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The subject of the paper is a homogeneous I-beam with an individual shape web. The beam,
simply supported at one end and at the other simply supported with elastic limitation of rotation,
is subjected to axial compression by a force F. The analytical model of the beam is developed
with consideration of the shear effect. The deformation of the beam’s plane cross-section after
buckling is determined analytically, taking into account the classical expression for shear stresses in
a beam (known as Zhuravsky or Jourawski shear stress). Longitudinal displacements, strains, and
stresses are then formulated. Based on the principle of stationary total potential energy, a system of
two equilibrium differential equations is derived. These equations are solved analytically, taking into
account the beam support conditions, and the critical force FCR is determined. Detailed calculations
are realized for sample beams.
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1. Introduction

Initiated by Leonhard Euler in the 18th century, the study of buckling of a compressed beam
has been intensively developed over the following centuries and is still being improved today to
address problems related to the stability of beams, plates, and shells, which are closely related
to the design of structures. Rykaluk (2012) described in detail the criteria of elastic stability,
buckling issues of axially and eccentrically compressed classical and thin-walled beams with open
cross-sections, buckling of rings and arches, stability of flat frames, as well as stability problems
of rectangular plates and shells. Magnucki and Milecki (2015) examined the elastic buckling
problem of the symmetrical triangular frame under tensile in-plane load. They studied in detail
both analytically and numerically (using FEM) the in-plane buckling state and the lateral buck-
ling state of this sample frame. Simao (2017) presented a stability analysis of shear-sensitive
columns with a linear formulation according to the Timoshenko beam theory along with a non-
linear shear formula. Eslami (2018) first characterized the stability concept and then presented
in detail buckling and post-buckling problems of beams and plates, as well as buckling problems
of cylindrical, spherical and conical shells. Yang et al. (2019) presented the results of multi-
ple numerical and experimental studies of the global buckling problem of bi-symmetrical steel
beams under three-point bending. Szymczak and Kujawa (2019) investigated analytically and
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numerically (FEM) the flexural buckling of axially compressed, simply supported, and clamped
I-columns made of aluminum alloy and indicated the influence of material non-linearity on the
critical loads. Genovese and Elishakoff (2019) pointed out the importance of the principle of
virtual work in the formulation of planar static rod theories with consideration of large deforma-
tions and the transverse shear effect. Filho et al. (2022) investigated, both experimentally and
numerically, the buckling problem of welded I-section columns undergoing flexural or torsional
buckling failure. Yang et al. (2023) focused on the buckling instability problem of I-beams,
developed a numerical model of the beam using Lagrange polynomials to describe the three-
dimensional displacement field, and numerically investigated the global buckling, local buckling,
and global-local coupled buckling of these beams. Jing et al. (2024) studied the effect of limit-
ing the beam center deflection with an elastic support on the critical axial force and dynamic
characteristics. They determined two stable states of beam buckling depending on the stiffness
of the elastic center support.

Magnucki and Sowinski (2024) applied an individual nonlinear shear deformation theory to
the analytical modeling of a clamped sandwich beam with a functionally graded core, and then
analytically and numerically (using FEM) studied the bending of this beam under a uniformly
distributed load. Magnucki (2024a) developed two analytical models of a five-layered composite
beam. The first is formulated on the basis of the classical zig-zag theory, while the second is devel-
oped using the nonlinear shear deformation theory. He then analytically studied the bending of
these sample beams for both models. Magnucki (2024b) analytically described the cross-section
of a standard wide-flange H-beam as a three-layer structure and analytically studied the funda-
mental natural frequency of these sample beams with consideration of the shear effect. Couto
et al. (2025) provided a thorough review of the research that led to the proposal of European fire
design rules for steel thin-walled I-beams. They focused on the problem of interaction between
local and global buckling in these members.

This work continues studies of the beam buckling problems presented in the above sample
papers. The main goal of the work is to analytically study the beam buckling with consideration
of the shear effect.

2. Analytical study of the individual I-beam with consideration
of the shear effect

The subject of the study is a homogeneous individual I-beam of length L, width b, and
total depth A under axial compression by a force F. One end of the beam is simply supported,
while the other end is elastically limited in rotation by means of a rigid part connected to
two springs with stiffness ks (Fig. 1). The beam is protected against out of the x- and y-plane

buckling.
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Fig. 1. Schematic diagram of the beam with two different supports at its ends.

The cross-section of this beam, with a functionally graded middle part-web thickness, is
shown in Fig. 2. This individual beam’s planar cross-section provides input for analytically
determining the nonlinear function of its deformation.
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Fig. 2. Schematic cross-section of the individual beam.

The widths of the successive parts of this cross-section are as follows:
— the upper flange (—1/2 <1 < —xmp/2):

Tus () = wu];(n) _1 (2.1)

— the middle part — web (—xmp/2 <1 < Xmp/2):

Wnp(n) = wmz(n) = fo+ (1 = fo) sin” <3wx77m>, (2.2)

— the lower flange (xmp/2 <1 < 1/2):

wig(n) = 20 (2.

where 77 = y/h — dimensionless coordinate, Xmp = hmp/h, Bo = bo/b — dimensionless sizes, and
n — even number.

Taking into account the papers by Magnucki (2024a) and Magnucki (2024b), the dimension-
less deformation functions for the successive parts of this cross-section are analytically deter-
mined as follows:

— the upper flange (—1/2 <1 < —xmp/2):

The dimensionless first moment (Fig. 3) is given by

-n
500y = 30 < [ g = 20— ap) (2.4
~1/2

Therefore, the derivative of the dimensionless deformation function is

= z — = 1 _4 . '5

Consequently, the dimensionless deformation function is

u 1 4
Dy =—Cr+ = (1-=n% |, (2.6)
8 3

where the integration constant:

X2 s (mp)

_ 1 1 2 z (77) .
0
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Fig. 3. Hatched area of the upper flange selected part.

— the middle part-web (—xmp/2 <1 < Xmp/2):
The dimensionless first moment (Fig. 4) is given by
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Fig. 4. Hatched area of the selected part of the functionally graded middle part-web.

The derivative of the dimensionless deformation function is

= 2z 2.9
dn wmp(n) ( )
and the dimensionless deformation function is
o(mp)
m Sy (n)
F0m0) () / >z dn: 2.10
d ( ) wmp(”) ( )
— the lower flange (xmp/2 <1 < 1/2):
— 1
5 () = g(1—4%), (2.11)
ard? 1 )
=—(1—-4 2.12
= g0, (212)

1 4
D) =Cr+ 3 <1 - 3772> 1. (2.13)
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The schematic cross-section of the beam, and graphs of dimensionless deformation functions
of the planar cross-section (2.6), (2.10), (2.13), and its derivatives (2.5), (2.9), (2.12) for the
example beam (xmp = 4/5, fo = 1/10, n = 10) are shown in Fig. 5.
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Fig. 5. Schematic cross-section of the beam and graphs of functions fq(n), dfq/dn.

The deformation of a planar cross-section of this beam, in accordance with the nonlinear
shear deformation theory, is shown in Fig. 6.
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Fig. 6. Schematic diagram of planar cross-section deformation of the beam.

Based on this diagram (Fig. 6), the longitudinal displacements, and consequently strains and
stresses, in the successive parts of this cross-section are as follows:
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— upper flange (—1/2 <1 < —xpmp/2):
d u
u N (z,n) = ~h [?7 d; D (g ( )} (2.14)
u d? u de
el (x,m) = —h[ o — - f)(n)dxf], (2.15)
f(“f
Vi (@,m) = —L—y(x), (2.16)
ol (z,m) = Eel™)(z,m), (2.17)
u E Uu,
7l f)(x n) = T )%(yf)( z,m), (2.18)
— the middle part — web (—Xmp/2 <1 < Xmp/2):
dv  (m
u™P) (z,m) = —h [?7 1 ) (g ( )} (2.19)
m d®v  m de
) = b o~ 1) | (2.20)
df(mp
VP (,m) = an V() (2.21)
ol™) (w,n) = Eel™)(x,n), (2.22)
) (z, ) = 0T Vﬂé@“’)(m,n), (2.23)
— the lower flange (xmp/2 <1 < 1/2):
uWD(z,n) = ~h [ % — )¢f($)} (2.24)
d? d
el (z,n) = —h [nd s )dxf], (2.25)
d i
) @) = == (@), (2.26)
ol (@,n) = Bl (x,n) (2.27)
E

where E — Young’s modulus, v — Poisson’s ratio.
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Based on the principle of stationary total potential energy, after simple transformation,
the system of two differential equilibrium equations for this beam is obtained in the following
form:

— d2U d’(ﬂf Mb(x)
J,—— —C, = — , 2.29
dz2 Yl Ebh3 (2.29)
d?v 2¢f ¥y (x)
" =0, 2.
Cop——= 123 — Cyy +Cy 52 0 (2.30)
where dimensionless Coeﬂﬁcients:
1 X'mp/2
Tom gl (=g, =g [ s (35 Ya,
*me/2 ?
1/2 Xmp/2
Coy =2 nfd (n)dn + / 0 15" (1) Wap() dip ¢,
Xmp/2 0
1/2 Xmp/2 )
l m _
Cow=20 [ [f0w] ans [ [0 0] B an b,
me/2 0
1/2 1f) 2 XmP/2 (mp) 2
1 af} afym™Ne
Xmp/2 0
The buckled shape of this beam is shown in Fig. 7.
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Fig. 7. Schematic diagram of the buckled shape of this beam.

The bending moment according to this diagram takes the following form:
My(z) = [-Rz + Fv(z)| Ebh, (2.31)

where R = R/Ebh, F = F/Ebh — dimensionless reaction and axial force.
Thus, the two differential equations of equilibrium (2.29) and (2.30) in the dimensionless
coordinate, with consideration of expression (2.31), are as follows:

- d%v dypy 27 27D
JZE — CppL—1 T NFv(€) = ENLR, (2.32)
d3 2
Cop 3 g; CyyL dg’j + Cy N Loy (&) = 0. (2.33)
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These two equations, after simple transformations, are reduced to one in the following form:

dtv d2v o A

—— —ko—— — kov(§) = —£a*=RL, (2.34)
dgt dg? J.
where kg = o? %F, ko = a2\2 <1 — %F), o= % — dimensionless coefficients.

The solution of Eq. (2.34), with consideration of the boundary conditions, v(0) = v(1) = 0,
is in the following form:

Sin(%)] R
sin(q) | F

v(§) = [& - L, (2.35)

where ¢ = %\/ —ko + 4/ k:% + 4ko — the dimensionless coefficient.
This function (2.35) describes the buckling line of the beam. Thus, the derivative of this
function is given by

dov [1_ cos(qf)]R

" g | TX (2.36)

Consequently, the angle of rotation of the simply supported end of this beam ({§ = 1) with
rotation limitation takes the following form:

dv

- 1a (2.37)

| =

01

i

Based on Fig. 1 and Fig. 7, two expressions are formulated: Fsas = RL and Fs; = %Hlksas,
from which the angle rotation

01 = ko1 R, (2.38)
where kg1 = 25\1;@13 — dimensionless coefficient, kg — spring stiffness [N/mm], as — size [mm].

Equating both expressions (2.37) and (2.38), one obtains the algebraic equation

q J—
l1— ———+ kot F=0. 2.39
tan(q) + Fox ( )

Based on this equation, the dimensionless critical force F ¢p of this beam is determined.
Analyzing this equation, it is easy to notice two classic cases of support:

1) a simply supported beam for ks = 0, kg1 — oo, then tan(q) = 0, from which ¢ = T,

2) one clamped end for ks — 00, kg1 = 0, then tan(q) = ¢, from which ¢ = 4.4934.

Example calculations are carried out for the following data: x,, = 4/5, fo = 1/10, n = 10,
v = 0.3, A = 40, and the dimensionless coefficient (0 < ky; < o0). The results of analyti-
cal calculations of the selected values of the dimensionless critical force F g are specified in
Table 1.

Table 1. Values of the dimensionless critical force F op for the compressed beam.

ko1 0 2000 | 4000 7000 | 15000 | 30000 00
10°F ¢ [6.93366 | 6.14493|5.60592 | 5.08517|4.42156 | 3.98617 | 3.41070
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Moreover, these critical force values are graphically presented in Fig. 8.
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Fig. 8. Graph of the dimensionless critical force.

3. Analytical study of the individual I-beam without the shear effect

The two differential equilibrium Eqs. (2.32) and (2.33), in this case, are reduced to one in
the following form:

d? F R
d—é’ + 5N 0(E) = VL. (3.1)

The solution of Eq. (3.1), with consideration of the boundary conditions, v(0) = v(1) =0, is
in the following form:

o(€) = [s - *;((’j;?]

where kp = \/F/ J .\ — dimensionless coefficient.

=

=L, (3.2)

The derivative of this function is given by:

dv [, cos(krf) E
de [ F sin(kr) ] FL. (3:3)

Consequently, the angle of rotation of the simply supported end of this beam (£ = 1), with
rotation limitation, takes the following form:

B dv
- Ld¢

| =

01 (3.4)

[~ i

1 tan(kr)

This angle of rotation is consistent with the angle (2.38); therefore, by equating these two
angles, one obtains the algebraic equation:

kp

1——— 4+ knF =0. )
tan (kg T RorE =0 (3.5)

)

Based on this equation, the dimensionless critical force F(COR of this beam without the shear
effect is determined. Similarly to the beam that considers the shear effect, when analyzing
Eq. (3.5) for the two classic support cases, one obtains:

1) simply supported beam for ks = 0, kgy — oo, then tan(kr) = 0, from which kr = 7, and

+(0) 27,
SO FCR = 7T)\2 s
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2) one clamped end for ks — 00, kg1 = 0, then tan(kp) = kp, from which kp = 4.4934, and

*(0) _ 7r2jz
0 F'or = meaon?-

Example calculations are carried out for the same data as for the beam with the shear effect.
The results of the analytical calculations of the selected values of the dimensionless critical force

F(gg{ are specified in Table 2.

Table 2. Values of the dimensionless critical force F(CO?;{ for the compressed beam.

ko1 0 2000 4000 7000 15000 | 30000 00

1070, | 7.01980 | 6.20522 | 5.65306 | 5.12268 | 4.45039 | 4.01003 | 3.43141

Taking into account the dimensionless critical force F g for the beam with the shear effect
and the dimensionless critical force F(ng for the beam without the shear effect, the dimensionless

shear effect coefficient of this beam is formulated as follows:

Fer

Csp=1-— .
-(0)
Fecr

(3.6)

The example values of this coefficient are specified in Table 3.

Table 3. Values of the dimensionless shear effect coefficient Csg for the beam.

ko1 0 2000 | 4000 | 7000 | 15000 | 30000 00
103Csp | 12.2710 | 9.7160 | 8.3388 | 7.3223 | 6.4781 | 6.1731 | 6.0354

Moreover, these dimensionless coefficient values of the shear effect are graphically presented

in Fig. 9.
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Fig. 9. Graph of the dimensionless coefficient of the shear effect.

The value of this dimensionless coefficient Cgg is small, so the influence of the shear effect
on the critical force is insignificant.
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4. Conclusions

The presented analytical studies of the elastic buckling problem for the individual I-beam,

simply supported at the first end and with limited rotation at the second end, allow the following
conclusions to be formulated:

— the applied procedure for analytically determining the deformation function of a planar
beam cross-section is easy and effective (expressions (2.4)—(2.13)), (Figs. 3-5);

— the two different supports adopted at the beam ends make it possible to carry out tests
on beams ranging from simply supported to clamped at one end (Table 1 and Fig. 8);

— the influence of the shear effect on the critical force values for the tested beam family is
insignificant (Table 3 and Fig. 9).
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