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Abstract: This work performs an investigation into the optimal position of two longitudinal stiffeners
with different cross-section shapes such as open section (L-shaped and T-shaped) and closed section
(rectangular and triangular shapes) shapes of stiffened plate girders under bending loading through
an optimization procedure using a gradient-based interior point (IP) optimization algorithm. The stiff-
ener optimum locations are found by maximizing the bend-buckling coefficient, k;,, generated from
eigenvalue buckling analyses in Abaqus. The optimization procedure efficiently combines the finite
element method and the IP optimization algorithm and is implemented using the Abaqus2Matlab
toolbox which allows for the transfer of data between Matlab and Abaqus and vice versa. It is
found that the proposed methodology can lead to the optimum design of the steel plate girder for
all stiffener cross-section types with an acceptable accuracy and a reduced computational effort.
Based on the optimization results, the optimum positions of two longitudinal stiffeners with various
cross-section shapes are presented for the first time. It is reported that the optimum locations of two
longitudinal stiffeners with open cross-section shapes (T- and L-shaped) are similar to that of flat
cross-section, while the optimum positions of two longitudinal stiffeners with closed cross-section
types (rectangular and triangular sections) are slightly different. One of the main findings of this
study is that the bend-buckling coefficient of the stiffened girder having stiffeners with triangular
cross-section shape is highest while that with flat cross-section shape is lowest among all considered
stiffener types and this latter case has minimum requirement regarding the web thickness.

Keywords: Abaqus2Matlab; longitudinal stiffeners; optimization procedure; steel plate girders; web
bend-buckling

1. Introduction

Longitudinal stiffeners have been extensively used to improve the buckling strength of
steel plates or steel plate girders subject to different loading conditions such as compression,
patch loading, combined bending and shear, pure bending, etc. As a result of the significant
increase in strength that stiffeners offer when placed at steel plates or steel plate girders,
research related to members of this type has been widely conducted. Regarding steel
plates reinforced by one or more longitudinal stiffeners under compression, Haffar et al. [1]
proposed two new mathematical models for buckling resistance prediction of a steel plate
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with a closed longitudinal stiffener. Both proposed methods gave similar results, lead-
ing to load resistance values of satisfactory precision. Kovesdi et al. [2] investigated the
buckling resistance of longitudinally stiffened plates subjected to compression using the
shell finite element (FE) method. The author suggested an alternative design procedure to
improve the economy of the practical design. Regarding plate girders under patch loading,
Loaiza et al. [3] investigated buckling and post buckling behavior of longitudinally stiff-
ened I-girders using an FE simulation. Various hypotheses regarding the effect of vertical
and out-of-plane displacements of the web panel on the determination of the critical buck-
ling load of the stiffened plate girder were taken into consideration. The analysis results
showed that a full restriction of the vertical and out-of-plane displacements at the stiffener
location led to improved patch load resistance at the ultimate load level. Demari et al. [4]
performed a numerical study of slender I-girders strengthened with one longitudinal stiff-
ener under patch loading. They reported that the optimum stiffener location for patch
loading resistance is closer to the loaded flange when compared to girders under pure
bending. Recently, based on an experimental database, Truong et al. [5] proposed an effi-
cient machine learning method, namely the XGBoost algorithm, for predicting the patch
load resistance of longitudinally stiffened plate girders. The efficiency and accuracy of the
proposed method were demonstrated by comparing its performance with other machine
learning methods as well as design equations from the existing standards. Regarding
stiffened girders under combined bending and shear, by analyzing various FE models,
Truong et al. [6] investigated the influence of multiple longitudinal stiffeners on the ultimate
strength of plate girders. It was reported in this research that the variation in the ultimate
strength of the girder was almost constant against the various dimensionless geometric
parameters. Chen and Yuan [7] conducted a comprehensive experimental and numerical
investigation into the local buckling behavior of longitudinally stiffened stainless steel
plate girders subjected to combined bending and shear loading. It was observed that the
existing M-V interaction curves recommended in EN 1993-1-4 for determining the bending
and shear endpoints provide safe-sided estimations with a good level of consistency and
accuracy for such structures.

Regarding the case of stiffened girders subjected to pure bending loads, in recent
decades, longitudinal stiffeners have been widely utilized in girder webs to enhance the
bending strength of the stiffened girder with slender sections. It has been reported that
longitudinal stiffeners with various cross-section types, consisting of open cross-sections
(flat, T, and L sections) and closed sections (rectangular, triangular, and trapezoidal sections)
have been used for this purpose. Research related to the bending response of plate girders
strengthened by longitudinal stiffeners has been extensively conducted all over the world,
especially for flat stiffeners. Regarding the optimization problem of a single longitudinal
stiffener with a flat cross-section, many researchers have proposed that the optimum
position of a single longitudinal stiffener is placed at 0.2D from the girder compression
flange (D is the depth of girder web), assuming the longitudinal edges of the girder web are
simply supported [8-11]. Recently, through the finite element method, several researchers
have found that the optimum location of a single stiffener for the stiffened girder under
bending loading is at about 0.42D. from the compression flange (D, is the depth of girder
web in compression), regardless of any asymmetric cross-section [12-15]. By investigating
the elastic bend-buckling response of symmetric and asymmetric I-section girders with a
single longitudinal stiffener using FE modeling, Cho and Shin [16] suggested the optimum
stiffener position to be 0.425D, from the compression flange. These optimal values are
slightly different with those mentioned in AASHTO LRFD [17], in which the optimum
stiffener position is at 0.4D.. On the other hand, research related to the optimization
problems of multiple longitudinal stiffeners are still limited in the literature. Based on
theoretical solutions, Rockey and Cook [18,19] proposed an optimum placement of multiple
longitudinal stiffeners with flat cross-section plate girders. It was reported in these studies
that the boundary conditions of longitudinal edges of the girder web were presumed
to be either simply supported or clamped, whilst its vertical edges were assumed to be
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simply supported. By using numerical simulations, Kim et al. [20] proposed the optimum
placement of two stiffeners with a flat cross-section girder under bending. An empirical
formula to calculate the buckling coefficient of the stiffened girder under bending was
recommended as well. Kim et al. [15] conducted a comprehensive work related to the
optimum location of a single and two longitudinal stiffener(s) of a stiffened girder subjected
to pure bending. Finally, the optimum stiffener locations and the minimum flexural rigidity
for both the single and two stiffener(s) were suggested and presented a good comparison
with the previous works. All the research mentioned above adequately provided the
optimum position of a stiffener with a flat shape.

Furthermore, research related to the optimal stiffener position considering various stiff-
ener cross-section types is still limited. Through finite element analysis, Maiorana et al. [21]
investigated the buckling behavior of stiffened plate subjected to bending loading. Based
on analysis results, the authors suggested the optimum position for all considered cross-
section types of the stiffeners (flat, T, L, rectangular, triangular, and trapezoidal sections)
to be at 0.2D. However, the presence of flanges of the girder affecting the bend-buckling
response and optimal stiffener placement was not taken into consideration. Recently,
George et al. [22] suggested the optimal location of a single stiffener with open and closed
cross-section types for stiffened girders subjected to bending loading. The presence of girder
flanges was taken into consideration. However, the optimum location of two longitudinal
stiffeners with various cross-section shapes has not been considered elsewhere.

Although the issue of the optimum stiffener position on steel plate girders has been
addressed as mentioned in the previous paragraphs, consideration of multiple stiffeners
has been limited only to flat stiffener shapes, whereas the studies that have investigated
the effect of the stiffener shape on the buckling response of the girder have not taken into
account the case of two or more stiffeners. This work tries to bridge this research gap,
i.e., explore the case of multiple stiffeners with various cross-section shapes and their effect
on the buckling load capacity and design efficiency of the steel plate girder. In this study,
the optimal positions of two longitudinal stiffeners with open and closed section types
along the web height of the stiffened girder subjected to bending loading are investigated
by maximizing the critical buckling load of the latter. We develop various optimum
designs depending on the cross-section type. The efficiency of the latter among the various
aforementioned optimum designs is explored in terms of the maximum buckling coefficient
and the minimum web thickness of the stiffened girder. The gradient-based interior point
(IP) optimization algorithm, coupled with an appropriate FE model, is used for calculating
the aforementioned optimum designs. The proposed numerical procedure proves to have
low requirements in terms of implementation and computational effort, given that the
Abaqus2Matlab [23] toolbox which automatically combines Abaqus [24] and Matlab [25]
in a loop is employed. Based on the analysis results, the optimum stiffener locations and
minimum web thickness for various stiffener types are suggested.

2. Existing Design Standards
2.1. AASHTO LRFD Standards

The AASHTO LRFD standards [17] for optimum stiffener position and the bend-
buckling coefficient of a stiffened girder web were based on the research reported by
Frank and Helwig [26], in which the boundary conditions of the longitudinal edges of the
girder web were assumed to be simply supported at flanges, and its vertical edges were
presumed to be simply supported by vertical stiffeners as well. The critical buckling load
recommended by the AASHTO LRFD standards is presented in the following equation:

0.9kE
2
D
(2)
where k is the bend-buckling coefficient, E represents the steel elastic modulus, D is the
web depth, and t;, is the web thickness.

Fcrw = (1)
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In the AASHTO LRFD standards, the bend-buckling coefficient was recommended

as follows:
Bsts irf <o
k= { 507, jfd > 04 @
(%) ‘

where D, and d; are the web depth in compression in the elastic range and the distance
of the stiffener from the compression flange, respectively. The optimum position of a
single flat stiffener is at 0.4D. from the compression flange, regardless of the asymmetry of
the girder section. It is noted that in the AASHTO LRFD standards, Equation (2) can be
conservatively utilized for girder webs with multiple longitudinal stiffeners. No specific
equations were provided for girder webs with two or more stiffeners.

2.2. Eurocode 3 Standard

In the Eurocode 3 standard [27], the bending strength of the stiffened girder can be
calculated by taking into consideration the combination of the effective widths of the
stiffened girder web and the compression flange. In this standard, the buckling coefficients
are also determined based on similar assumptions as the AASHTO LRFD standards. The
bend-buckling coefficients were defined as a function of ¢ = o/0,, in which o is the
maximum stress at other web edges and o, represents the maximum compressive stress.
The bend-buckling coefficient is given as follows:

7(1_085'3_@ for O0<yp<1

7.81 —6.29¢ +9.78¢>  for —-1<yp<1 3)
598(1—¢)*  for —-3<yp<—1

k

The optimum position of a single stiffener is consistent with that recommended by
the AASHTO LRFD standards (at 0.4D, from the compression flange). However, the
design philosophy for bend-buckling resistance mentioned in the Eurocode 3 standard is
intrinsically different from that considered in the AASHTO LRFD standards.

3. Methodology
3.1. Elastic Buckling Analysis

In this work, a linear elastic buckling analysis is implemented for the evaluation of the
critical load, F;, of the longitudinally stiffened plate girders with open (T and L sections)
and closed (rectangular and triangular sections) cross-sections of the stiffeners subject to
bending. The lowest positive value of A, which is the buckling eigenvalue, called A, can
be obtained by solving Equation (1) as follows:

(K+ AKg)u =0 (4)

where K presents the model stiffness matrix, K¢ is the geometric stiffness matrix, A stands
for the multiplier of the reference load pattern F, and u is the buckling mode shape.
The buckling load is computed by Equation (5) as follows:

Fo = /\ch (5)

On the other hand, based on the classical buckling theory of plates under pure com-
pression, the critical buckling load of a plate girder under bending loading can be computed
as follows: -

m-Et
Fyp =ky——2%—

where E represents the elastic modulus, ¢, stands for the thickness of girder web, v repre-
sents the Poisson’s ratio, and D is the depth of girder web.
Based on Equations (5) and (6), the buckling coefficient, k;, can be determined.
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3.2. Problem Statement for Optimization of Longitudinally Stiffened Plate Girders

It is known that the optimum stiffener location can be obtained when the critical
buckling load of a stiffened plate girder is maximized. Hence, the optimal stiffener position
is determined by maximizing the bend-buckling coefficient, k;. The optimization problem
can be presented in the following form:

Find:

X = [dslz dsZ] @)

so that ( 2)

12(1 —v<)D
ky(x) = TEL%FC?(JC) (8)
is maximized, subject to:

0.1D <ds <05D 9)
0.1D < dsp <0.5D (10)
dsp —ds1 > 18ty (11)

with the following values assigned to parameters:

bs1 = bs, = 0.08D (12)
b b
51 _ 752 _ g (13)
ts1 tsp

In Equations (9) and (10), the limits are selected based on structural constraints, i.e., the
stiffener location cannot exceed the half-depth of the web and it must be at least 10% of
the height depth apart from the compression flange. In the latter case, for lower distances
from the web, it is generally preferable to increase the stiffness of the plate girder through
increasing the cross-section of the compression flange rather than placing a stiffener, which
will require additional material and workmanship while additionally not contributing much
to the increase in the girder plate stiffness. Moreover, Equation (11) takes into account
the fact that each stiffener cross-section integrates with part of the web section to which it
is attached, equal to 9ty, as designated in AASHTO LRFD standard part 6.10.11.3.3 [17].
Equations (12) and (13) specify the dimensions of the stiffeners in relation to the web depth.
The dimensions of the stiffener cross-section remain constant during the optimization
procedure and are selected so that the stiffeners are assumed to form a nodal line at the
stiffener—plate junction to provide the highest buckling coefficient. To ensure the condition
of nodal line formation, the out of plane displacements along the nodal line are restrained.
The out of plane displacements do not exceed the following nonzero positive tolerances:

< ol (14)

where ry, represents the tolerance and the normalized parameter, 7, is provided by the

relation:
r= max(’wS’) (15)
max([w,|)
In Equation (15), ws represents the out-of-plane displacement of the stiffener and wy,

stands for the out-of-plane displacement of the girder web.
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3.3. Optimization Procedure

In order to provide the solution of the optimization problem presented in
Equations (4)—(7), an interior point algorithm (IPA), adopted in some references [28-30],
was utilized. The optimization procedure is conducted in Abaqus [24] and Matlab [25]
through Abaqus2Matlab toolbox [23,31] that integrates these software within the optimiza-
tion loop. Detailed steps are presented as follows:

1.  Establish a Matlab function so that an Abaqus input file (*inp) is automatically created
when it runs inside Matlab;

2. Define input variables (longitudinal stiffener positions) in the Matlab function above;

3. Define the objective function mentioned in Section 3.2 for the optimization problem;

4. Build a main Matlab function consisting of the starting point value for the solution,
lower and upper bound values of the stiffener position, and an optimization algorithm
(using the fmincon function available in Matlab). The starting point is an initial guess
and can be any arbitrary selection which satisfies the lower and upper bounds as well
as any other constraints that may apply;

5. Compute the objective function defined in step 3;

Perform the optimization procedure;

7. Check the stopping criterion. This criterion is a maximization of k;. If the criterion
is satisfied, the optimization procedure will complete. Otherwise, it will go to the
next step;

8.  Change the design variable value to create a new Abaqus input file;

9. Run the analysis in Abaqus again;

10. Repeat steps 6-9 until convergence is attained, satisfying the specific tolerance;

11. The optimization result obtained is the final solution.

*

The optimization procedure for finding the optimal position of two longitudinal
stiffeners is described in Figure 1. The optimization problem is essentially convex, without
any local optima. For the case of more than one stiffener, this has been suggested by
simplified analytical methods published in the literature (see, e.g., [19]). It is assumed
that there are no large deviations in the optimization space considered in this study from
the optimization space of such simplified approaches, since their results can approximate
the actual result very well. On the other hand, it has been shown in many studies (see,
e.g., [32,33]) that the variation in the buckling coefficient of a plate girder with a single
stiffener with varying stiffener locations does not yield local optima, and the optimum
position of the single stiffener is unique. Therefore, from the aforementioned points it can
be deduced that the optimum configuration in the case of two stiffeners is unique and
independent of the starting guess of the solution.
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Figure 1. The optimization procedure flowchart [10,11].
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4. Finite Element Modeling

The bend-buckling behavior of a stiffened plate girder presented in Figure 2 was
computed based on finite element (FE) analysis of the structure using ABAQUS commercial
software [24]. In this work, FE models of the girder with two longitudinal stiffeners
with open (T-shaped and L-shaped) and closed (triangular and rectangular) cross-sections
are based on the FE model mentioned in [14,15,22,34]. For instance, all descriptions of
geometric dimensions of the girder (except the dimensions of longitudinal stiffeners),
material properties, and FE modeling procedure are consistent with those of model 2
reported in [14,15]. Particularly, the web depth was selected as 3.0 m, while the web
thickness was 9.0 mm. The flange width and flange thickness were 600 mm and 54 mm,
respectively. The length-to-depth ratio (panel aspect ratio) of the girder was chosen to be
1.0. All materials were considered to be in the elastic range with an elastic modulus of
210 GPa and a Poisson’s ratio of 0.3. The vertical edges of the girder web were assumed
to be simply supported. All elements were simulated using 4-node shell elements S4R
with a mesh size of 40 mm [14,15]. Figures 3 and 4 display the loading and boundary
conditions for all stiffener cross-section types. Based on these FE models developed and
the procedure mentioned in Section 3.3, the optimum stiffener position of two longitudinal
stiffeners with open and closed cross-sections will be investigated in Sections 5 and 6 of
this study. It is noted that, although the load distribution, which is specified in the Abaqus
model, follows the linear shape which appears in Figure 3, in Figure 4, due to the notation
followed in Abaqus/CAE interface, the length of the force vectors appears as fixed for
visualization purposes.

b, by.
1 L

lei— Le—¢ [ e =1 5 [
bS\ d s| d

gL ‘ t o il ! sl
J"F; b’i :*: I 1 b, i e

by dy by d,

. il i Ty
; bi T i N

D D D D
X X
hl— t 3=« 1 g = R
E— REE—
(a) (b)
k—bL—‘ k_bLﬂ
i 1 1 i

le— S e T — le— b= —
= d ! =

V.x I t “si i s ‘ »
i b,j: ? — f bi % o

PS S} 7, ds? *ts S} d,v]
4 A % A%
D D D D

X X
n €: U J|:‘—‘ — L g:: t, 4 — ;1

(c) (d)

Figure 2. Geometric dimensions of stiffened plate girders with various stiffener cross-section shapes.
(a) T-shaped; (b) L-shaped; (c) Rectangular-shaped; (d) Triangular-shaped.
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Figure 3. Loading and boundary conditions for various plate girder configurations: (a) T section,
(b) L section, (c) triangular section, (d) rectangular section.

() (d)

Figure 4. Loading and boundary conditions for various plate girder configurations in Abaqus: (a) T

section, (b) L section, (c) triangular section, (d) rectangular section.
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5. Optimum Location of 2 Stiffeners with Open Cross-Section Types

In this section, the optimization procedure presented in Section 3.3 is employed
for finding the optimal positions of two longitudinal stiffeners with open cross-section
types (T and L sections) along the web depth of the stiffened girder subjected to pure
bending loading.

The optimum placement of two stiffeners having flat, T-shaped and L-shaped cross-
sections is presented in Table 1, in which the results for the flat shape were taken from
Kim et al. [15] for comparison. The aspect ratio of the panel (¢ = a/D) was fixed as 1.0
and the slenderness ratio of girder web (D/t,) was fixed as 333 for all stiffener cross-
section types. From Table 1, it can be observed that the optimal positions of longitudinal
stiffeners 1 and 2 for both T-shaped and L-shaped cross-sections are at around 0.25D,
and 0.55 D, respectively. It is apparent that the optimum values are similar with those
obtained for the flat stiffener cross-section type reported by Kim et al. [15]. In addition,
it can be observed that the buckling coefficient, k;, of the stiffener with a T-shaped cross-
section is slightly higher than that of the stiffener with an L-shaped cross-section. However,
both stiffeners with T-shaped and L-shaped cross-sections yield much higher buckling
coefficients compared with the flat cross-section. Therefore, using stiffeners with T-shaped
or L-shaped cross-sections significantly enhances the bend-buckling strength of the stiffened
plate girder compared to stiffeners with a flat cross-section. Figure 5 shows the convergence
history for stiffeners with open cross-section shapes, while Figure 6 shows the mode shapes
of the girders with stiffeners of T-shaped and L-shaped cross-section types obtained from
the optimization procedure.

Table 1. Optimal values for two longitudinal stiffeners for both cross-section types.

Stiffener Type 1) ds1/D. dso/D. ky Note
Flat-shaped 1.0 0.244 0.566 437.02 [15]
T-shaped 1.0 0.25 0.55 501.62 Present study
L-shaped 1.0 0.25 0.55 500.25 Present study
600

(6}
)
o

Buckling coefficient, Kb
@
S
d

400

200 |
100 /J
0
0 50 100 150 200 250 300 350

Number of structural analyses

L-shaped T-shaped

Figure 5. Convergence history for stiffeners with open cross-section shapes.
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Figure 6. Cont.
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@=20 @=2.0

Figure 6. Buckling mode shapes of the stiffened girder with T-shaped and L-shaped stiffeners.

Table 2 discloses the effect of the panel aspect ratio on the optimal stiffener locations
with the aspect ratios of 0.6, 1.0, 1.6, and 2.0. It can be seen that there is only a small effect of
the panel aspect ratio on the optimal stiffener locations for both stiffener types. It was also
observed that the buckling coefficients of the stiffeners corresponding to ¢ = 0.6 and ¢ = 1.0
were almost identical, while the buckling coefficients of the stiffeners corresponding to
¢ = 1.6 and ¢ = 2.0 were almost identical as well. The reason is because the flexural rigidify
used for the stiffeners with ¢ = 1.6 and 2.0 is higher than that for the stiffeners with ¢ = 0.6
and 1.0.

Table 2. Effect of panel aspect ratio on the optimum stiffener locations.

@ Stiffener Type ds1/D. ds>/D. ky
0.6 T-shaped 0.25 0.55 501.48
) L-shaped 0.25 0.55 500.1
10 T-shaped 0.25 0.55 501.62
) L-shaped 0.25 0.55 500.25
16 T-shaped 0.24 0.53 582.76
) L-shaped 0.24 0.53 578.59
20 T-shaped 0.24 0.53 582.96
) L-shaped 0.24 0.53 579.32

6. Optimum Location of Two Stiffeners with Closed Cross-Section Types

This section examines the optimum placements of two longitudinal stiffeners with
closed cross-section types consisting of triangular and rectangular shapes for a stiffened
girder subjected to bending by performing the procedure presented in Section 3.3.

The optimal positions of two longitudinal stiffeners with rectangular and triangular
cross-section types are indicated in Table 3 for different aspect ratios. It is seen from this
table that the optimal stiffener positions for these cross-section types are similar regardless
of the aspect ratio. The optimum placements of stiffeners 1 and 2 are at around 0.23D. and
0.55D, from the compression flange of the girder, respectively. These optimum values are
slightly different from the optimum locations of stiffeners with open cross-section types.
Therefore, it can be concluded that the optimum positions of two longitudinal stiffeners
with open and closed cross-section configurations are quite similar. In addition, it can be
observed from Table 3 that the bend-buckling coefficients of the stiffeners with triangular
shape are about 5% higher than those with rectangular shape. The convergence histories
obtained from the optimization procedure for stiffeners with triangular and rectangular
cross-section shapes are presented in Figure 7, while the mode shapes of these stiffeners
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are illustrated in Figure 8. It is noted that the mode shapes obtained from these stiffener
types are similar.

Table 3. Optimum results for the longitudinal stiffeners with closed cross-section types.

@ Stiffener Types ds1/D. ds>/D. ky
0.6 Triangular 0.23 0.55 1109.33
’ Rectangular 0.23 0.54 1049.47
10 Triangular 0.23 0.55 1112.28
) Rectangular 0.23 0.54 1050.66
1200
< 1000
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o=
e
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Q
o0
& 400
~
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& 200
0
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Number of structural analyses

Rectangular Triangular

Figure 7. Convergence history for stiffeners with closed cross-section shapes.

@=0.6

Figure 8. Cont.
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=10 ®=10

Figure 8. Bend-buckling mode shapes of a stiffened girder with triangular and rectangular stiffener
cross-sections.

7. Comparison of the Efficiency of Longitudinal Stiffener Types

This section compares the efficiency of two longitudinal stiffeners with various cross-
section shapes in terms of buckling coefficient and minimum web thickness of the stiffened
girder. Regarding the buckling coefficient, Figure 9 presents a comparison of the buckling
coefficient for two longitudinal stiffeners with flat, T, L, rectangular, and triangular cross-
section shapes with respect to a panel aspect ratio of 1. It can be observed that the buckling
coefficients of stiffeners with closed section shapes are significantly higher than those with
open cross-section shapes. In particular, the triangular shape provides the highest buckling
coefficient, while the flat shape gives the lowest buckling coefficient.

1200

1000
800
600
400

200 I
0

T-shaped L-shaped Rectangular Triangular Flat

Buckling coefficient, kb

Cross-section type

Figure 9. Comparison of buckling coefficient for two longitudinal stiffeners with various cross-section
shapes (¢ =1.0).
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Regarding the minimum web thickness of the stiffened girder, the limit of the slen-
derness ratio of stiffened webs should satisfy the requirements mentioned in AASHTO

LRFD [17] as follows:
E
= <095, | Eke (16)
tw Fy
where

ky, represents the bend-buckling coefficient of the stiffened girder;

Fy stands for the steel yield strength;

Fy is assumed to be 315 MPa;

E is elastic modulus, where E = 210 GPa.

From Equation (13), the minimum thickness of the stiffened web is computed as follows:

o)

D
by > —— (17)

095, /5
From Equation (17), a comparison of the minimum thicknesses of the girder web
computed for various stiffener shapes is given in Table 4. It is observed in Table 4 that
the flat stiffener needs the highest minimum web thickness, while the triangular stiffener
requires the lowest minimum web thickness among all stiffener types considered. It is
noteworthy that the required web thickness of the girder web reinforced by two stiffeners
with closed cross-section shapes is significantly reduced compared to those reinforced
by two stiffeners with open cross-section shapes. In particular, when the web girder is
reinforced by two stiffeners with a triangular section shape, the required web thickness
decreases by at least 37.26% compared with the case in which the web is reinforced by two
stiffeners with a flat cross-section shape.

Table 4. Comparison of minimum stiffened web thickness.

Stiffener Type D (mm) ky tmin (mm)
Flat-shaped 3000 437.02 5.85
T-shaped 3000 501.62 5.46
L-shaped 3000 500.25 5.47
Triangular 3000 1112.28 3.67
Rectangular 3000 1050.66 3.77

8. Conclusions

In this work, the optimum positions of two longitudinal stiffeners with different
cross-section shapes placed at the web of stiffened girders under bending are examined
through an optimization procedure performed by coupling Abaqus and Matlab through
the Abaqus2Matlab toolbox. Based on the optimization results, the optimum locations
of two longitudinal stiffeners with open and closed cross-section types are obtained. An
advantage of the proposed methodology is that it simulates the structural optimization
problem with a robust numerical procedure which combines FEA and optimization, and it
proves to be able to yield meaningful results for all structural configuration cases with an
acceptable accuracy and a reduced computational effort. Some conclusions can be drawn
as follows:

- The optimum positions of the stiffeners with open cross-section shapes (T- and L-
shaped) are around 0.25Dc and 0.55Dc, which are similar to the optimum location of
the flat stiffener.

- The optimum positions of the stiffeners with closed cross-section shapes (triangular
and rectangular shapes) are around 0.23Dc and 0.54Dc, which are slightly different to
the stiffeners with open cross-sections.
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- The bend-buckling coefficient of the stiffened girder with stiffeners with a triangular
cross-section shape is highest, while that with a flat cross-section shape is lowest in all
considered stiffener types.

- The required web thickness of the girder web reinforced by two stiffeners with closed
section shapes is remarkably reduced compared with those reinforced by two stiffeners
with open cross-section shapes.

The main objective of this study is to investigate the effect of the stiffener location
and shape on the buckling load and configuration of steel plate girders reinforced by two
longitudinal stiffeners due to bending loading. Maximizing the buckling coefficient leads to
the optimum design, since this maximizes the load capacity in each structural configuration
of the steel plate girder. The optimization procedure that is implemented in this study has
led to the discovery of optimum configurations which maximize the buckling load capacity.
Therefore, the optimum locations of the two stiffeners proposed in this study should be
taken into account for maximizing the safety of the structure, as should other constraints in
construction. A major observation is that stiffeners with triangular cross-sections lead to
the highest buckling coefficient compared with other cross-section shapes. Apart from this,
it is proven in this study that a suitable selection of stiffener cross-section type and location
can lead to a substantial construction cost reduction compared to the usual state of practice
designs, since the web thickness can be reduced by as much as 37.26%.

Future work could address issues such as investigating the effect on the buckling load
capacity of the plate girder of various loading types (shear loading, patch loading, biaxial
bending, etc.), structural constraints (e.g., presence of bolts at the web or flanges), stiffener
orientations (vertical or oblique), and cutouts (circular or rectangular) at the web body.
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