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Method

M. Soltani'" , B. Asgarian’
'Department of Civil Engineering, University of Kashan, Isfahan, Iran
2 Earthquake Engineering Department, Faculty of Civil Engineering, K.N. Toosi University of Technology, Tehran, Iran

ABSTRACT: In this paper, the lateral-torsional stability of simply supported thin-walled beams with
mono-symmetric section subjected to bending loads has been studied by means of a numerical method
based on the finite difference method (FDM). To fulfill this purpose, the equilibrium equations for elastic
thin-walled members with linear behavior are derived from the stationary condition of the total potential
energy. In the applied energy method, effects of initial stresses and load eccentricities from shear center
of cross-sections are also considered. Finite difference method is one of the most powerful numerical
techniques for solving differential equations especially with variable coefficients. Between various
computational methods to solve the equilibrium equation, finite difference method requires a minimum
of computing stages and is therefore very suitable approach for engineering analysis where the exact
solution is very difficult to obtain. The main idea of this method is to replace all the derivatives presented
in the governing equilibrium equation and boundary condition equations with the corresponding central
finite difference expressions. Finally, the critical buckling loads are then derived by solving the eigenvalue
problem. In order to present the accuracy of the proposed method, several numerical examples including
lateral-torsional behavior of prismatic beams with mono-symmetric sections are considered. In order
to illustrate the correctness and performance of FDM, the evaluated results are compared to the finite
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element simulations and other available methods.

1- Introduction

Thin-walled beams with open or closed cross-sections are
widely used in many engineering applications. A slender thin-
walled beam loaded initially in bending may buckle suddenly
in flexural-torsional mode since its torsional strength is much
smaller than bending resistance. Closed-form solutions for the
flexural and lateral-torsional stability of these members have
been carried out since the early works of Timoshenko [1],
Vlasov [2], Chen [3] and Bazant [4] for I-beams under some
representative load cases. Brown [5] adopted a shell element
method to obtain the numerical buckling load of tapered
beams. Based on the classical variational principle and the
theory for thin-walled shells, Zhang [6] provided a model for
flexural-torsional buckling of thin-walled members. Some
analytical solutions are available in Sapkas [7] and Mohri
[8] for beam lateral buckling with mono-symmetric cross-
sections. In these studies, comparisons to finite elements
simulations using both 3D beams and shell elements were
made. Kurniawan [9] presented a finite element analysis
to study the lateral-torsional and distortional behaviors of
simply supported Light Steel Beams (LSBs) under transvers
loading in which the effect of additional twisting caused by

Corresponding author, E-mail: msoltani@kashanu.ac.ir

23

load eccentricity is taken into account. Previous studies were
developed according to linear stability context. Mohri [10]
developed the 3-factor formula to the lateral buckling stability
of thin-walled beams with consideration of pre-buckling
deflection and load height effects. Asgarian [11] studied
the lateral-torsional behavior of tapered beams with singly
symmetric I cross-sections. The equilibrium equation was
solved by the power series expansions. Based on non-linear
model, Mohri [12] extended the tangent stiffness matrix and
3D beam element with seven degrees of freedom to the lateral
buckling stability of thin-walled beams with consideration of
large displacements and initial stresses.

Contents of the work are as follows. The coupled system
of equilibrium equations of a simply supported thin-walled
beam with singly symmetric I-section subjected to eccentric
bending loads are derived from the stationary condition of
total potential energy. In the second stage, the differential
equations are uncoupled and lead to a unique stability equation
in terms of angle of twist. The finite difference method is
then used to solve the fourth-order differential equation of a
uniform thin-walled beam with variable coefficients. Finally,
one can acquire the critical buckling loads by solving the
eigenvalue problem. Following the above mentioned steps,
for measuring the accuracy and validity of the proposed
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procedure, one numerical example is represented.

2- Derivation of equilibrium equations for prismatic thin-
walled beams

A thin-walled beam with singly symmetric I-section is
considered in the study (Figure 1a). The length of the beam
is lager compared to the cross-section dimensions. The shear
point S is known by its coordinates (0, z ) in the reference
coordinate system, which is fixed in centroid O. In the current
research, the beam is under arbitrary distributed force q, in
z direction along with a line (PP’) on the section contour
without y-eccentricity (e,=0). The equilibrium equations for
thin-walled beam with singly symmetric I-section are derived
from variation of total potential energy which is:

5(Uj+Ug-W,)=0 (1)

)

Yo

O: Centroid Point
é §: Shear Center

Figure 1. a) A thin-walled beam with a singly symmetric I
section, b) Coordinate system and notation of displacement
parameters

0 illustrates a virtual variation in the last formulation.
U, represents the elastic strain energy, U, stands for the
strain energy due to effects of the initial stresses and W _ is
the external load work. Their relationships for each term of
the total potential energy are developed separately in the
followings:

U; Z%jj(E(eix)2 +G(7;lcy)2 +G(7iz)2)d/ldx o
LA

Up = J.J.A Or,-j (el-j —gl-lj)dAdx
L
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= IJ‘A(O—QXSXX + T)?z7xz)d’4dx
L

W, = [ (g0 () )

In these formulations, L and A express the element length
and the cross-section area, in order. gl.lf and gy signify the
linear and the quadratic non-linear parts of strain, respectively.
Under the assumptions of vlasov’s model and using Green’s
strain tensor formulation, the linear and the non-linear parts
of strain components are:

3)
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In the abovementioned equations, u, and & signify the axial
displacement and twist angle, respectively. The displacement
components v, and w, represent lateral and vertical
displacements (in y and z directions). In Equations 5-7, the
term ¢(»,2)is the warping function, which can be defined based
on Saint Venant’s torsion theory.

In Equation 3,0 is the initial stress in the cross—section.fgz
denotes the mean value of the shear stress. They are defined
as:

M V. M,

0 Yy 0 z Y
Oxe = =% Ty = =— (10)

y A A

In Equation 4, w, is vertical displacing component of point
P. According to kinematics used in Mohri [10] and adopting
the quadratic approximation, the exact relationship of the
mentioned item is:

2
WP = WY - ez 7
For simplicity, we have used (e, = zp —zg) .
Substituting the strain-displacement relations defined in
Equations 5-9 and initial stresses (10) into Equations 2-4, and
integration over the cross-section in the context of principal
axes, the total potential energy of a prismatic beam under
consideration is derived as:

(11)
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In the abovementioned expressions, J denotes the Saint-
Venant torsion constant. L and I are major and minor-axes
moments of inertia, in order. g, is Wagner’s coefficient in
which the exact formulation of this parameter is presented
in [11]. M, =q.(z,-z5) represents the second order torsion
moment due to load eccentricity. By variation on Equation
12 with respect tou, v, w_and ¢ , the equilibrium equations

(12)
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for a thin-walled beam with singly-symmetric I-section are
derived as:

EAu! =0 (13)
EL =g, (14)
ELv-(M,6) =0 (1s)
A TS R YU ENTE)

, (16)

+ [ ﬂZMye'] —M,0(x)=0

In (16), we put (15 =1, —zélz)
The last two equilibrium equations are coupled in presence
of torsion. The following differential equation is then derived
only in terms of the angle of twist 4 :

M2
~GJO M}z 0 -—20
El, (17)

+ (,BZMyH')’ +M,0=0

3- Numerical Method:

In order to apply the finite difference method to the
equilibrium Equation 17, the beam member with length of
L is assumed to be sub-divided into n parts, each of which
equals to the length h=L/n, as shown in Figure 2. Therefore,
there are n+1 nodes along the beam’s length who’s numbering
starts with O at the left end finishes to n at the other side.

EI-0
p

& 23 k Ge2 Gt 2]
=0 =1 =2 i=n-2 =n-1 i=n
h=Ln | h=Ln h=L'n (h=Ln
e L »

< >

Figure 2. Equally spaced grid point along the beam’s length in
the Finite Difference Method

According to central finite difference method and in first to
fourth order derivatives of twist angle for a discrete member
are formulated as follows:

011—6i1

=" (18)
o - Or41 — izz +0i1 (19)
or— G2 — 26’i+12 ;3291'—1 —bi-2 (20)
or- Or42 —46j11 +66; —46;_ + 6 @1

h4

By substituting relations (18) to (21) in Equation 17, and
simplification, the governing differential equation in finite
difference form at node i, can be expressed as follows:
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In the case of simply supported beam, the associate
boundary conditions are:

2
d-e

0=0ger 30 (24)

X x=0,x=L
Then

Gy=0
i=0 — 0
{01 -20y+6_1=0
(25)

i=n

6,=0
0y41—26,+6,_1=0

Therefore, finite difference approach in the presence of n
equal segments along column member constitutes a system of
simultaneous equations consisting n+5 linear equations. The
final equation is obtained in a matrix notation as follows:

[A]n+5><n+5 {0}n+5x1 = {0}n+5><1 (26)

The determinant of the coefficient matrix (A) must be zero
to have non-zero answer. The smallest positive real root of the
equation is considered as critical buckling load. The critical
buckling load will be close to the exact value by increasing
the number of segments.

Numerical Example

In this example, three cases consisting lateral-torsional
stability analysis of simply supported prismatic thin-walled
beams are presented to check the accuracy and exactness of
the proposed numerical method.

In Case a, we investigate the lateral torsional buckling of a
pinned ended thin-walled beam with doubly symmetric cross-
section subjected to a concentrated load at mid-span. The point
load is acted on the shear center of proposed cross-section
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(Figure 3a). In Case b the stability of a simply supported

beam under lateral distributed load is assigned. The loads are

applied on top flange (Figure 3b). Beams of cases a and b have

a doubly symmetric I cross-section (Figure 3d). The Case cis

on the estimation of the buckling moment (M_) of a simply

supported beam under uniform bending moment (Figure 3c¢).

All the considered members and their corresponding cross-

sections, material and geometric properties are shown in

Figure 3. A graphic illustration of the variation of the relative

errors with the number of segments (n) considered in FDM

is provided in Figure 4. The following outcomes can be

expressed after noticing the results represented in Figure 4:

1. Anoutstanding compatibility between the elastic buckling
loads acquired by current study and those computed from
the other benchmark solutions is pinnacle.

2. Even by applying 16 segments in the beam’s length
according to the suggested finite difference method, the
lateral-torsional buckling loads can be reckoned bellow
the acceptable error rate (0.5%).

3. When the number of segments in the applied numerical
method is increased to more than 25 pieces, relative
errors (A ) declined continuously under 0.1%.

- bJ,:lSOmm
e R E=210GPa
v =) I’?:WU G=80.77GPa
q _
l xf—lO.

o L=8m 7"

(d)

(b)

b, =200mm
M., M. f
© (M} M)) =20 1200 E=200GPa
G=77 GPa
I[=8m b d xf =12
80mm

Figure 3. Simply supported beams with different cross-sections
shapes: geometry, loading and material data
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Figure 4. Variation of the relative errors (A) versus the
number of segments (n) along the beam’s length

4- Conclusions
In the present study, the linear lateral-torsional stability

analysis of elastic simply supported thin-walled beams with
singly symmetric I-section and under variable external loads
was investigated using a numerical approach. In the presence
of arbitrary bending moment, the governing equilibrium
equation becomes a differential equation with variable
coefficients in which the classical methods used in stability
of prismatic members are not efficient. Then, central finite
difference approximation method is used to solve the fourth-
order differential equation. Finally, the critical buckling loads
are obtained by solving the eigenvalue problem resulting
from a system of equation obtained from FDM.

References
[1]S.P. Timoshenko, J.M Gere, Theory of elastic stability.
2nd ed. New York: McGraw-Hill, 1961.

[2] V.Z. Vlasov, Thin-walled elastic beams, Moscow, 1959.
French translation, Piéces longues en voiles minces,
Eyrolles, Paris, 1962.

[3] W.FE. Chen, EMM. Lui, Structural stability, theory and
implementation, Elsevier, 1987.

[4]1Z.P. Bazant, L. Cedolin L, Stability of structures
Elastic, inelastic fracture and damage theories, Dover
Publications, 1991.

[5] T.G. Brown, Lateral-tosional buckling of tapered [-beams,
Journal of the Structural Division, ASCE, 107(4) (1981)
689-697.

[6] L. Zhang, G.S. Tong, Flexural-torsional buckling of thin-
walled beam members based on shell buckling theory,
Thin-Walled Structures, 42 (2004) 1665-1687.

[7]1A. Sapkas, L.P. Kollar, Lateral-torsional buckling of
composite beams, International Journal of Solids and
Structures, 39(11) (2002) 2939-2963.

[8] F. Mohri, A. Brouki, J.C. Roth, Theoretical and numerical
stability analyses of unrestrained, mono-symmetric thin-
walled beams, Journal of Constructional Steel Research,
59 (2003) 63-90.

[9] C.W. Kurniawan, M. Mahendran, Elastic lateral buckling
of simply supported LiteSteel beams subject to transverse
loading, Thin-Walled Structures, 47 (2009) 109-119.

[10]F. Mohri, N. Damil, M. Potier-Ferry, Theoretical and
numerical models for lateral buckling stability of mono
symmetric I section beams, Thin-Walled Structures, 48
(2010) 299-315.

[11]B. Asgarian, M. Soltani, F. Mohri, Lateral-torsional
buckling of tapered thin-walled beams with arbitrary
cross-sections, Thin-Walled Structures, 62 (2013) 96—
108.

[12] F. Mohri, S.A. Meftah, N. Damil, A large torsion beam
finite element model for tapered thin-walled open cross-

sections beams, Engineering Structures, 99 (2015) 132-
148.

Please cite this article using:

50(1) (2018) 61-72.
DOI: 10.22060/cecj.2017.11194.4986

M. Soltani, B. Asgarian, Determination of Lateral-Torsional Buckling Load of Simply Supported Prismatic Thin-
Walled Beams with Mono-Symmetric Cross-Sections Using the Finite Difference Method. Amirkabir J. Civil Eng.,

26



