine the effect of
beam damage on their stress-strain state. As part of the
study, it is planned to take into account the peculiarities
of structures, adhering to the relevant regulatory docu-
ments in construction. In particular, the model for de-
termining the load-bearing capacity of steel beams of
the most common I-beam constant cross-section in
length, taking into account strain and stresses resulting
from damage, needs to be improved. Additionally, the
causes and consequences of torsion in structures with
curvature are considered. The results of this study will
be useful for further improvements in the design and
operation of steel structures with regard to possible and
existing damage.

Basic material and results

In buildings that have been in operation for a long
time and have suffered damage, rolled beams are
among the most common elements that require inspec-
tion to accurately determine their technical condition
and the possibility of restoration. The main method of
assessing the technical condition of structures is a veri-
fication calculation that takes into account defects and
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damages. It uses data obtained during on-site inspec-
tions, control of material strength characteristics, and
specification of loads and impacts. Overloading of the
roof, in particular by snow load, leads to damage and
emergency conditions (Fig. 2).

Figure 2 — Damage to roof from overloading

Structures can also be unprotected from damage and
become damaged in the event of accidental explosions.
For example, in the event of a fire, the steel frame of an
operated building quickly heats up to the temperature
of the metal's transition to a plastic state, resulting in an
increase in irreversible deformations and exhaustion of
the load-bearing capacity until failure occurs (Fig. 3).
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Figure 3 — Appearance of metal frame after a fire
and design sketch of the beam by fire effect

The fire resistance of metal structures is insignificant
because metal has a high thermal conductivity. In addi-
tion, thin-walled cross-sections of structural elements
are more prone to buckling when heated, which is one
of their disadvantages. If damaged beam elements are
reused for further operation, they develop new initial
geometric imperfections that lead to torsion, which can
lead to a lateral-torsional buckling.

By buckling, in addition to deflection strain, the beam
receives strain of curvature and rotation of the cross-
section. The spatial model of the beam strain is shown
in Fig. 4.
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Figure 4b — Actual beam performance

To find the permissible value of the initial curvature
of damaged beams in the horizontal plane, it is possible
to use the formulas of DBN V.2.6-198:2014 [9] to de-
termine the fictional transverse load and fictional trans-
verse force used in the calculations of attachment of
rigid decking, elements of longitudinal or transverse
ties to the compressed beam flange. To calculate the
fictional loads, the building codes [9] adopt a static
model that can be considered flat, since it considers
only the forces and strain in the plane of the upper
flange. The effects of lateral deformation of the lower
flange and spatial twisting of the cross-section are not
taken into account in this model.

On the other hand, such a relatively simple represen-
tation of the beam operation in the standards allows de-
scribing the fictional load as a function of the longitu-
dinal force and strain of the restrained flange, which is
obtained in the static model as a result of solving the
differential equation of a compressed rod from the con-
dition of balanced forces in the flange. When laterally
restrained, the upper flange will move due to the plia-
bility of the attached structures. To take into account
the deformation of the upper girder of the beam, its total
total value should be used instead of the initial curva-
ture. In this case, it is assumed that the initial curvature
of the beam and the displacement of the upper girders
are distributed along the length of the beam according
to the same law. The maximum fictional transverse
load will be determined in this model by the formula:
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9 e =Z_Z(V0+V) (1

where N is the value of the longitudinal compressive
force in the beam flange determined in the plastic stage
of operation (N = Ny = ARy + 0,254,.R),, where Ay, Ay
are the cross-sectional areas of the compressed flange
and beam web; R, R,. are the calculated steel re-
sistances of the compressed flange and web, respec-
tively); / is the span of the beam; vy is the largest value
of the initial curvature of the beam (in Table 5.1 of EN
1993-1-1 it corresponds to the value ey, which is set de-
pending on the type of curvature curve, cross-section
and span of the beam, as well as the type of calcula-
tion); v is the largest value of the displacement strain of
the compressed flange under load in the y-axis direc-
tion.

Next, we will use expression (9.34) of DBN V.2.6-
198:2014 [9] for the fictional load:

305
G == @

The values of the fictional transverse force Qs in
formula (2) can be determined by the approximate
dependence (8.14) approximated in DBN V.2.6-
198:2014 [9]:

O :7,15-10'6[2330—£JE, 3)

g Ry (D

where E is the modulus of elasticity of steel; R, is the
calculated resistance of steel to tension, compression
and bending beyond the yield strength; ¢ is the stability
factor of under central compression, which is assumed
to be equal to one when the compressed beam flange is
continuously restrained by the supporting deck.

By equating formulas (1) and (2) with expression (3),
we obtain a formula for determining the total allowable
horizontal curvature, in which the flexibility of the
upper flange fastening is taken into account by
assuming an increased initial beam curvature, including
strain of the upper flange under load:

2

Viot :7915‘1076 2330—£ 3—121 (4)
R |z )

y

Some values of the dimensionless parameter J for
different values of R, and E = 2,06-10° MPa are given
in Table 1.

Table 1 — The value of the dimensionless
parameter 6 for determining the permissible cur-

vature
R,, MIla o) R,, MIla o)
220 330 300 280
230 321 310 276
240 313 320 273
250 306 330 270
260 299 340 267
270 294 350 264

280
290

289
284

360
370

262
259

Note. When determining the permissible value of the
initial beam curvature in the elastic stage, the obtained
values should be reduced by the value Ne/N.

The total curvature of the loaded beam takes into
account the influence of transverse displacements of
the compliant restraint caused by the action of external
and fictional loads. The increase in deformation for
unbraced beams usually does not exceed 20% [5].
Therefore, when approximating the permissible value
of the initial curvature of an unloaded beam, the values
in the table should be increased by 20%.

The initial geometric imperfections that occur in a
damaged beam in service can be determined during in-
spections of rehabilitated buildings by measuring the
actual deviations using tools. In this way, the values of
the initial curvature strain at the level of the weight cen-
ter of the cross-section, as well as the initial angle of
rotation, are determined in the first place. The total lin-
ear strain of the initial curvature at the level of the beam
upper flange can be determined approximately from the
second equation shown in Fig. 5. The initial deflection
of the beam is practically absent due to its significant
stiffness in the main plane.

Vit = Vg + Up - h/2
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Figure 5 — Determination of geometric imperfections,
occurring in the operated damaged beam

Separately, it is necessary to focus on the study of the
interaction between damage and stresses in the re-
strained elements. If the actual curvature exceeds the
permissible value established by formula (4) and Table
1, a more detailed analysis of the stress-strain state of
the beam should be performed. It is already necessary
to determine the additional normal stresses due to the
initial curvature of the beam and compare them with the
permissible stress increase, i.e., the difference between
the value of the calculated resistance R,, or the actual
yield strength o, obtained as a result of the inspection
tests, and the value of normal stresses in the uncurved
beam o. The methodology for determining additional
stresses, which is given in [10], was implemented in the
state standard for assessing the technical condition of
steel building structures in operation [11]. Its prerequi-
site is to take the curve corresponding to the curvature
function as a square parabola. It is worth noting that the
disadvantages of the methodology are the failure to take
into account the level of load application along the
height of the beam and the existing eccentricities in
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asymmetric cross-sections, which is not a safety factor.
A refinement and comparison of this methodology are
given in the scientific article [8]. The form of the for-
mulas in Table 2 is slightly modified to take into ac-
count the flange displacement under load and is in-
tended only for a symmetrical I-beam.
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Table 2 — Additional normal stresses in a beam
with a curvature
Concentrated force in the middle of the span

tanh ﬁ
2

2F Vtot @

R T
2

Uniformly distributed load

tanh ﬂ tanh ﬁ
Eo 2 4

O-ad = qvtot G_It 1_ ﬁ ﬂ

2 4
Note. F'is a concentrated force; ¢ is uniformly distrib-

fGI
uted load; G is the shear modulus; &k = E_It is elastic

bending-torsional characteristic; /; is the torsional con-
stant; /, is the warping constant; o is the warping area
of the beam cross-section at the stress determination
point; @ = bh/n; b is the width of the beam flange; 4 is
the height of the beam; n = 4 in the elastic stage of de-
sign, n = 6 in the plastic stage.

The design model laid down in the European design
standards EN 1993-1-1 [12] allows for a variety of
loading conditions and types of diagrams, as well as
bracing conditions. The initial curvature of the beam is
assumed to be the maximum permissible and is deter-
mined depending on the type of curvature curve, cross-
sectional type, and span of the beam. The calculation
method EN 1993-1-1 [12] is more open to the designer
and is more intended for machine design. The solution
of the corresponding differential equation for the fic-
tional load can also be represented in accordance with
the European approach in the form:

2
4 =a" v, )
where o is a multiplying factor to account for the sec-
ond-order effects, which in the compressed rod model
is determined by equation:

o= (1—i] , (6)
a[’l’

where a., is the coefficient of increase in the design
load at which the buckling in the elastic stage occurs.

In equation (5), the longitudinal compressive force in
the upper beam flange is defined in the elastic stage as
the ratio of the bending moment that causes it to the
distance /i, between the weight centers of the beam
flanges, taking into account the longitudinal force aris-
ing in the beam from the external load:

My,Ed _ Ngq

N=N,=—— ; ()

h, 2

where M,, 4, Ngq are the design values of bending mo-
ment relative to the y-y axis and longitudinal force.

The critical load on the upper flange will be propor-
tional to its bending stiffness according to the Euler's
formula. Since, when taking into account the pliability,
the critical force in the flange will be approximately
equal to the shear stiffness of the structures attached to
it [5], a simplified expression can be written to deter-
mine the total strain of the initial curvature at the level
of the upper flange of the restrained beam:

v~y (1—ﬁj_] 4 ®)
tot 0 S 0 S_N’

where S is the available shear stiffness of the bracing
structures per beam, which must exceed the required
stiffness according to formula (BB.2) of EN 1993-1-1
[12] to accept the translational restraint and ensure the
beam stability.

If a profiled deck is rigidly attached to the upper
flange of a steel beam in lightly roofed framework us-
ing self-tapping screws and riveted together at the lon-
gitudinal joints (Fig. 6), it can prevent torsion and be
used to counteract the lateral-torsional buckling of the
beam. This function can also be performed by cross
bracings in purlinless buildings for frame rafters.

longitudinal joints

longitudinal edge

~

transverse edge

Figure 6 — An example of a roof panel with fastening of
profiled deck to the purlins on all four edges

For an approximate determination of the shear stiff-
ness of a profiled deck in newtons, EN 1993-1-3 [13]
provides the expression (10.1b):

S =1000V7 (50+103/B,,., )hi, (9)

where ¢ is the thickness of the profiled deck in mm;
brooris the width of the roof in mm (Ly); s is the distance
between purlins in mm; 4, is the height of the profiled
deck in mm.

The formula (9) slightly underestimates the stiffness
value, but it is suitable for any profiled deck and does
not require that the deck be fixed to the supporting
structures with all four edges, but only with two. This
method of fastening simplifies the process and reduces
the erection cost. Some manufacturers (Hoesch,
Fischer, Arcelor) have developed their own methods
for determining the shear stiffness of profiled decking,
which can be used only for this product and in the case
of fastening with four edges (Fig. 6). For economic rea-
sons, profiled deck is often fixed through a wave
(mostly to channel purlins). Formula (9) is used when
fixing the deck to the beam in each wave. If the profiled
deck is fixed only every second wave, then its shear
stiffness is assumed to be reduced by a factor of five
compared to the initial stiffness.

28 Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023



Conclusions

The highlighted and considered approaches to deter-
mining the permissible curvature of steel I-beams in the
horizontal plane can be used with sufficient accuracy in

the restoration of damaged building elements. Despite
certain drawbacks of these methods, they are quite sim-
ple and comply with the design standards for steel
building structures.
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