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Abstract

This study presents a numerical investigation into the elastic buckling
behaviour of steel plate girders with transverse stiffeners, focusing on the web
buckling mode. The influence of key parameters, including web thickness,
stiffener thickness and spacing, and flange-stiffener connectivity, is examined
to understand their effect on the critical buckling load associated with this
mode. Elastic buckling analyses are carried out for various combinations of
these parameters using a finite element model based on a nonlinear shell
element formulation, which incorporates von Kdrmén-type nonlinear strain-
displacement relations to effectively capture geometric nonlinearities and
local instability phenomena. The results are systematically presented and dis-
cussed to highlight the sensitivity of buckling performance to each parameter.
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Detailed insights are provided into the underlying structural behaviour,
revealing trends and interactions that govern the elastic web stability of steel
plate girders with transverse stiffeners across different design configurations.

Keywords: Steel plate girder, transverse stiffener, web buckling, shell finite
element, geometric nonlinearities, elastic critical buckling load.

1 Introduction

Steel plate girders are widely used in the construction of bridges, buildings,
and other large-scale structures due to their high strength-to-weight ratio,
which allows them to support significant vertical loads over long spans. A key
consideration in the design of steel plate girders is ensuring their stability
against buckling, which can result in sudden failure. Among the different
buckling modes, web shear buckling is a particularly significant concern in
slender girders. In girders with thick webs, web failure will generally occur
due to shear yielding before buckling develops. However, thin webs with
higher slenderness ratios will fail primarily through buckling, before reaching
the yield strength. Therefore, ensuring sufficient shear buckling resistance to
maintain web stability is among the fundamental aspects of steel plate girder
design.

The shear buckling resistance in steel plate girders is typically enhanced
through the use of transverse stiffeners and, in some cases, supplemented by
longitudinal stiffeners [1,2] although, in certain instances, increasing the web
thickness is preferred to avoid the additional fabrication costs associated with
stiffeners. Transverse stiffeners are installed perpendicular to the flanges of
a steel plate girder and are generally connected to the web, whereas their
connection to the flanges varies depending on specific design requirements
and construction practices. These stiffeners help delay the onset of buckling
by redistributing the stresses within the web [3]. Transverse stiffeners are gen-
erally classified as end or intermediate stiffeners. End stiffeners, also referred
to as bearing stiffeners, are placed at both ends of the girder to transfer
loads to the supports and prevent local web failure. Intermediate stiffeners
are provided between supports, especially in regions of concentrated loads
or high shear stresses. They are essential when the web is slender, as they
improve the buckling resistance by dividing the web into smaller panels,
thereby reducing the panel aspect ratio [4].

The performance of intermediate stiffeners is influenced by their spacing
and thickness. Intermediate stiffeners in steel plate girders are typically
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classified as either rigid or non-rigid, depending on their ability to restrain
out-of-plane deformation of the web [5]. A stiffener is considered rigid if it
can effectively restrain the transverse displacements of the web at the junction
of the stiffener and web, maintaining its straight configuration even during the
post-buckling stage. In contrast, non-rigid stiffeners, while still contributing
to the strength and stiffness of the web, tend to deform and buckle along
with the web [6]. This classification is typically based on stiffness criteria,
most often expressed in terms of the required moment of inertia and/or cross-
sectional area [7]. The distinctions in performance between these two types of
stiffeners necessitate different approaches in the design of steel plate girders.
For rigid stiffeners, well-established guidelines provided by codes such as
Eurocode 3, Part 1-5 for plated structural elements [8] and AASHTO [9]
include detailed provisions for determining the shear buckling resistance,
typically based on methods such as the rotated stress field method, the simple
post-critical method, or the tension field method [10]. However, for non-
rigid stiffeners, such guidance is not provided and, instead, finite element
eigenvalue analysis is recommended to assess the critical buckling load of
the stiffened web plate [6].

According to Eurocode 3, Part 1-5 [8], and AASHTO [9] guidelines, the
shear buckling resistance of the web is determined by adding a certain amount
of the post-buckling strength to the elastic buckling strength. Therefore, an
accurate assessment of elastic buckling strength, considering all influencing
factors such as web slenderness and stiffener configuration, is essential for the
reliable design of steel plate girders [11]. While code-based provisions offer
simplified approaches to determine the elastic buckling strength, they may
not fully reflect the influence of detailed geometry and boundary conditions.
Finite element models, on the other hand, offer a more comprehensive repre-
sentation of steel plate girders, enabling a more accurate analysis of buckling
phenomena that may not be adequately captured by design formulations.

Numerical models based on the geometrically exact beam finite elements
are widely used to analyse the global stability of steel plate girders due to their
efficiency in capturing overall structural behaviour under large displacements
and rotations [12-16]. In addition to beam-based models, finite element
models using shell elements are frequently used [17-19], as they offer a
more detailed representation of girder geometry and enable the analysis of
local instabilities and buckling behaviour within individual components, such
as the web and flanges. In such models, stiffeners are typically modelled
using shell elements. However, when shell elements with drilling degrees of
freedom (rotations about the normal to the shell surface) are employed for
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modelling the steel plate girder [20-23], stiffeners can alternatively be repre-
sented as beam elements without significantly compromising the accuracy of
the results [24].

In this paper, we investigate the elastic shear buckling behaviour of
the web in steel plate girders with transverse stiffeners through a detailed
parametric study using finite element modelling. Building upon our previ-
ously developed and validated model based on a shell element formulation
capable of capturing geometric nonlinearities and local instability phenom-
ena [24], this study extends its application further to examine the influence
of key parameters such as web thickness, stiffener thickness and spacing, and
flange-stiffener connectivity on the elastic critical buckling load.

The outline of the paper is as follows: Section 2 outlines the geomet-
rically nonlinear shell element formulation, which provides the foundation
for analysing the web buckling behaviour. Section 3 describes the finite
element model of a representative steel plate girder and presents the details
of the numerical parametric study, focusing on the effects of key parameters
such as web thickness, stiffener spacing and thickness, and flange-stiffener
connectivity on the elastic critical buckling load. This section also discusses
the corresponding numerical results. Finally, Section 4 summarizes the main
findings of the study.

2 Geometrically Nonlinear Shell Finite Element
Formulation

The theoretical foundation for the nonlinear shell element, which forms the
basis of the finite element model used to analyse the elastic critical buckling
load in this study, is developed by superimposing the contributions of the
Reissner—Mindlin plate element [25,26] and membrane element with drilling
degrees of freedom [27,28], with the formulation further extended to include
simplified nonlinear strain-displacement relations to account for geometric
nonlinearity. In the following, we outline the main features of the nonlinear
shell element. For more details, we refer to [24]. In the present study, both
the steel plate girder and stiffeners are represented by the same shell element.

2.1 Stress Resultants and Deformation Measures

The nonlinear shell element is formulated by superimposing the contributions
of the plate bending behaviour and membrane action. Accordingly, the stress
resultants vector consists of the bending moment and transverse shear force
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Figure 1 Stress resultants in the shell element: membrane and plate contributions.

resultants from the plate component, along with in-plane force resultants from
the membrane component (Figure 1), written as

My Nyg

- t = { o - 0

m = myy y = tyz y n— nyy
mmy nmy

Here, m denotes the vector of bending moment resultants, where m,, and
m,, represent the bending moments in the z- and y-directions, and 1, is the
twisting moment; the vector t represents the transverse shear force resultants,
with components . and t,. corresponding to the transverse shear forces;
and n denotes the membrane force resultants vector, where n;, and n,, are
the normal membrane forces in the x- and y-directions, and n, is the shear
membrane force.
The corresponding stress resultants for the plate part are computed as

m D 0 K
=" (2)

t 0 D,||v
where k is the curvature vector, with k., Kyy, and kg, representing the
curvatures in the x-, y-, and twisting directions, respectively; -y is the trans-
verse shear deformation vector, with 7,, and ~,. denoting the transverse

shear deformations; and Dy and D, are the corresponding linear elastic
constitutive matrices, defined as

5 1 v 0
D,=—— |V D, =——
120-02) |y o L=v|[" 77 20+ [O 1] @
2

where E is the Young’s modulus, v is the Poisson’s ratio, and ¢ is the
thickness of the element.
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According to the linear theory, the curvatures and transverse shear
deformations are defined as

90z
oz o] au
K uz z
B TT B 26, e + @
K= Kyy - oy S Yoz - auy _|_ auz
2Ky % 4 0y !
dy ox

where u;, u,, and u, are the displacements along the -, y- and z- axes,
respectively; and ¢, and 0, are the rotations about the x- and y- axes.
The stress resultants for the membrane part are computed as

n= Dmsml (5)

where €,,,; is the vector of in-plane (membrane) deformations derived using
the linear theory, and D,, is the corresponding linear elastic constitutive
matrix, defined as

1%
1 0 (6)

D,, = '
m _ 1,2
1 v 0 0 1—v

To include geometric nonlinearity under the assumptions of small strains
and moderate rotations, the membrane deformations are formulated using
von Kéarmén-type nonlinear strain-displacement relations. These relations
extend the classical linear formulation by including additional nonlinear
terms [29-31]. Accordingly, the membrane deformations are defined as
follows

Ju, 1
K3 5 (% )
0 2
Em =Emi + Emn = aiyy + %( 1;) (N
aux + auy A, s
oz By

where &,,; represents the membrane deformations according to the linear
theory, and €,,,, denotes the nonlinear contribution.

2.2 Finite Element Formulation

To develop the finite element formulation, we begin by deriving the weak
form of the governing equations using the principle of virtual work. This
approach requires the introduction of a virtual displacement vector, denoted
by w, which is defined as follows

w = {wy, wy, w,, 605, 60y, 660,}7 (8)
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where w are the virtual translational displacements in the z-, y-, and z-
directions, and 66 are the virtual rotations about the same axes.
The virtual deformation measures for the plate part are defined as

OKze
20Kzy Tyz

The virtual von Karman deformations are derived by applying the direc-
tional or Gateaux derivative in the direction of the virtual displacements,
resulting in

{55m} = {5€ml} + {65mn}

5501 Ow, . Ouy
i ox ox 1
o Owy + Oow, . Ouz ( O)
- Oy gy 0Oy
Owy, Owy Ow, . Ouy Ow, . Ouy
dy + oz oy ox ox oy

With the virtual displacements and their associated deformation measures
defined, the virtual work of the internal forces, consisting of contributions
from both membrane and plate actions, can be expressed as

(MTD 0 K
Vit = 5TDmmdQ+/{ }[” }{}dﬁ
! /Qsml Emi o 10y 0 D,| |v

+/ oel ndQ (11)
Q
Finally, the weak form for the nonlinear shell element can be defined as
/ oKk 0 D, O K | dQ+ / ol ,ndQ
Q1 oy 0 0 D, 0% Q

(12)
- / SwTbdQ+ > wlqdl; + Y wlf;
& i=1 i=1

where b represents the distributed surface load, q denotes the edge (line)
loads, and f corresponds to the concentrated loads.

To discretize the weak form for numerical implementation, a flat four-
node quadrilateral shell element is introduced, in accordance with the
standard finite element approximation procedure. Each node of the element
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Figure 2 Degrees of freedom of a shell element.

has six degrees of freedom, three translational and three rotational, as illus-
trated in Figure 2. The initial formulation excludes the drilling rotation (6.,),
which is incorporated subsequently. The remaining displacement components
are interpolated using standard linear isoparametric shape functions for a
four-node element, defined as

e =412 (-9 e =143 (1-2)
N3(w=y):i<1+§> (1—1—%), N4(x,y):%<1—§> <1—|—%)

Hence, the remaining displacement components are expressed using the
previously defined shape functions as follows

u, = Nd, (14)

where
Uy = {u:m Ugyy Uz, Oz, Gy}T

—1q7 T T T
d(l - {da,17 da,27 da,3’ da,4} (15)
d;i = {ua;, uy,, Uz, O, Oy}, i=1,234
with IN as the matrix of shape functions, given as

N=[N; N; N3 Ny

N, 0 0O 0 O

0O N; O 0 O (16)
N;=10 0 Ny 0 O0],i=1234

0O 0 0 N; O

o 0 0 0 N

Furthermore, linear membrane deformations, the curvatures, and shear
deformations can be expressed as

Eml = Bmld
k= B,d (17)
v =B,d
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where d is the vector of nodal displacements including drilling rotation
degree of freedom (6), and B,,;, B, and B, are the associated matrices
of derivatives of the shape functions, given as

d= {dI’ d;, dgv dle}

18
df = {ua,, uy,, s, by, O, 02}, i=1,2,34 o
Bml - [Bmh Bml2 Bml3 Bml4:|
i 0 0000 1
B, =0 85121' 0 0 0 0f,i=1234 4
ON; N
N 900 00
BK; = [Bﬁl BK/Q Bl'ig Bf€4:|
000 2% 0 o0 0
B, =10 00 0 %E 0], ic1234 o
ON; N
000 oy Ox 0
B, = [B% B,, By BM}
00 % N 0 0 1)
B, = i=
Vi 0 0 AN; 0 —Nl 0 ) 1,2,3,4

By combining previous results, an overall matrix of derivatives of shape
functions for a four-node flat shell element can be expressed as

Bmll Bmlg Bmlg Bml4
B=|B, B. B, B, (22)
B,, By, By By

Then, the first part of the virtual work of internal forces in Equation (12) can
be reformulated as

nel
Vi, =wT (Z BeTDeBedQe> d* (23)
n=1 Qe
from which the material contribution to the element stiffness matrix is
obtained as

K€

mat —

/ B¢ 'D*B¢dA° (24)
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where D¢ is the overall constitutive matrix, given as

D, 0 0
D°=|0 D¢ 0 (25)
0 0 D

What remains is to include the contribution of the drilling rotation [20]
in the finite element formulation for the nonlinear shell element. A detailed
formulation for incorporating the drilling rotation 6, can be found in [27,32].
Here, we provide only the final expression for the membrane contribution to
the material stiffness matrix, given as

K¢ =K% +P° = [ BS'DEBYdA® +a / b b*dA¢  (26)
Ae

e

where « is the material dependent factor, which serves as a stabiliza-
tion parameter for drilling rotations [33], and B}, and b* are matrices of
derivatives of shape functions, defined as

B, = [Bl, Bh, BL, B

m
ON; 0 6NX7;
ox ozr
* IN; ONy,
Bmi — 0 ayz 8yz
BNZ' 8NYZ, BNXZ. 8Nyi
oy oy oy + ox

1
Nxi = (Ayngl AYixNm), Ny; = g(AﬂUile — Az Npy)

b* = [b} b bj bj]

i=1,2,3,4; m=i+4; Il=m—1+4int(1/3); k=mod(md4)+1; j=I—4

a+1l, a=1,23
AYap=Yp—Ya; ATep=Tp—Ta, b=
1, a=4
(27)

where z, and y are the nodal coordinates of the element.
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The geometric part of the stiffness matrix is obtained from the second
term of the virtual work of internal forces in Equation (12), which can be
rewritten as

nel nel
v =% / 6e§ nesd0 = wT <Z BfrTmnermdQe> d° (28)
n=1 Qe n=1 Qe

where €3 represents the nonlinear contribution to the membrane deforma-
tions, with de3 denoting its virtual counterpart, B,,,, is the associated matrix
of derivatives of the shape functions, and n is the matrix of the membrane
forces, given as

€3 = Bgd, (563 = WTB;
an - [an1 an2 ang an4]

00 %000 5
mn; — 9N, y 1=1,2,3,4 ( 9)
00 ¥ 0 0O
n— I:nmc nxy:|
Ney  Nyy

Finally, the geometric part of the element stiffness matrix can be defined as

KCoom = / B¢ n°B¢ dA° (30)
Ae

3 Parametric Study

This section presents the results of a numerical parametric study on the
elastic web shear buckling behaviour of a typical steel plate girder with
transverse stiffeners, focusing on the influence of web thickness, the thickness
and spacing of stiffeners, and the connectivity between the stiffeners and
flanges. All numerical implementations and computations were performed
using the research version of the computer code FEAP (Finite Element
Analysis Program), developed by R. L. Taylor [34].

The girder is modelled based on the adopted geometry shown in Figure 3.
The total length of the girder is 12.6 m with a web height of 1500 mm and
flange dimensions of 300 mm X 20 mm. The material properties of steel are
defined by a Young’s modulus of £ = 2.1 - 10°> MPa and a Poisson’s ratio of
v = 0.33. The girder is laterally braced to prevent lateral torsional buckling
and subjected to a uniformly distributed load along the entire span.
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Figure 3 Geometry of the analysed steel plate girder.

The effect of web thickness (t,,), stiffener thickness (ts), and stiffener
spacing (a) on the elastic critical buckling load is investigated. For each
combination of the varied parameters, two separate analyses were performed:
one assuming that the stiffeners are connected to both the web and the flanges,
and another assuming they are connected only to the web, with no connection
to the flanges.

The computed buckling loads presented in Figures 4-7 for vari-
ous stiffener spacings indicate that an increase in web thickness signifi-
cantly enhances the critical buckling load across all analysed cases. Even a
relatively small increase in web thickness can substantially improve buckling
capacity. For instance, with a stiffener thickness of 10 mm, increasing the
web thickness from 10 mm to 12 mm results in an increase in the critical
buckling load of approximately 45% to 51%, depending on the stiffener
spacing.

The computed results further show that increasing the thickness of stiff-
eners contributes positively to the buckling resistance of the web when
the spacing between stiffeners is small. However, as the spacing increases,
the influence of stiffener thickness on the critical buckling load gradually

1000 1000
——30mm
—25mm
— 800 —— 20 mm — 800
g ——15mm é
2 2
X, — 10 mm =~
= 600+ 6 mm = 600
Ke} no intermediate stiffeners o
2 400) 2 400
Z 2
[} [}
a 2
2001 200
0 ‘ ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
web thickness [mm] web thickness [mm]
(a) with flange-stiffener connection (b) without flange-stiffener connection

Figure 4 Influence of web and stiffener thickness on the critical buckling load, ¢ = 1 m.
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Figure 5 Influence of web and stiffener thickness on the critical buckling load, @ = 1.5 m.
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Figure 6 Influence of web and stiffener thickness on the critical buckling load, a = 2 m.
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Figure 7
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Influence of web and stiffener thickness on the critical buckling load, a = 3 m.
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decreases. A comparison with the case without intermediate stiffeners
(unstiffened case) shows that at the largest spacing of 3 m, the stiffeners no
longer contribute to the buckling resistance of the web, regardless of their
thickness.

At smaller stiffener spacings (1 m and 1.5 m), the effect of stiffener thick-
ness on the critical buckling load is more pronounced when the stiffeners are
connected to both the web and the flanges. As the spacing between stiffeners
increases, the influence of flange connectivity on the critical buckling load
becomes less significant, since the overall contribution of the stiffeners to
buckling resistance diminishes.

To better illustrate the previously discussed results, the computed critical
buckling loads for a web thickness of 10 mm are presented in Figures 8
and 9, plotted against stiffener spacing and thickness, respectively. The
computed results clearly show that the influence of stiffener thickness is
significantly more pronounced at smaller spacings for both configurations,
with and without flange-stiffener connectivity. However, for the case without
the flange-stiffener connection, increasing the stiffener thickness at smaller
spacings leads to a less pronounced increase in the critical buckling load.
These findings indicate a notable interaction between the stiffeners thickness
and spacing, emphasizing the necessity for their combined optimization in
practical design.

Figure 10 shows the first buckling mode shapes of a steel plate girder with
a web and stiffener thickness of 10 mm, corresponding to configurations that
include a flange-stiffener connection. At the smallest stiffener spacing of 1 m,
the first buckling mode does not occur in the panel adjacent to the support but
rather in regions closer to mid-span, indicating an interaction between shear

220

E E
é i 180
el e}
© [
o o
o [
£ £
= = 140
[*)] o
3 3
el o

100 100

1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
stiffener spacing [mm] stiffener spacing [mm]
(a) with flange-stiffener connection (b) without flange-stiffener connection

Figure 8 Influence of stiffener spacing on the critical buckling load, ¢, = 10 mm.
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o o | T
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= 140 b T | R ——
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o /_— o
100 100
6 12 18 24 30 6 12 18 24 30
stiffener thickness [mm] stiffener thickness [mm]
(a) with flange-stiffener connection (b) without flange-stiffener connection

Figure 9 Influence of stiffener thickness on the critical buckling load, t,, = 10 mm.

and normal stress components. In contrast, for all other analysed stiffener
spacings, the first buckling mode is localized in the web panels near the
supports, where shear stresses predominate.

We further investigate how flange thickness influences the contribution of
the flange-stiffener connection to the critical buckling load. The analysis is
performed for varying flange thickness, with web and stiffener thickness set
to 10 mm. The results presented in Figure 11 indicate that the contribution
of the flange-stiffener connection to the critical buckling load remains nearly
constant across all flange thickness values and stiffener spacings analysed.
However, as the stiffener spacing increases, this contribution diminishes.

As evident from the presented results, the increase in the flange thickness
contributes to the increase in the computed critical buckling load. Still, the
contribution of the flanges must be explicitly considered [35-37], as they can
only contribute to the buckling resistance if they are not fully engaged in
resisting bending moments. While the influence of the flanges on buckling
resistance is often small and can often be neglected, it becomes significant
when strong flanges are used or when they are not fully utilized in resisting
bending moments, such as in regions near the end supports [6]. However, this
influence is outside the scope of this study and will not be commented on
further.

3.1 Discussion in Light of Eurocode 3, Part 1-5 Guidelines

The elastic critical shear buckling stress or elastic buckling strength rep-
resents the basis for assessing the stability of the web according to the
provisions of Eurocode 3, Part 1-5 [8]. According to these provisions, the
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(a) stiffener spacing, a = I m (b) stiffener spacing, a = 1.5m
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Figure 10 First buckling modes of the analysed steel plate girder with a web and stiffener
thickness of 10 mm, with flange-stiffener connection.

elastic buckling stress can be computed as [3]

mFE tw 2

12(1 — 12) \ hy S

Ter = k7
where k. is the shear buckling coefficient calculated from elastic buckling
theory [3,38], and h,, is the height of the web. The shear buckling coefficient
for plates with rigid transverse stiffeners, under the assumption that the web
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Figure11 Influence of flange thickness on the contribution of the flange-stiffener connection
to the critical buckling load, ¢, = ts = 10 mm; dashed lines indicate no flange-stiffener
connection.

panel is simply supported on all sides, can be determined as follows

5.34 a
by =4.00+ ——_ if — <1
+ (a/hw)2 1 oo < .
by —p3d 4 00 e @5y .
T — . (a/hw)27 hw -

For unstiffened webs, the shear buckling coefficient is equal to k, = 5.34.

The numerically obtained elastic buckling stresses are compared with
analytical values computed using Equations (31) and (32), as shown in
Figure 12. The numerical elastic buckling stresses are calculated by dividing
the maximum shear force at the support, resulting from the critical buckling
load obtained in the finite element model, by the cross-sectional area of the
web, representing the average shear stress on the section. The comparison
is provided for the case without intermediate stiffeners and for stiffener
spacings of 1.5 m, 2m, and 3 m. The presented numerical results correspond
to the case with the maximum transverse stiffener thickness of 30 mm and
with the flange-stiffener connection. These results pertain to the buckling
mode occurring in the panel adjacent to the support, where the shear force
predominates.

It is important to note that the elastic buckling stress calculated using
Equations (31) and (32) corresponds to a pure shear stress state and simply
supported boundary conditions along all edges of the web panel. Conse-
quently, this analytical model differs from the numerical model in terms
of boundary conditions and stress state. Specifically, the numerical model
accounts for the true geometry of the steel plate girder and considers a typical
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Figure 12 Comparison of critical elastic buckling stresses.

loading scenario of a uniformly distributed load over the entire span. Thus,
the comparison of the analytical and numerical results is provided solely to
illustrate how the real-case scenario relates to the outcomes of the analytical
model, which forms the basis for determining the design shear resistance
according to the Eurocode 3, Part 1-5 guidelines.

The comparison of results shows that the numerical model produces
slightly higher elastic critical buckling stress than the analytical expressions
at higher slenderness ratios. However, at lower slenderness ratios, the numer-
ically obtained values tend to be lower. As the stiffener spacing increases,
the discrepancies between the numerical and analytical results decrease at
lower slenderness ratios but tend to increase moderately at higher slenderness
ratios. Furthermore, increasing the stiffener spacing shifts the transition point
between over-prediction and under-prediction of the elastic critical buckling
stress toward lower slenderness ratios.

The presented comparison highlights the importance of accurately deter-
mining the elastic critical buckling load, as it directly influences the stability
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assessment of the web. An imprecise evaluation may result in conservative
designs or unsafe conditions, emphasizing the need for comprehensive analy-
ses that consider all the key factors influencing the elastic buckling behaviour
of the web in steel plate girders with transverse stiffeners. Comparable
findings concerning the design shear buckling resistance of the web are
documented in [39].

4 Conclusions

This numerical study investigated the elastic web buckling behaviour of steel
plate girders through a detailed parametric analysis that considered variations
in web thickness, transverse stiffener thickness and spacing, and flange-
stiffener connectivity. The numerical analyses were performed using finite
element modelling with shell elements, accounting for geometric nonlinear-
ity. Based on the obtained results, the following general conclusions can be
drawn:

* Web thickness is the most influential parameter affecting the elastic
critical buckling load. Even a relatively small increase in web thickness
leads to significant improvements in buckling resistance, highlighting
the dominant role of web slenderness in stability analysis.

* Stiffener thickness contributes positively to increasing the elastic buck-
ling resistance, particularly at smaller stiffener spacings. However,
its effect gradually diminishes as the spacing increases, becoming
negligible for wider panels.

* The presence of flange-stiffener connectivity enhances the overall stabil-
ity of the web panel, especially when stiffeners are sufficiently thick and
closely spaced. As stiffener thickness decreases or spacing increases, the
influence of flange connectivity on the critical buckling load becomes
less significant.

* A notable interaction between stiffener thickness and spacing was
observed, indicating that these parameters should be considered together
during the design process. At small to intermediate spacings (e.g., 1.5 m
or less), the difference in buckling load between thin and thick stiffeners
remains considerable, while at larger spacings (e.g., 2 m and above), this
difference becomes marginal.

The findings of this study emphasize the importance of considering all key
factors that influence the elastic buckling strength, as it directly governs the
stability assessment of webs in transversely stiffened steel plate girders.
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