Effect of the first local buckling mode on the
behaviour of steel I-Section beam-columns

Raafat E. S. Ismail

Department of Engineering Mathematics and Physics, Faculty of Engineering,
Alexandria University, Alexandria, Egypt

Hesham Ali Zien El Din

Department of Structural Engineering, Faculty of Engineering, Alexandria University, Alexandria, Egypt.

In this paper, the effect of the first local buckling mode on the strength and post-buckling
behavior of steel I-section beam-columns is investigated. The first local buckling mode type
and the corresponding critical load of the studied I-beam-columns are determined through
bifurcation analysis, using incremental nonlinear finite element approach in the standard
eigen problem form. In this approach the elements of the diagonal matrix D, resulting from
linear factorization of the overall tangent stiffness matrix K: are monitored at each load
increment, instead of performing the expensive eigenvalue analysis. At the critical load,
where one of the diagonal elements becomes zero or very small positive value, eigenvalue
analysis 1s carried out to obtain the local buckling mode. The ultimate strength and post-
buckling behavior of the I-section beam-columns are determined by the finite element method
considering both geometric and material nonlinearities. The effect of first local buckling
mode type is investigated through a parametric study, where several values of web width-
thickness ratio and flange width-thickness ratio, are considered. Moreover, the influence of
the axial force ratio with the different geometric parameters is studied.
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1. Introduction

Tendency to use high tensile steel due to
the advanced technology of manufacturing,
and the desire to get thinner plate elements of
structural members, for economical design,
increase the possibility of local buckling
occurrence under unexpected severe loading.
An important characteristic of plates is that
they can resist increasing load after reaching
the critical load [1]. Therefore, the critical
load of a plate is not its failure load, which is
certainly dependent on the buckling mode
corresponding to the critical load.

Steel members, such as [-section beam-
columns, channels and angles, are composed
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of plate elements. When a plate element only
buckles, while the entire member does not,
the buckling of this element is referred to as
local buckling. For buckling of plate element
to take place, it is not necessary that a plate is
loaded in axial compression. Itis necessary
that compression stress exists in some parts
of the plate. Thus, instability can occur in a
plate loaded by a pure shear. The design
methods of plate girder webs are divided into
two categories: (1) allowable stress design
based on elastic buckling as a limiting
condition; and (2) strength design based on
ultimate strength. The American Institute of
Steel Constructon (AISC) specifications
account for elastic shear buckling strength
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and post-buckling strengith separately and
combine these resisting capacities based on
the aspect ratio of the web panel. Although
these specifications predict the overall shear
strength with reasonable accuracy, they often
underestimate the elastic shear buckling
strength, due to an underestimation of the
rigidity at the flange-web juncture. Based on
a parametric study [2], on plate girder web
panels under pure shear, using nonlinear
finite element analysis, it is shown that the
boundary condition at the flange-web juncture
is much closer to a fixed support rather than
simple support. Also, it is found that the
flange rigidity has little effect on the post-
buckling strength of web panels, whereas it
affects the elastic shear buckling strength.
This result has been sustained through a
study on curved I[-girder web panels under
pure shear [3].

Usually the local plate buckling is not
allowed before the overall buckling occurs.
When the design load of a member is far
smaller than the allowable load of the overall
buckling, the section is still defined by the
allowable width-thickness ratio of the plate.
This leads to bad design and wasting of
material. Therefore, the design of thin-walled
beam-columns requires consideration of not
only local plate buckling and overall member
buckling, but also the interaction between
them. Bradford [4] studied the effect of
interaction between local buckling and lateral
buckling of simply supported beams, beams
on seats and beams with continuous tension
flange restraint. He found that the effect of
interaction is most significant for rolled
section beams with incomplete end restraint
or with contnuous restraint of the tension
flange. Ren [5] studied, experimentally and
numerically, the interactive buckling behavior
and ultimate load ofI-section steel columns.
His results showed that short columns fail by
local buckling of the compressive component
plates. The behavior of columns with a low
plate width-thickness ratio is dominated by
the overall buckling while those with a
relatively high plate width-thickness ratio fail
due to the interactive buckling.

This paper is concerned with the study of
strength and behavior of steel [-section beam-
columns, with the presence of local buckling

either in the flange or in the web. The effect of
first local buckling mode is investigated
through a parametric study, considering the
web width-thickness ratio, the flange width-
thickness ratio, as well as the axial force ratio.

2. Method of analysis

2.1 First local buckling mode ar%d
corresponding critical load

The critical load and its buckling mode are
determined for a perfect elastic system
through a bifurcation analysis. The critical
load 1s the load at which a system in
equilibrium passes from a stable to unstable
equilibrium. For a stable conservative system
in equilibrium, positive energy change is
required for any small perturbation of
displacement increment vector, 6x, about the
equilibrium position. Therefore. a necessary
condition, for stable equilibrium. is that:
oxT . Ki.dx>0 for all ox. (1)
Hence, the overall tangent stiffness matrix, K,
should be positive definite, with only positive
eigenvalues [6].

For unstable equilibrium, energy is released
for a small perturbation, 6x, in a particular
direction resulting in negative energy change
and consequently such a perturbation will
move the system to another equilibrium state
with lower energy. Therefore. a necessary
condition, for unstable equilibrium is that:

oxT . K;.0x <0 for some 8x. (2)
Hence, K: is not positive definite, having at
least one negative eigenvalue.

For critical equilibrium, which represents
the state of transition from stable equilibrium
to unstable equilibrium, zero energy change is
needed for a small perturbation, 6x, about the
equilibrium position. Hence, a necessary
condition for critical equilibrium is that:

oxT . Ki.0x=0 for some 6x. (3)
Therefore, the determinant of K: is zero,
having a zero eigenvalue.
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The critical equilibrium state may be either
a limit point or a bifurcation point [7 - 9]. As
we seek for the first critical load and its
corresponding buckling mode, we deal with a
perfect elastic system and the critical point is
defined as a bifurcation point.

The precise definition of a critical
equilibrium state is given by means of the
standard eigenvalue problem form, as follows:

(K] iz}i = oi {2}, ' (4)

where {z}i denotes the it characteristic vector,
i eigen vector, and ; denotes the it
characteristic value, it eigenvalue, of the
overall tangent stiffness matrix [K:. At the
critical point, bifurcation point, the lowest
eigenvalue, »,, will be zero, where the
necessary condition;

K] & = O, (5)

is  satisfied, and the corresponding

eigenvector, {z};, will be the first occurring

buckling mode.

To get the first critical load and its
corresponding buckling mode, an efficient
incremental nonlinear approach, [6], is used
as follows:

1. A small load increment is given in
successive cycles.

2. The overall tangent stiffness matrix, K;, of
[-section beam-column is calculated at
each load increment.

3. Several test values, t;, may be checked to
detect if the critical load is reached or not,
where the test value t changes its sign
when passing a critical load. The value t
may be one of the following:

1 = det (K, (6)
T = Dl[u[jy (7)
1 = Product of Dp.x and Dy, (8)
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T = ©,, minimum eigenvalue of [K]. 9)

Where D, and D;.x are the minimum and
maximum values of the diagonal elements in
the matrix [D], resulting from the linear
factorization of the overall tangent stiffness
matrix [K].

The test value t=det(K;, does not work
with a multiple bifurcation. | The test value
=0, is potentially the most effective but is the
most expensive. Hence, the value =D, is
the test value which is used at each load
increment, in this paper.

4. At the load increment, where one or more
of the diagonal elements of the matrix [D]
becomes zero or small negative values,
indicating the occurrence of one or more
buckling modes. an iterative procedure is
used to reduce this load increment.
During these iterations, the overall tangent
stiffness matrix, [Ki], is recalculated, until
only one of the diagonal elements of the
matrix [D] becomes zero or very small
positive value, getting the first critical load.

S. At the critical load, eigenvalue analysis is
performed on the corresponding overall
tangent stiffness matrix, [K:], to obtain the
first local buckling mode. the resulting
eigenvector corresponding to the lowest
eigenvalue which is almost zero.

A finite element program Finite Element
Bifurcation Analysis of Plate and Shell
Structures, “FEBAPS®. has been developed
based on the above-mentioned incremental
nonlinear approach. The validity of the
program was checked through a numerical
example shown in Fig 1. The exact buckling
stress of a rectangular plate subjected to
biaxial stresses is given as [10]:

4 2
g3 Tl Mt G g I
XCr s - g = N

Dur = CUISEHEREE SR, (10

Y b 't'GY c m oy m
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Fig. 1. FEM mesh division and boundary conditions of the plate used for the comparison

Where, 6y is the critical axial stress in X-
direction, o. is the axial stress in y-direction
and oy is the Yield stress. C, D, b, t are the
aspect ratio, rigidity, width and thickness of
the plate, respectively. m and n are the
number of buckling waves in x and y
directions, respectively.

2.2 Ultimate load and post-ultimate behavior

The finite element method, considering
both geometric and material non-linearities,
is used to determine the ultimate load and
the post-ultimate behavior of the studied steel
[-section beam-columns. A quadrilateral
isoparametric flat-shell element is used,
based on the Mindlin plate theory [11], in
which the transverse shear deformations are
considered. Selective reduced integration

scheme is adopted to prevent the transverse
shear and membrane locking. Large
deformation, but small strain, is considered
on the bases of Total Lagrangian formulation,
which uses the Green strain tensor and the
second-Piola Kirchhoff stress tensor. The
plastic flow theory is applied considering the
Mises’s yield function as a plastic potential.
The material is assumed to follow the
kinematic hardening law. An incremental
predictor with Newton-Raphson iterations is
adopted with the aid of displacement control
to trace the entire equilibrium path. The non-
proportional loading can be applied. The
modified version of the finite element program
“CYNAPSS1” [12], based on the above-
mentioned features. is employed in this
research to trace the complete equilibrium
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path, getting the ultimate load and the post-
ultimate behavior. -

3. Numerical studies

The effect of the first local buckling mode
on the ultimate load capacity and the post-
buckling behavior of steel plate I-section
beam-columns is investigated through a
parametric study. The structural model and
loading condition are indicated in Fig. 2.
Both the axial force, P, and the lateral load,
H, are concentrated loads applied to the
beam-column model at the free end, which
has free lateral translations and rotations. A
rigid part is attached to the model at the free
end, to avoid local yielding caused by the
applied concentrated loads. The axial load,
P, is kept constant while the lateral
displacement is increased. To initiate the
local deformations during the numerical
computations, the actual first local buckling
mode, obtained previously, is imposed as
initial imperfection. The height of the model,
L, the height of the section web, h, and the
flange width, b, are kept constants with the
dimensions indicated in Fig. 2. The web
panel aspect ratio is constant, (L/h=5). The
stress-strain curve of steel material used
here is shown in Fig. 3. Several values of
web width-thickness ratio, flange width-
thickness ratio and axial load ratio are
studied as shown in Tables 1, 2 and 3,
respectively.. The axial load ratio is defined
as P/Py, where P is the applied axial load and
Py is the yield axial load.

4. Discussion of results

A typical firstlocal buckling mode, which
occurred in the web, is shown in Fig. 4 and a
typical one, which formed in the flange, is
shown in Fig. 5. It is worth noting that the
local buckling in web is associated with out of
plane deformations in the flange caused by the
web local buckling itself. While, as expected,
both the flange and web local buckling formed
near the fixed end due to the existing
maximum Stresses.
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Fig.3. Stress-Strain curve of the used material.

Both the elastic normalized lateral load-
deflection relation, till the first critical load,
and the full elasto-plastic normalized lateral
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load-deflection relation for the different cases, Table 2. Studied cases with different flange
are shown in Fig. 6. Where the lateral load width-thickness IS8,
and deflection are normalized by the values Hy

and 0oy, respectively, which are defined as h/t. b/t L/h P/Py
follows: 30 25 5 0.2
30 35 ) 0.2
30 45 3 0.2

HY:M,_‘_.N_,‘_ (11)

L i3, &)
Table 3. Studied cases with different axial load
ratios. i
3

L= HY L 12
BY = (12) h/t. | B/u | L/h | P/Py
60 20 B 0.1
where | is the section moment of inertia. 60 20 5 02
It is very clear that early elastic local 30 45 S 0.1
buckling leads to a decrease of ductility and 30 45 o 0.2

subsequently a decrease in the absorbed
energy, while the normalized ultimate load
almost is not affected. This may be attributed
to the fact that the real first local buckling
occurred after reaching the ultimate load,
within the typical dimensions studied here.

The effect of first local buckling mode type
is shown in both Fig. 7 and Fig. 8. When first
local buckling happens in web, ductility and
post-buckling resistance decrease, but with
low rate. with the increase of web width-
thickness ratio. This may be attributed to the
main role of flange in the behavior of beam-
columns. When first local buckling occurs in
flange, the beam-column ductility and post-
buckling resistance significantly decrease,
with the increase of flange width-thickness
ratio.

Finally, the effect of axial force ratio is
indicated in Fig. 9 and Fig. 10. Both the
normalized ultimate load and ductility
decrease as the axial force ratio increases,
with almost the same rate for both cases of
web and flange local buckling modes.

Table 1. Studied cases with different web
width-thickness ratios

h/t. | b/t L/h | P/Py K )
30 20 5 0.2
45 20 5 0.2
60 | 20 5 0.2

Fig. 4. First local buckling mode (by FEBAPS) in1 case of
h/t=60, b/1u=20 and P/P¢=0.2.
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Fig. 3: First local buckling mode (by FEBAPS) in case of hi/t=30, b/t=435 and P/Py=0.2.

S. Conclusions

The effect of the first local buckling mode
on the ultimate strength and post-ultimate
behavior of steel I-section beam-columns was
investigated through a parametric study using
the finite element method considering both
geometric and material nonlinearity. As to the
several parameters and dimensions studied
here, the following are concluded:

1

An efficient method of analysis to
determine the first critical load and its
corresponding local buckling mode is
introduced in detail.

Flange local buckling is more critical than
web local buckling, where both the beam-
column ductility and post-buckling
resistance decrease. with high rate, for the
increase of flange width-thickness ratio.
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Fig. 6. Normalized lateral load-deflection relationships of the studied cases by both bifurcation and elasto-platic
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3. Web local buckling has a little effect on
ductility and post-buckling resistance of
beam-columns.

4. Both flange and web local buckling almost
have no effect on the normalized ultimate
load, where they often occur after reaching
the ultimate load.

5. Axial force ratio has almost the same effect
whether flange or web local buckling
happens, where the normalized ultimate
load and duculity decrease as the axial
force ratio increase.
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